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ABSTOACT 

Studies of t r a n s i t i o n metal hydridocarbonyls show that the 
hydrogen vibrations are decoupled from the metal-carbonyl skeleton. 
The hydrogen modes of (/j^-H) species (HW2(C0)^N0, HR8^(C0)^^|. Ĥ Mn̂ (CO) 
H^Re^(C0).^2' HgFeRu^CCO)^^ and E^Ru^^'{CO)^^)> (/^i^-B.) species (Ĥ Reĵ (CO).̂ ,̂, 
HPeCo^(C0")^^ and H^RUgCCO)^g), ̂ g-H) species (CsHCog(GO)^^) and 
.̂-4̂ ~̂H)̂ , species (HgOs^^CCO)^^) can be described i n terms of C^^^^^ C-^^^^ 0^^ 
and Dgj,̂  'local' symmetry respectively. The ^.i^-H) spectra are complex 
and a description that involves framework metal--carbonyl deformations 
V7ith associated hydrogen motion i s postulated. The vibrational data 
has assisted i n the analysis of previous spectra of hydrogen adsorbed 
on t r a n s i t i o n metal surfaces. Evidence is overwhelmingly i n favour of 
(̂ .\̂ -H) species on Ni vfhile (y.tg-H) and (^/-i^-E) species are found on Pt. 
I t i s suggested the hydrogen s i t e ( 3 ) cannot be described confidently 
f o r the H/V/ system with present data. A study of Ĉ Kg and;, to a lesser 
extentj, C,̂Ĥ., fl- -complexes was carried out to assist i n adsorbed bem-;ene 
studies. Adsorbed benzene on both NalJX and AglJX zeolites resembled that 
found i n weak CgHg complexes. The only major difference between the tvfo 
M̂ -CgHg interactions was that a higher torsional frequency existed i n 
AglJX, A stronger cpmplexing of benzene took place on Pt black. This 
was deduced from the high frequency skeletal vibrations, the large 
increase i n x> ̂.̂  and the large torsional effective force constant. The 
benzene l i e s i n ̂. position, above single Pb atoms, of at least Ĉ.̂  
symmetry. Only one surface str^acture was indicated at ̂  ]. mionolayer 
coverage whereas at ~2 monolayers the TINS spectra resembled that of 
so l i d and clathrated benzene. 
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Chapter 6 An IINS Study of Ĉ^̂Ĥ^ T r a n s i t i o n Metal 
Complexes - I Tropyllium Complexes 

6.1. Methods of Synt h e s i s 
6.2. S t r u c t u r e s of Studied Systems 
6 .5 . Cycloheptatriene 
6.4. Tropyllium T e t r a f l u r o b o r a t e 
6.5. ((Cr;Hp^)M(CO)^)'^ complexes (M = Cr, Mo, W) 
6.6. (Cr,H^)Mo(C0)2l 
6.7. (Cr;H^)2TaCl^ 
6.8. Conclusion 
6.9. References 

Chapter 7 An IINS Study of C^H^ T r a n s i t i o n Metal 
Complexes - I I Benzene Complexes 

7.1. Intr o d u c t i o n 
7.2. IINS Study of Benzene 
7.5.. Methods of Synthesis 
•7.4. S t r u c t u r e s of Studied Systems 
7.5. MHg2(SCN)gCgHg (M = Co, Ni) 
7.6. CgHgCo^(C0)Q 
7.7. CgHgU(AlClJ^ 
7.8. (RuX2CgHg)2 (X = C I , Br) 
7.9. (SbCl^)2CgHg 
7.10. (PdAlCl^CgHg)2 and (PdAl2Cl^CgHg)2 
7.11. Conclusion 

235 
243 
254 
257 
262 

262 
263 
270 
279 
289 
291 

297 
298 
300 
302 
313 
331 
344 
356 
357 

7.12. References 

359 
359 
371 
373 
375 
390 
396 
404 
413 
423 
435 
438 



Chapter 8 An TINS Study of Benzene Adsorbed on Na13X 
and Ag13X Z e o l i t e s 

8.1. Z e o l i t e s : A General I n t r o d u c t i o n 442 
8.2. Z e o l i t e s : Structures 442 
8 . 3 . Benzene/Zeolites: Previous Work 449 
8 . 4 . Benzene-cation I n t e r a c t i o n 455 
8 . 5 . Na13X + Benzene , 4 5 6 
8.6. Ag13X + Benzene 471 
8.7. References W 

Chapter 9 An TINS Study of Benzene and Benzene 
Adsorbed on Platinum Black 

9.1. I n t r o d u c t i o n 489 
9.2. Previous Work 489 
9.3. Experimental D e t a i l s 504 
9.4. Results 507 
9.5. Discussion 5O7 
9.5. Conclusion 539 
9 - 7 . References 540 

Appendix Research Colloquia, Seminars and Lectures 5^2 
Arranged by the Department of Chemistry 
between October 1977 and September 1980 



CHAPTER 1 

INTRODUCTION 



I n t r o d u c t i o n 

This study was undertaken t o f a c i l i t a t e the unique 
p r o p e r t i e s of the neutron t o analyse and understand some 
chemical systems t h a t were proven t o be d i f f i c u l t by 
other spectroscopic techniques, such as i n f r a - r e d and 
Raman spectroscopy. 

These unique p r o p e r t i e s of the neutron s c a t t e r i n g 
technique allow one t o observe the v i b r a t i o n a l motion t h a t 
i n v o l v e the hydrogen atom i n p a r t i c u l a r , since the inco­
herent s c a t t e r i n g cross-section, a property t h a t describes 
the s c a t t e r i n g e f f i c i e n c y from a s p e c i f i c nucleus type 
( i . e . the isotope) and which depends on the spin o r i e n t a t i o n s 
of the sample, i s so much greater f o r hydrogen than f o r 
any other isotope type, i n c l u d i n g deuterium. Hydrogen 
has an anomalously large incoherent cross-section because 
of the random d i s t r i b u t i o n of spin s t a t e s , which i s not 
i s o t o p i c i n o r i g i n . The m a j o r i t y of elements have small 
incoherent cross-sections whereas those w i t h only one 
isotope and no spin w i l l therefore have no incoherent 
cross-section (e.g. C and 0 ) . This then can be used t o 
great e f f e c t i n t h a t the molecular v i b r a t i o n s t h a t involve 
hydrogen motion can be separated from the others since 
they have much greater i n t e n s i t y i n the neutron spectrum. 
The technique thus lends i t s e l f very w e l l t o deuteration 
experiments since the cross-section of deuterium i s very 
much lower than hydrogen. Such i s o t o p i c s u b s t i t u t i o n 
experiments can take the form of t o t a l s u b s t i t u t i o n , which 
leads t o de u t e r a t i o n s h i f t s , and of s e l e c t i v e deuteration, 
which allows one t o 'remove' c e r t a i n modes from IINS spectra 

\ :: • / 
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by reducing t h e i r i n t e n s i t y and s h i f t i n g the frequency. 
Further, the i n e l a s t i c neutron s c a t t e r i n g technique 
(IINS) i s not subject t o electromagnetic s e l e c t i o n r u l e s 
and so a l l the modes are f o r m a l l y 'active' (though'^bnly 
those i n v o l v i n g hydrogen motion are, t o a f i r s t approx­
imation, found i n the neutron spectrum). 

Except i n the q u a s i - e l a s t i c r e g i o n , the r e s o l u t i o n 
of the IINS instruments i s , as yet, r a t h e r poor, when 
compared w i t h i n f r a - r e d and Raman spectrometers. This 
i s p a r t i c u l a r l y disadvantageous when v i b r a t i o n a l modes 
occur close together. However, there are many cases 
when o p t i c a l s p e c t r a l assignments are d i f f i c u l t or im­
pos s i b l e . I t must be noted though t h a t i t i s v e r y ^ 
d i f f i c u l t t o carry out a f u l l molecular v i b r a t i o n a l 
analysis from j u s t IINS data alone and assignments are 
u s u a l l y c a r r i e d out using a combination of IINS and other 
spectroscopic data, when a v a i l a b l e , though t h i s i s not 
always the case. Since the neutron has very d i f f e r e n t 
p r o p e r t i e s from electromagnetic r a d i a t i o n , IINS data i s 
a f u n c t i o n of the s c a t t e r i n g v e c t o r , amplitude of v i b r a t i o n 
and normal mode frequency, i t i s expected t h a t the data 
obtained i s complimentary t o t h a t obtained by other 
techniques. 

This t h e s i s decribes v i b r a t i o n a l studies c a r r i e d out 
i n f o u r p a r t i c u l a r areas t h a t have proven d i f f i c u l t using 
only i n f r a - r e d and Raman techniques. They are: 

( i ) T r a n s i t i o n metal hydridocarbonyls 
( i i ) ^^^--Q organometallic species 

( i i i ) Benzene adsorbed onto platinum black 
( i v ) Benzene adsorbed i n t o the supercages of Na 

and Agl3X z e o l i t e s . 



The study of hydrogen attached t o metal c l u s t e r s , 
i n the form of t r a n s i t i o n metal carbonyls, i s an e x c i t i n g 
and important f i e l d t h a t p a r t i c u l a r l y lends i t s e l f t o 
neutron s c a t t e r i n g . A review of t h i s area i s given i n 
Chapter 4. V i b r a t i o n a l studies of proton v i b r a t i o n s i n 
t r a n s i t i o n metal hydridocarbonyls has proven d i f f i c u l t 
i n the past, using i n f r a - r e d and Raman spectroscopy, 
e s p e c i a l l y when the hydrogen has been i n a b r i d g i n g 
p o s i t i o n . Often the v i b r a t i o n s involve small or n e g l i g ­
i b l e t r a n s i t i o n d i p o l e moment or p o l a r i z a b i l i t y changes. 
Sample decomposition, band broadening and the h i g h l y 
coloured nature of compounds also are p r e j u d i c i a l t o 
these techniques. However, the IINS method i s non­
d e s t r u c t i v e , whether a compound i s h i g h l y coloured or not 
makes no d i f f e r e n c e and band broadening i s not a problem, 
i f the band has s u f f i c i e n t IINS i n t e n s i t y . The v i b r a t i o n s 
may in v o l v e small changes i n p o l a r i z a b i l i t y or dipole moment 
but may s t i l l have a large scale hydrogen atom v i b r a t i o n a l 
amplitude which creates the IINS i n t e n s i t y . 

This l a t t e r property i s especially p e r t i n e n t i n the 
study of Ĉ Ĥ  organometallic complexes. The dynamics of 
t h i s group of compounds i s e s p e c i a l l y i n t e r e s t i n g , not 
only i n t h e i r own r i g h t s c i e n t i f i c a l l y , but also since 
the metal-hydrocarbon i n t e r a c t i o n i s of s p e c i f i c i n t e r e s t 
w i t h regards hydrocarbon-metal/zeolite behaviour and hence 
both heterogeneous and homogeneous c a t a l y s i s . This study 
involves benzene and t r o p y l l i u m organometallics. The 
l a t t e r are, w i t h i n t h i s t h e s i s , only of s p e c t r a l i n t e r e s t , 
but the former are of major importance i n the c a t a l y t i c 
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f i e l d and of special import t o t h i s present f i e l d of 
enquiry since a v i b r a t i o n a l analysis i s c a r r i e d out of 
benzene adsorbed on platinum black and i n type X z e o l i t e 
supercages. Use i s made of data from the organometallics, 
and of benzene alone, i n the analysis of the neutron 
spectra of the adsorbed species. 

The metal - (7r-arene) v i b r a t i o n s are usually weakly, 
i f not f o r m a l l y i n a c t i v e , i n the i n f r a - r e d and Raman and 
the metal-( arene) t o r s i o n and deformation modes are i n 
t h i s class. These bands are usually associated w i t h 
intense IINS f e a t u r e s . I n the i n f r a - r e d and Raman the 
frequency^ i n which these s k e l e t a l framework v i b r a t i o n s f a l l , 
i s u s u a l l y q u i t e complex w i t h low frequency i n t r a - and 
inter-molecular v i b r a t i o n s generally making i t d i f f i c u l t 
t o d i f f e r e n t i a t e any active s k e l e t a l bond. 

Problems e x i s t i n the study of absorbed species by 
i n f r a - r e d spectroscopy. Often the surface adsorbs, very 
stro.ngly, any i n f r a - r e d r a d i a t i o n p a r t i c u l a r l y i n the low 
frequency region of i n t e r e s t . The m a t e r i a l , upon which 
the adsorbate i s being adsorbed, must also be tra n s l u c e n t , 
i f r e f l e c t i o n techniques are not being f a c i l i t a t e d . This 
i s not always p o s s i b l e , and, usually involves the use of 
a transparent support. Thus, i n f r a - r e d studies have 
u s u a l l y involved z e o l i t e or s i l i c a / a l u m i n a . type adsorbents. 
The Raman techniques i s s i m i l a r but also s u f f e r s from 

'y:iln<xceBGence of the sample, which then e n t a i l s e i t h e r 
cooling of the sample, wavelength changes of the e l a s t i c 
l i n e , heating i n oxygen, c a l c i n a t i o n etc. Electron energy 
loss spectroscopy has been successful r e c e n t l y i n such 



studies but can s u f f e r from poor r e s o l u t i o n , experimental 
d i f f i c u l t i e s and s e l e c t i o n r u l e problems, though the 
l a t t e r i s -not always a problem and can be an advantage. 
Further, the methods cannot be used below 250cm~''" at 
present. 

The neutron s c a t t e r i n g techniques does not s u f f e r 
from many of these disadvantages discussed above, but 
i t does have poor r e s o l u t i o n i n the regions of i n t e r e s t . 
One p a r t i c u l a r disadvantage i s the necessity t o place 
s u f f i c i e n t hydrogeneous m a t e r i a l i n the beam of neutrons 
so t h a t enough neutron s c a t t e r i n g events can be recorded 
since the s e n s i t i v i t y of the method i s so low, A neutron 
s c a t t e r i n g experiment can allow such since the technique 
i s not a surface probe, i n r e a l i t y . Large surface area 
samples must be used t o ensure the necessary qu a n t i t y of 
adsorbed m a t e r i a l can be achieved. The s c a t t e r i n g t h a t 
takes place from the background m a t e r i a l , i . e . the sample 
before adsorption, i s not n e g l i g i b l e but can be taken 
i n t o account, since the r a t i o of the signal due t o the 
s c a t t e r i n g from the adsorbed species alone t o the the 
s c a t t e r i n g from the background material i s us u a l l y high. 



CHAPTER 2 

GENERAL THEORY 



2.1. I n t r o d u c t i o n 

The neutron was discovered i n 1952 and i n 1936 i t was 
found t h a t i t could be d i f f r a c t e d . However, neutron 
sources were feable and i t was not u n t i l the advent of 
nuclear r e a c t o r s t h a t neutrons f i r s t were used as a 
t o o l . Since the 1940's the i n t e n s i t y of neutron f l u x e s 
has increased up t o 10 times and the use of the neutron 
has p a r a l l e l e d t h i s increase. 

The neutron i s an uncharged elementary p a r t i c l e , 
of spin w i t h a r e s t mass 1.675 x 10"^'^kg (1836 times 
t h a t of the e l e c t r o n ) and a magnetic dipole of -1.9125 
nuclear Bohr magnetons. Eurther, i t produces no detectable 
primary i o n i z a t i o n i n i t s passage through matter but 
i n t e r a c t s w i t h matter predominantly by nuclear c o l l i s i o n s 
and, t o a lesser extent, w i t h unpaired e l e c t r o n s . 

2.2. Neutron P r o p e r t i e s 
2.2.1. Neutron p r o p e r t i e s and spectroscopy 

The u t i l i t y of neutrons i n the study of materials 
whether they are s o l i d s , l i q u i d s or gases, arises from 
the f o l l o w i n g basic p r o p e r t i e s ; 

(a) The neutron, on i t s passage through matter, i s 
l i k e l y t o e i t h e r pass through e n t i r e l y , be scattered or 
be adsorbed by forming a compound excited nucleus and 
decaying along s p e c i f i c l i n e s . The neutron, because of 
i t s uncharged nature, can penetrate very deeply i n t o the 
atom and i n t e r a c t w i t h the nucleus because there are no 
coulombic forces t o overcome. The s c a t t e r i n g i s f i n a l l y 
produced by a neutron/nuclear force f i e l d i n t e r a c t i o n . 



( b ) The wavelength of thermal neutrons, 0.5 - 201, i s 
of the same order as interatomic spacings i n matter and 
thus i n t e r f e r e n c e e f f e c t s can occur which can y i e l d 
i n f o r m a t i o n on the s t r u c t u r e of the t a r g e t system= 
(Wavelengths up t o lOoS can be used on an u l t r a cold 
source at the I n s t i t u t e Laue Langevin). 

( c ) The energy of thermal neutrons i s of the order of 
magnitude of v i b r a t i o n a l energy l e v e l s i n matter. Thus 
one may get a measureable change i n the i n c i d e n t neutron 
energy on s c a t t e r i n g due t o e i t h e r neutron energy loss 
or i n neutron energy gain. 

(d) The neutron has a magnetic moment and can thus 
i n t e r a c t w i t h unpaired electrons i n magnetic atoms r e s u l t i n g 
i n i n f o r m a t i o n on magnetic s t r u c t u r e and dynamics. Further, 
magnetic i n t e r a c t i o n s are possible w i t h atomic magnetic 
moments, n u c l e i magnetic moments and n u c l e i e l e c t r i c 
f i e l d s though these can be neglected i n comparison t o the 
c o n t r i b u t i o n s from neutron/unpaired el e c t r o n magnetic 
i n t e r a c t i o n s . 

2.2.2. Neutron p r o p e r t i e s and v i b r a t i o n a l spectroscopy 
The usefulness of neutrons t o the study of molecular 

v i b r a t i o n s , i n p a r t i c u l a r , i s f u r t h e r enhanced by the 
f o l l o w i n g p o i n t s : 

(a) There are no electromagnetic s e l e c t i o n r u l e s t o be 
obeyed, i n p r i n c i p l e , and thus a l l normal modes of v i b r a t i o n 
should be a c t i v e . However, i n the l i n e a r X-H-X system 
the symmetric s t r e t c h w i l l be a normal mode but i f ^^^QQ-^ 

of the X atoms i s zero then the mode w i l l be i n a c t i v e , 
since f o r a c t i v i t y at l e a s t one of the s c a t t e r i n g atoms 
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involved i n the normal mode should have a . , ?̂  0„ 
m c o h ^ 

( b ) Neutrons can probe a molecular t a r g e t on a time 
-7 -12 

scale between 10 ' and 10 seconds. Thus both v i b r a t i o n a l 
12 

and d i f f u s i v e motions, of the order of 10 cycles per 
second, can be observed. 
( c ) The neutron, because of i t s l a r g e mass compared t o 
other s c a t t e r r a d i a t i o n s , can produce momentum t r a n s f e r s 
of the r i g h t order of magnitude f o r various s c a t t e r i n g 
s t u d i e s . One can study the angular dependancy of spe c t r a l 
f e a t u r e s . 
( d ) The neutron/nucleus i n t e r a c t i o n can vary from one 
atom type t o another and thus an " e f f e c t i v e s e l e c t i o n 
r u l e " can be formed because of p r e f e r e n t i a l s c a t t e r i n g of 
neutrons by one type over another. Such s c a t t e r i n g i s 
characterised by the s c a t t e r i n g l e n g t h , b, a f u n c t i o n of 
the i n t e r a c t i o n p o t e n t i a l between neutron and nucleus. 

-49 
This i s a very short range p o t e n t i a l of the order of 10 A 
and i s n e g l i g i b l e compared t o a thermal neutron wavelength, 

o 
which i s of the order of an A, Thus, f o r such a f i x e d 
nucleus, the d i s t r i b u t i o n of scattered waves i s s p h e r i c a l l y 
symmetrical i e . the s c a t t e r i n g i s i s o t r o p i c . The s c a t t e r i n g 
l e n g t h v a r i e s from nucleus t o nucleus i n an apparent random 
way determined by nuclear s t r u c t u r e . The presence of an 
i s o t o p i c mixture i n a s c a t t e r i n g system or of spin dependent 
i n t e r a c t i o n s gives r i s e t o a process known as incoherent 
s c a t t e r i n g whereas coherent s c a t t e r i n g , analogous t o s c a t t e r i n g 
of electromagnetic r a d i a t i o n , can be seen from a system of 
i d e n t i c a l n u c l e i having zero spin or w i t h i n a system where , 
the spins are a l l aligned e.g. using a magnetic f i e l d and 
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a po l a r i s e d neutron beam. For a system w i t h i d e n t i c a l 
n u c l e i w i t h non-zero spin the neutron/nucleus i n t e r a c t i o n 
depends on the r e l a t i v e o r i e n t a t i o n s of the neutron and 
nuclear spins and ther e f o r e gives r i s e t o incoherence. 
Each nucleus s c a t t e r s independently and no interference 
e f f e c t s are observed. For n u c l e i w i t h zero spin, i n ­
coherence can s t i l l a r i se i f the s c a t t e r i n g length can 
f l u c t u a t e from nucleus t o nucleus,because of i s o t o p i c 
e f f e c t s , and i s due t o the random d i s t r i b u t i o n of the 
deviations of the s c a t t e r i n g lengths from t h e i r mean 
value, whereas the coherent s c a t t e r i n g i s the s c a t t e r i n g 
the same system would gi v e , i f a l l the s c a t t e r i n g lengths 
were equal t o the average s c a t t e r i n g l e n g t h , b. Thus 
coherence and incoherence can occur together or coherence 
occurs alone. These terras w i l l be discussed l a t e r . 

The incoherent s c a t t e r i n g component of hydrogen i s 
40 times as large as i t s coherent c o n t r i b u t i o n and the 
incoherent s c a t t e r i n g cross section of hydrogen i s greater 
than an order of magnitude l a r g e r than the incoherent 
s c a t t e r i n g cross-sections of other n u c l e i . This w i l l r e s u l t 
i n an incoherent v i b r a t i o n a l neutron spectrum of a sample 
containing hydrogen being dominated by the s c a t t e r i n g from 
protons and so those normal v i b r a t i o n s i n v o l v i n g proton 
motion w i l l be very intense compared t o any other. This 
also r e s u l t s i n an " e f f e c t i v e s e l e c t i o n r u l e " ; t h a t i s , < 
those bands i n v o l v i n g hydrogen motion w i l l dominate an 
incoherent neutron spectrum. Table2.1 shows the coherent 
and incoherent cross sections of the more important atoms 
found i n t h i s study d ) . - Due to the v a r i a t i o n from isotope 
t o isotope, of the incoherent s c a t t e r i n g , one can apply 
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i s o t o p i c s u b s t i t u t i o n techniques t o neutron s c a t t e r i n g 
f o r hydrogen and deuterium. S u b s t i t u t i o n of deuterium 
f o r hydrogen br i n g s about changes i n the spectrum due t o 
frequency p o s i t i o n and band i n t e n s i t y . This o f f e r s a 
guide t o a n a l y s i s . The anomalously large incoherent 
s c a t t e r i n g cross section of hydrogen arises from i t s 
non-zero nuclear spin which produces an average (weighted) 
close t o zero. 

Element ^coh 
(lO-28n,2) 

'^incoh 

H 1.8 79.7 
D 5.6 2.0 
C 5.6 0.0 
N 11.1 0,3 
0 4.24 0,0 

Na 1.65 1.7 
Al 1.5 0.0 
S i 2.16 0.0 

CI 11.5 3.5 
Mn 1.9 0.4 
Br 5.79 0.3 
Ru 6.7 0.1 
Pd 4.5 0,3 
Ag 4.48 lo8 
W 2.86 2,8 

Re 10.6 -
Os 14.4 0.5 
Pt 11.3 0.7 

Table 2.1 
Cross Sections of the M a j o r i t y of Elements 

Used i n This Study 
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Neutron s c a t t e r i n g processes 
There are several types of experiment possible 

a r i s i n g from the general p r o p e r t i e s of the neutron and 
the t a r g e t system. 

(a) Neutron d i f f r a c t i o n 
The i n t e n s i t y of the e l a s t i c s c a t t e r i n g , t h a t which 

sees no energy t r a n s f e r , can be measured as a f u n c t i o n 
of momentum transfer.' Though i n gases there i s no such 
e l a s t i c peak i n the spectrum "because the atom i s fr e e t o 
r e c o i l . There i s also, perhaps, no tr u e e l a s t i c peak i n 
l i q u i d s though d i f f r a c t i o n studies have been c a r r i e d out 
on l i q u i d s . 

A d i f f r a c t i o n p a t t e r n from a sample i s gathered by 
c o l l e c t i n g neutrons at d i f f e r e n t values of the s c a t t e r i n g 
angle. 

(b) Q u a s i - e l a s t i c s c a t t e r i n g 
I f the s c a t t e r i n g n u c l e i undergo some d i f f u s i v e 

process then as a r e s u l t of t h i s the sharp e l a s t i c l i n e 
becomes broadened. This q u a s i - e l a s t i c broadening i s a 
fe a t u r e of random r a t h e r than o s c i l l a t o r y motions and can 
y i e l d i n f o r m a t i o n on the r a t e and geometry of such motions. 
The q u a s i - e l a s t i c peak, whose p o s i t i o n i s independent of 
momentum t r a n s f e r , increases i n width as the l i q u i d - l i k e 
c h a r a c t e r i s t i c s of the sample increase, 

( c ) I n e l a s t i c neutron s c a t t e r i n g 
The t o t a l s c a t t e r i n g i n t e n s i t y i s both a f u n c t i o n 

of momentum and energy t r a n s f e r between neutron and sample. 
The i n e l a s t i c p a r t contains information about the r o t a t i o n a l 
and v i b r a t i o n a l motions i n the system. This can be gained 
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from the energy t r a n s f e r p o s i t i o n s , frequencies, i n the 
i n e l a s t i c spectrum whether i t be neutron energy gain or 
l o s s . 

( d ) Magnetic s c a t t e r i n g 
I f the atoms contain unpaired el e c t r o n spins a d d i t i o n a l 

i n f o r m a t i o n can be gained on the magnetic s t r u c t u r e (the 
spin ordering p a t t e r n ) and the i n t e r a c t i o n s taking place 
between the spins. 

Table 2.1 summarizes the information a v a i l a b l e from 
neutron s c a t t e r i n g experiments. 

E l a s t i c 
Scattering 

I n e l a s t i c 
Scattering 

Coherent 
S c a t t e r i n g 

Crystal and 
Magnetic 

Structures 
Dispersion 
Relations 

Incoherent 
S c a t t e r i n g 

D i f f u s i o n 
c o e f f i c i e n t s 
and the 
frequency 
d i s t r i b u t i o n 
f u n c t i o n s 
r e l a t i o n s h i p 
w i t h 
temperature 

Frequency 
D i s t r i b u t i o n 

Function 

Table 2.2 

2.2.3. Neutron S c a t t e r i n g and other Techniques 
Table 2.3 shows the range of energy and momentum t r a n s f e r s 

which can be studied w i t h neutron s c a t t e r i n g and they are 
compared w i t h other s c a t t e r i n g techniques. 
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S c a t t e r i n g 
Radiation 

Wavelength 
i 

Momentum 
1 

Energy 
(mev) 

Transfer 
range (mev) 

Neutron 1-100 0.6-6 1-600 1-600 

Electron ~0.1 ~60 ~ 5x1 o'̂  wide range 

X-Ray ~1 ~ 1 -IxlO*^ wide range 

L i g h t > 1000 -0.001 -1x10^ 100 

Table 2.5 

I t i s apparent t h a t neutron s c a t t e r i n g i s the only 
technique t h a t o f f e r s both energy and momentum t r a n s f e r s 
i n the r i g h t order of magnitude f o r the study of thermal 
motions and s t r u c t u r e . The neutron wavelength i s akin 
t o i n t e r a t o m i c distances and the energy r e s o l u t i o n a v a i l ­
able i s of the order of energy l e v e l spacings. With 
X-rays and el e c t r o n s the energy t r a n s f e r i s too high and 
f o r Raman s c a t t e r i n g the momentum t r a n s f e r i s too small 
between r a d i a t i o n and sample. 

Molecular spectroscopy, t i l l the recent advent of 
other techniques, had been s o l e l y the ground of i n f r a ­
red spectroscopy, and t o a lesser extent, Raman spectroscopy. 
However, c e r t a i n systems can not be f u l l y analyzed by each 
method alone or by combination because of o p t i c a l s e l e c t i o n 
r u l e s , very small dipoles or very small p o l a r i s a b i l i t y 
changes. Due t o c e r t a i n disadvantages of the neutron 
s c a t t e r i n g technique, i t has become apparent t h a t o p t i c a l 
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methods and neutron s c a t t e r i n g can be complimentary 
and t h a t combinations of data from them both are powerful 
t o o l s i n analysing molecular systems. Neutron s c a t t e r i n g 
i s also complimentary t o X-ray s c a t t e r i n g studies though 
neutrons are v i r t u a l l y a unique t o o l f o r s t r u c t u r a l 
studies of hydrogeneous compounds since the hydrogen 
e l e c t r o n cloud i s of such low density t h a t X-rays cannot, 
w i t h any accuracy, e s t a b l i s h the proton p o s i t i o n . 

As w i t h other techniques, neutron spectroscopy s u f f e r s 
a few disadvantages. At present neutron spectra m i r r o r 
the r e l a t i v e l y poor r e s o l u t i o n t h a t can be attaine d by 
neutron spectrometers. I t can also take up t o two days 
t o gather enough s c a t t e r i n g information t o complete a 
spectrum. Neutron spectrometers are not r e a d i l y available 
and time must be arranged w e l l i n advance. 

However, now more intense neutron sources and b e t t e r 
spectrometers are being designed and tested t h a t w i l l 
allow more experiments t o be carried out i n less time and 
w i t h b e t t e r energy and momentum r e s o l u t i o n . 

2.2.4. Neutron S c a t t e r i n g Cross-Sections 
Figure 2.1 schematically shows a t y p i c a l neutron 

s c a t t e r i n g event. 

I n c i d e n t 
neutron 

Sample 
nucleus 

Wave vector 
of energy E 

-z axis 
Wave vector 
of energy E~SE 

Scattered neutron^ 

Figure 2.1 
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The r e s u l t s of such an event are expressed i n 

terms of the cross-section (measured i n u n i t s of m ) 
One can measure the number of neutrons, per u n i t 

time, so scattered i n terms of the i n c i d e n t and f i n a l 
energy of the neutron and the d i r e c t i o n of sc a t t e r i n t o 
a s p e c i f i c small s o l i d angle of space. Such a cross-
section i s defined as shown i n equation 2.1 where 

(Number of neutrons of i n c i d e n t energy E \ 
scattered per second i n t o a small s o l i d | 
angle,^fi, i n a d i r e c t i o n (^,*^), w i t h f i n a l l 
energy between E' and E' +dE' / ^ 

S^SE } ( I n c i d e n t neutron flux,<l>)x(small s o l i d 
^ ' angle,5n)x(energy t r a n s f e r , 5E' ) 

ff= cross s e c t i o n . This i s known as the p a r t i a l d i f f e r ­
e n t i a l cross-section. Other cross-sections can be defined 
and they correspond t o s i t u a t i o n s where a) the energy i s 
not analyzed but the neutrons are counted. This i s the 
d i f f e r e n t i a l cross-section, b) A l l d i r e c t i o n s of scatter 
are taken i n t o account, not Just 60. This i s known as 
the t o t a l s c a t t e r i n g cross-section. 

Erom such measured cross-sections, various t h e o r e t i c a l 

expressions can be derived t h a t allow one t o analyze the 

s c a t t e r i n g data. These w i l l be discussed i n d e t a i l i n 

section 2.3 
The s c a t t e r i n g cross-section of any p a r t i c u l a r f i x e d 

nucleus can be derived from the wave f u n c t i o n s of the 
in c i d e n t neutron, Figure 2.1, and tha t of the scattered 
neutron at p o i n t r . This r e l a t i o n involves the constant 
b, known as the s c a t t e r i n g length. As the s c a t t e r i n g i s 
s p h e r i c a l l y symmetric, the wave f u n c t i o n of the scattered 
neutrons at p o i n t r i s w r i t t e n i n the form shown i n 
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equation 2.2. (The s c a t t e r i n g length, ^ can be r e l a t e d 

^ scat. ^ - exp ( i ^ ) 2.2. 

t o the s c a t t e r i n g amplitude f by - ^ = f ) . From 2.2, the 

t o t a l cross section ^^Q^ can be expressed i n terms of 

b as i n equation 2.3« 

- t o t = ^'^^^ 2„3, 
For a f r e e nucleus equation 2.4. i s derived where 

M = mass of and m i s the neutron mass. With a s o l i d , 

,2 
- t o t '-^^ 2.4. 

n, 
the t o t a l cross-section would l i e somewhere between these 
values since each nucleus i s neither f r e e nor s t r i c t l y 
r i g i d l y bound. The values of o^^^ f o r incoherent and 
coherent s c a t t e r i n g f o r a s e l e c t i o n of n u c l e i are given 
i n Table 2.1. 

2.3. Neutron S c a t t e r i n g Theory 

2.3.1. I n t r o d u c t i o n 

The theory of neutron s c a t t e r i n g has been very w e l l 
documented (1-12). The purpose of t h i s chapter i s t o 
very b r i e f l y develop the t h e o r e t i c a l concepts discussed 
i n much greater depth i n the above references. The use­
ful n e s s of the neutron as a spectroscopic t o o l and i t s 
p a r t i c u l a r use i n molecular v i b r a t i o n a l studies of systems 
containing hydrogen i s demonstrated. The equations and 
f u n c t i o n s used i n l a t e r data analysis are derived w i t h 
respect t o molecular v i b r a t i o n s . 
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2.3.2. D e r i v a t i o n of the p a r t i a l d i f f e r e n t i a l 

2 
cross-section term, S a 

~— mrs 
The p a r t i a l d i f f e r e n t i a l s c a t t e r i n g cross-section 

i s measured i n many neutron s c a t t e r i n g experiments and 
t h i s can be derived from basic p r i n c i p l e s . 

Eor a neutron/nucleus i n t e r a c t i o n the neutron wave-
v e c t o r i s k^ i n c i d e n t on a nucleus which has an i n i t i a l 
s t a t e symbolised by A^, A f t e r i n t e r a c t i o n the states of 
the neutron and nucleus are j^^ and r e s p e c t i v e l y . The 
d i f f e r e n t i a l s c a t t e r i n g cross-section can be defined as i n 
equation 2,5. 

(* i s the neutron f l u x and W i s the number of t r a n s i t i o n s 
per second t a k i n g place from the i n i t i a l t o the f i n a l 
s t a t e ) . This t r a n s i t i o n term can be f u r t h e r stated t o be 
a f u n c t i o n of the neutron/nucleus i n t e r a c t i o n , V, using 
Eermi's Golden Rule, equation 2.6. where p. i s the number 
of momentum states i n dfi per u n i t energy range f o r neutrons 
i n t h e i r i n i t i a l s t a t e , 

Z \ , A - ^ k „ A „ = 27r . | < f | v | i > | 2 
•*a 1 •! I -j^ j ^ - 2.5. 

< f V I i > , from f i r s t order p e r t u r b a t i o n theory, i s the 
t r a n s i t i o n p r o b a b i l i t y per u n i t time from the i n i t i a l t o 
the f i n a l s t a t e . The brackets < > i n d i c a t e the equi­
l i b r i u m ensemble average. S u b s t i t u t i o n of values f o r the 
f l u x , s o l i d angle and p. i n equation 2.6. leads t o 
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equation 2.?. 

= f e / ^ < f V i > 2.7. 
^ i \ ^ ) 

I f Ej^ and E^ are the i n i t i a l and f i n a l energies of 
the neutron and E_;̂^ and E^^ are the i n i t i a l and f i n a l 
energies of the s c a t t e r i n g system then equation 2,8. 
can be derived. 

E^ + E A ^ = + EA^ 2.8. 

Therefore, the energy d i s t r i b u t i o n of the scattered 
neutrons can be expressed as a 6 f u n c t i o n and the p a r t i a l 
d i f f e r e n t i a l s c a t t e r i n g cross-section can thus be derived 
as shown i n equation 2.^. 

= / m \ ^ |<f |V| i>| 5 (EA.-EAf«+E.-EJ 2,9-

The i n t e r a c t i o n p o t e n t i a l i s not known exactly but 
neutron/nuclei i n t e r a c t i o n s are known t o be very short 
range and thus w i l l give i s o t o p i c s c a t t e r i n g from a 

.on 
p r o b a b i l i t y per u n i t time from the i n i t i a l t o the f i n a l 
s t a t e and the ma t r i x element <f V i > can be evaluated 
by i n t e g r a t i n g w i t h respect t o the neutron co-ordinate jg. 
The p o t e n t i a l of the neutron due to the nucleus has 
been shown t o have the form Vj(^-R^ where r and^^ are 
the p o s i t i o n vectors or co-ordinates of the neutron and 
the nucleus r e s p e c t i v e l y ( 8 ) . The t o t a l p o t e n t i a l 
of the system can be expressed as lCV.(r-R.). 

Now when d = 1 and the s p e c i f i c nucleus involved i n 
the neutron/nucleus i n t e r a c t i o n i s placed at the o r i g i n , 

s i n g l e p o i n t nucleus. <f |V| i > i s the t r a n s i t i c 
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i e . R̂ j = R.̂  = 0, then the i n t e r a c t i o n p o t e n t i a l can 
be expressed as "V"(^). Eermi (13) has shown t h a t f o r an 
array of bound mono-isotopic n u c l e i the i n t e r a c t i o n 
p o t e n t i a l can be expressed as a d e l t a f u n c t i o n , using 
the Born approximation as i n equation 2.10. 

VCr) = ^ 2 j r ^ ^ ^ ^ ^ ( r ) 2.10 

This p o t e n t i a l i s known as the Eermi pseudopotential, 
The magnitude and sign of the s c a t t e r i n g length, b, i s 
determined by the shape, depth and range of ^ ( r ^ ) . 5 (r_) 
i s a three dimensional Dirac d e l t a f u n c t i o n which ensures 
the conservation of energy i n the neutron/nucleus system 
and t r e a t s the very short range i n t e r a c t i o n and replaces 
i t w i t h a p o i n t source. Eor the general s c a t t e r i n g 
system the pseudopotential takes the form of equation 2.11. 

V ( r ) ) 2,11 

Thus the p a r t i a l d i f f e r e n t i a l s c a t t e r i n g cross-section 
i n equation 2.10 can f u r t h e r expressed as f o l l o w s , using 
the p o t e n t i a l f u n c t i o n i n equation 2.12. 

-^f 
FT 
Jj^<^f |exp(ia.Rp KEA^-EA^+E.-E^ ) 

2.12 
The e x p ( i ^ . ^ j ) i s the wave f u n c t i o n of the s c a t t e r i n g 
system and ̂  i s the s c a t t e r i n g vector, having a value 
( k . - k p . 

However, i n an actual experiment one does not measure 
the cross-section f o r a process i n which the s c a t t e r i n g 
system goes from •^i^^f obtain the quantity 
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(d cr/dQdE) defined on page ( 18 ) one must sum the cross-
s e c t i o n , stated i n equation 2.12, over a l l the f i n a l 
s c a t t e r i n g states A^, keeping constant, and then 
averaging o v e r a l l A^. The new expression i s w r i t t e n i n 
equation 2.13 i n terras of the time dependent Heisenberg 
operator R . ( t ) where Jioj =E.-E„. 

( d ^ c r U ^ f / l\Y]i^'. <exp(-iQ.R. (0))exp(iQ,R. ( t ) ) > 

—„—exp(-ia).t)dt 2,13 

Hence the 6 - f u n c t i o n f o r energy can be expressed as an 
i n t e g r a l w i t h respect t o time i n equation 2.14 

5(E, -E_;i +E.-E„) = / 1 \[ e x p f i ( E , -EA ) t / I e x p ( - i w t ) d t 2.14 i f 1 ^ \^JJ_^ { f i ^h I 
The Heisenberg operators R. (O) and R. ( t ) are 

t h 
r e l a t e d t o the p o s i t i o n vectors R . of the j nucleus by 

o 
equation 2.13 'Where H i s the Hamiltonian of the t a r g e t 
system i e . i t r e f l e c t s the pr o p e r t i e s of the s c a t t e r i n g 
system. 
exp(i_g_.R^(t)) = exp^iHt^exp(iQ,.R^)exp ^-iHt^ 2,15 

<exp(-Q.R. (0))exp(iQ.R. ( t ) ) > i s the thermal average 
of the expectation value of the time dependent operators 
w i t h i n the brackets 

2«3'3. Incoherent and Coherent Scatt e r i n g of Neutrons 
The s c a t t e r i n g from an assembly of n u c l e i can be s p l i t 

i n t o two p a r t s . The s c a t t e r i n g lengths vary i n an appar­
e n t l y random way from nucleus t o nucleus and are a f u n c t i o n 
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of the r e l a t i v e o r i e n t a t i o n and nuclear spins. (The 
sta t e of the neutron i s , i n f a c t , s p e c i f i e d e n t i r e l y 
by momentum i n the form of the wave ve c t o r , and 
the neutron spin i s ignored i n t h i s d i s c u s s i o n ) . 
Coherent s c a t t e r i n g arises from the average s c a t t e r i n g 
l e n g t h , ^, and incoherent from the r o o t mean square 
d e v i a t i o n of the s c a t t e r i n g lengths, ("^ - ̂  ) « 

The coherent s c a t t e r i n g depends on the c o r r e l a t i o n 
between the p o s i t i o n s of the same nucleus at d i f f e r e n t 
times and the c o r r e l a t i o n between p o s i t i o n s of d i f f e r e n t 
n u c l e i at d i f f e r e n t times. I t therefore allows f o r 
i n t e r f e r e n c e e f f e c t s because coherent s c a t t e r i n g i s t h a t 
which some system would give i f a l l the s c a t t e r i n g lengths 
were equal t o F. The incoherent s c a t t e r i n g depends only 
on the c o r r e l a t i o n between the p o s i t i o n of the same nucleus 
at d i f f e r e n t times. Thus incoherent s c a t t e r i n g arises 
from the random d i s t r i b u t i o n of the devi a t i o n s of the 
s c a t t e r i n g lengths from the mean value and no int e r f e r e n c e 
e f f e c t s are allowed. 

I n equation 2.13 there i s a ('b̂ b_|̂ ) term. Thus 
equation 2.13 can be s p l i t i n t o two p a r t s because 
i f a' = /'then S^-*= ^ 

_2 
i f J / J^'then h^b/= b 

_2 — 3 
Thus the devi a t i o n s = ( b f - ̂  ) = ( V E ) 

2.16. 
'inc. " ' coh. 

Eurther, equation 2,13 can be w r i t t e n as equation 2,17 
where S(^,a)) i s known as the s c a t t e r i n g law or s c a t t e r i n g 
f u n c t i o n . 
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/d^g \ = / 1 \ ^-S (Q,^) 2.17. \dftdE/ k^ "* 

This space-time c o r r e l a t i o n f u n c t i o n represents the 
basic dynamic p r o p e r t i e s of the s c a t t e r i n g system which 
i s independent of the scattered neutron. Equation 2.17 
can be expressed i n the two f o l l o w i n g forms where 

coh - "̂"̂ ^ ^ n c = ^ "^^^ - ^ 

(̂ ^̂  ] = .k • S ^ ( i , ^ ) • Icoh . 1 2.18. VdfidE/ k. coh - - 4 i r ^ 
coh 

( ^ ] = ^ . S (Q,.^) . ^inc . 1 
\dfidE;_ k. ^ 2.19. 

m c 

The S. (Q w) term i s used i n t h i s neutron s c a t t e r i n g 
study. 

2.3*4. C o r r e l a t i o n Functions 
Equation 2.19 was developed f o r the s c a t t e r i n g of 

neutrons from an array of n u c l e i , however, i n t h i s form 
i t does not show c l e a r l y the r e l a t i o n s h i p between prop e r t i e s 
of the array and the r e a l experimental spectrum. '*Van Hove 
developed more u s e f u l r e l a t i o n s h i p s (14). 

The cross-sections can be r e l a t e d t o the thermal 
averages of operators belonging t o the system and the new 
fu n c t i o n s can be used t o calculate various r e a l p r o p e r t i e s 
of the s c a t t e r i n g system. S(Q,a;) i s the double Fourier 
transform, over space and time, of a f u n c t i o n , named as 
G ( r , t ) . This i s the Van Hove space-time c o r r e l a t i o n 
f u n c t i o n or the time dependent p a i r c o r r e l a t i o n f u n c t i o n . 
G(r^,t) i s the p r o b a b i l i t y of f i n d i n g any pa r t i c l e . . a t the 
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o r i g i n _r=0 at time t=0 then, f i n d i n g any p a r t i c l e at r_=r 
and time t = t . This only applies to a c lass ical system 
wi th a l l the nucle i equivalent. 

They are re la ted by an intermediate func t ion i C g j t ) . 

S(^,w) i s the Courier transform of I ( ^ . , t ) i n time which 

i s the Fourier transform of G(r_,t) i n space. 

F i n a l l y ,w) i s re lated to G ( r , t ) in equation 2.20 

where the minus sign i s a rb i t ra ry and indicates that 

S(Q,w) = / 1 \ f f exp(i(Q.r-a>t))&(r , t )d rd t 2.20 \2miJJ 
For S. one can derive the se l f time dependent 

pa i r cor re la t ion f u n c t i o n ^gglf^•' '^'^* ^^^^ i s done again 

i n equation 2.21 and 2.22 by using the intermediate func t ion 

I^^-,^,(Q,t) where S. (Q,a>) i s the incoherent scattering sei.1 inc •*• 
f u n c t i o n . 

^ se l f ^ i : ' * )= 1 1 ^ < e ^ ( - i M j ( 0 ) ) e ^ ( % R j ( t ) ) > 

^""^ ^ j — „ ™ exp ( - i ^ . r )dg . 2.21 

>._„__.„ exp(ia>.t)dt 2<,22 

For a c lass ica l system Gg(5^,t) is the p robab i l i t y density 

of f i n d i n g any given p a r t i c l e at the o r ig in r=0 at time, 

t=0 and then f i n d i n g the same pa r t i c l e at r=r and at time 

t = t . (Note that Gtotal^^'*> = ^self^^^*) ^other^^'*^ ^"'^ 
GQ .̂̂ g (̂_r , t ) r e f e r s to any pa r t i c l e at ^0 and t=0 and 

another p a r t i c l e at r=r and t = t . ) S.^^(Q,w) i s the double 

courier transform of *^gelf ^S-'̂ -̂  * 

S. (Q,^) = ( 1 / l > <exp(-iQ.E.(0))exp(iQ.R.(t))> 
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S.^^(Q,,u>) can be re la ted to the p a r t i a l d i f f e r e n t i a l 
scat ter ing cross-section using by the fo l l owing 
equation 2 . 2 3 . 

^ ^inc -^1 

2 . 3 . 5 ' P r inc ip le of Detailed Balance 

Equation 2.24 can be proven 

S(-^,-w) = exp(-Jif^A).S(^,a;) 2.24 

This i s know as the p r i n c i p l e of detai led balance 

(2) where /3 = . For the t r ans i t i on step that c o n t r i ­

butes to S(^,w), a neutron would loose energy in the process 

equal to the t r a n s i t i o n energy, hw, and the scattering 

system would gain energy, hw, everytirae the scattering 

system moved from a low energy l eve l , i^, to a higher 

energy, A " ^ . The reverse obviously can happen where the 

system looses energy wi th every transi t ion, equal to hw, 

and changes from a higher energy leve l to a lower 

energy l e v e l X^. The second process has a func t ion 

S(-^,-w) and the p r o b a b i l i t i e s that a neutron w i l l bring 

about a t r a n s i t i o n are the same f o r both d i rec t ions . The 

p r o b a b i l i t y that the system i s in a lower energy level i s 

higher, i n i t i a l l y , by the fac to r l/exp(-hcu^). This would 

apply i n a neutron energy loss s i t ua t ion . 

A f u r t h e r func t ion S(Q,6l.) from Schofield ( 1 5 ) can 

be derived which i s even In OJ . So that S(^,w) can replace 

S(-^,~6u) i n equation 2.24. Equation 2.23 can be used to 

compare computed and experimentally determined scattering 

func t ions . 
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S(^,.o;) = S(g,-co-) = exp(-iticuA).S(^,'^) 2 . 2 5 

G(^ , t ) can also be defined in t h i s way. Egelstaff 

(16) has f u r t h e r defined S(a, /}) , in equation 2.26 where 

a and i3 are dimensionless variables a = and /5 = ^ « 

S(a,/5) = KT S (Q,a;) '2,26 

/3 i s chosen as pos i t ive i f the neutron gains energy. 

This func t ion expresses the energy and the momentum of 

the atoms i n the system as an average and concentrates 

a t ten t ion on the atomic motion rather than the atomic 

s t ruc ture . The S^ -̂ĵ ^ term can be calculated from S(a,/3) 

by removing a correct ion f ac to r due to the atomic s tructure. 

2 . 5 . 6 . The Incoherent Scattering Function and Molecular 

Vibrat ions 

In t h i s section the funct ions u t i l i s e d in presenting 

the incoherent i ne l a s t i c neutron scattering (IINS) data 

are set out. The standard assumption i s that the 

r o t a t i o n a l , translational and v ib ra t iona l motions of the 

system can be treated as i f dynamically independent. This 

implies the t o t a l wave func t ion of that system i s the 

product of the three independent wave func t ions , (^ ' sp in 

i s neglected and the ^ r o t . / ^ v i b . in te rac t ion i s taken as 

n e g l i g i b l e ) . The t o t a l scat tering func t ion can then be 

expressed i n terms of the convoluted independent scattering 

func t ions , i n equation 2 . 2 7 though only the S^^i^(^,w) 

i s the term of i n t e r e s t . 

Bi^oO =ys^3,ans.^a'-> • ^ ro t -^ i^ ' "^ ^ V i . b . ^ ^ ^ ) 2 . 2 7 
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expresses a convolution of the form (11) shown in 

equation 2.28. 

This convolution leads to a broadening of the 

ine la s t i c spectral features though studies of broadening 

are usually l i m i t e d to the quasi-elastic region. 

The scat ter ing func t ion has been discussed by Zermach 

and Glauber (1?) f o r molecular vibrat ions and they have 

shown, i n equation 2.29 that f o r an oriented assembly of 

harmonic o s c i l l a t o r s i n the form of a single c r y s t a l . 

- coth 

h 

( ^ ) i n c . i i ^ ) ^ 

2m-ĵ ci;̂  sinh 

! where: 

m 

k 

C L 

= no. of quanta of energy chi;_;̂  involved in the t rans i t iono 
(where n>0 neutron energy gain and n<0 neutron energy 
loss . 

= normal mode t r a n s i t i o n . 

= frequency of t r a n s i t i o n ( ie of n quanta). 

= mass of L^^ nucleus. 

= Boltzman constant. 

= Normalised po la r i sa t ion (or amplitude) vector f o r each 
atom of type L i n the normal mode A determined by the 
system dynamics. 

n, 
= Modified Bessel f u n c t i o n . 
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Since the system i s dominated by the hydrogen 

scat ter ing i n the samples used in t h i s study then the 

summation over a l l the atoms i s not required. Further, 

the Sj^^,w) i s a more desirable f u n c t i o n . Further, the 

modified Bessel func t ion may be wr i t t en as a series 

shown i n equation 2 . 3 0 -

n 
(x ) 

2k 
2 . 3 0 . 

k = o 

I n some cases, i t may be replaced by the f i r s t term of 

i t s power expansion when the argument i s small ( < 0 . 0 l ) 

i e . I)^(x) = ' • 1 n |[ . This terra arises because 

of the three dimensional space co-ordinate system used 

to describe the molecular v i b r a t i o n . Equation 2 . 3 1 may 

be derived from the expression arrived at i n equation 2 . 2 9 . 

exp 

_1 

- ( i - ^ ) ' • • ^of^ (1)1 -

2 .31 

This i s the scat ter ing func t ion f o r the t ransfer of 

n^ quanta, each of energy chi;^ , to the normal mode A . 

Scattering due to overtones and combinations would involve 

simultaneous t ransfer of quanta to d i f f e r e n t or the same 

A so the i n t ens i t y would involve products of the f i r s t 

term of the Bessel f u n c t i o n . This i s usually a small term 

and only when the scat ter ing vector and/or^ are large does 

such sca t te r ing , due to overtones and combinations, become 

la rge . 
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2 . 3 . 7 . Elas t ic and Ine las t i c Neutron Scattering 

Equation 2 . 3 1 can be u t i l i s e d to f i n d the incoherent 

scat ter ing funct ions i n e las t i c and ine l a s t i c scat ter ing. 

The e las t ic and ine l a s t i c contributions can be found by 

varying n^. With e l a s t i c scattering n^ =0 because there 

i s no energy t ransfer but i n ine las t ic scattering n^ = i n 

where n=l f o r a spec i f i c fundamental and 2 f o r an over­

tone etc . and n=0 f o r a l l other fundamentals, (nn found 

i n neutron energy gain and -n in neutron energy loss 

s i t u a t i o n s ) . Combination bands can also occur involving 

simultaneous t rans fe r of quanta to d i f f e r e n t normal modes, 

Thus t h i s involves products o f , say, (p^ x n^ ) . 

Thus the scat ter ing functions can be defined as 

shown i n equations 2 . 3 2 . and 2 . 3 3 . 

Elas t ic scat ter ing 

^inc^S.'") = 

Ine l a s t i c scat ter ing (n=+l) 

- • s i r 

- ( Q . 0 - ^ ) 2 ^ 

h 

4mcŷ  sinh _2 _ 

coth 
( J ) 

2 . 3 2 

cothi (I) exp 

. 5 ( hi^ - fiv 2 . 3 3 

• t h Now the mean amplitude of v ib ra t ion of the L''^"' nucleus, 

i n t h i s case hydrogen, i n the normal mode A, can be 

denoted by \u^\ and shown to be of the form in equation 

2 . 3 ^ -

\u ( fx .(coth c'h \ 2.3^^-
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Further the Debye Waller f a c to r , W-ĵ , can be 'expressed 

as shown i n equation 2 . 3 3 . 

M - J l . 
~ 4mc 

X] ^ • ^l-^ '^^^-cothf-l') 2.35o 

Both e l a s t i c and ine l a s t i c contr ibutions are atten­

uated by the Debye-Waller f a c t o r , which arises because 

interference e f f e c t s between atoms and d i f f e r e n t si tes 

are smoothed out by thermal v ib ra t ions . At equi l ibr ium, 

each atom i n the sytem generates a thermal cloud, e l l i p ­

soidal i n shape, due to i t s v ibra tory motions, and the 

extent of the cloud i s temperature dependent. For e las t ic 

scat ter ing equations 2.32, 2.34, 2 .35 can be combined to form 

equation 2.36. 

^toc^S''^^ = exp(-2WL) 2.36. 
The e las t ic scat ter ing from a simple harmonic o sc i l l a to r 

has been shown not to be isotropic when the incident 

neutron energy i s small so that the scat tering has a very 

small angular dependence. I f the incident energy i s large 

then there can be substantial angular dependence, i e . in 

Q. 
For i n e l a s t i c scat tering equation 2.33i 2.34, 2 .33 

can be combined to form equation 2.37. 

^ ^ ^ i ' ' ^ ^ " l^(Q.^|)2.exp(-2W).exp^- | ) .s( Itiu -hu^ ) 2.37-

In equation 2.37 •> i t i s apparent why the scattering 

i n t ens i t y from hydrogen i s so high: a) the scattering 

in t ens i ty w i l l be high f o r atoms with large ^-y,^ values. 

Hydrogen has such a high a.^^ value, b) the scattering 
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w i l l be most intense f o r atoms with high mean amplitudes 

of v i b r a t i o n . Hydrogen with i t s small mass i s such an 

atom. Now spectra look d i f f e r e n t i n energy gain and 

energy loss , using S(^,w), so the symmetrical scattering 

func t ion S(_g_,w), i s more relevant to rea l s i tuat ions 

and these look the same i e . "St^,"^) =^(£.,-'^)» The 

f o l l o w i n g formula i n equation 2.38, can be used. 

_ , , V ^ / R (Q.c^)^ \ 

4̂mcû  sinh 
2.38 

2.3.8. Functions Used With Powdered Samples 

Up to now the equations have been developed f o r 

single c rys ta l s . However, large samples are required i n 

IINS, especial ly where a small quantity of hydrogen i s 

present per molecule as i n t r ans i t i on metal hydrido -

carbonyls. Thus, powdered samples have to be employed 

which, of course, contain many small single crystals 

randomly or iented. This leads to a large loss of information 

since i t would be necessary to detect neutrons at a l l 

possible scat ter ing orientat ions i n order to calculate 

S^̂ Q ,̂w) i n equation 2.38. 

The scat ter ing func t ion f o r a powdered sample i s found 

by asAersging over a l l possible orientations as i n equation 

2:L2i. 

^ y\-mcv^ sinh § y ^ ^ A 

The amplitude weighted density of states, g ( y ) , i s 

found here as the term]^| Q;̂ | 2.5 (!it;-.Ri;^) . The Debye-Waller 
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f a c t o r i s now expressed as an energy dependent quantity^ 

as proven by Reynolds et a l ( 1 7 ) - g('^) can thus be 

expressed as shown i n equation 2.40. 

g( i ' ) = 4mci^^sinh ^ . exp(2¥( V,)) 2.40. 

The Debye-Waller f ac to r i s very d i f f i c u l t to 

calculate and i s usually set to one. Thus g(j;) can be 

processed from experimental data but, once again, other 

func t ions are prefer red , p (v) i s the amplitude weighted 

density of states at zero Q and i s expressed as i n 

equation 2 .41 . 

P (v) = 4mcy, . s inh 4 • Lim A L2J Q_̂ Q 
^xnc^S-) . exp(2¥(i;^)) 

2,41, 

p(v) can be re la ted toP(a,/5) by extrapolating 

P(a;,j3) to zero a . P(a,/}) can be related to S(a,/3), as 

shown i n equation 2.42. 

P(«,A) = ^ g ( 0 = 2Asinh [I] exp (2W(i;^ ))^^™2^ 2.42. 

Most t i m e - o f - f l i g h t data is expressed as P(a; ,/5) i n 
t 

a p l o t of Z]P(a, /}) against where t = number of scattering 

angles. 
2 . 3 . 9 • Temperature and Momentum Dependence of IINS Bands 

The in t ens i ty of bands in IINS spectra are very 

much dependent on momentum and temperature as shown in 

the f o l l o w i n g . 
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2.3«9'1« Momentum Dependence 

Now equation 2.31 can be put in to a suitable form 

to make i t relevant f o r po lycrys ta l l ine samples and 

equation 2.43 i s arrived a t . 

s"̂ CQ . ) 1 / ^ ( ^ ^ ) ^ V " ^ ' . e x p < ^ n , 4 ) . . - -
^ i n t i ' " ^ "^KTT I ^nic.^sinh^lj j ^ ̂  

- - exp(-2W( r̂ _;̂ )) S (hi;-ti2]|n_^|t;^) 2,43. 

One can study d i f f e r e n t momentum transfers by 

taking d i f f e r e n t scat ter ing angles f o r the same energy 

t ransfer when dealing wi th the energy t ransfer chi;^ f o r 

the normal mode X ,as i n equation 4.44. 

S^c(Q,co^) « (Q2)n . exp (-2W(t̂ )) 2.44. 

When ^ i s large the t o t a l overtone contr ibut ion 

manifests i t s e l f as an increase in the general baclsground 

scat ter ing and not as discrete bands and at any point in 

the spectrum the scat ter ing can be due to a fundamental 

and an overtone(s). Such scattering i s a funct ion of 

the scat tering angle and, of course, the incident energy. 

This complicates the experiment and an approximation, 

due to Placzek (19) i s taken where a l l the scattering i s 

treated as though i t i s incoherent since interference 

from d i f f e r e n t s i tes i s not l i k e l y to be important. 

2.3-9«2. Temperature Dependence 

The scat ter ing func t ion contains many terms which 

involve temperature and thus the temperature dependence 

of an IINS spectrum can be complex. The s i tua t ion i s 

c l a r i f i e d by taking three d i f f e r e n t areas of temperature. 
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( i ) Very low temperature (OR. ^Kj" ' 

With a very low temperaure, the/8 value - ^ ^ j ^ 
r ^ - | - l . L -̂̂  J 

ss exp ( - Also coth ^ becomes large and sinh 

would tend to one. Thus equation 2.43 can be derived, 
o \ n 

'chQ^ 

- -exp (-2\l(iv^))d(lxv-\n^\fiVj^) 2.45. 

In the system, the excited states w i l l be very poorly 

populated at 4K and thus i n a neutron energy gain s i tua t ion 

where n„=n, there w i l l be very few neutrons which w i l l 

gain energy because equation 2.43 contains the very small 

exp(-/3n) term. 

For such a reason, neutron energy gain experiments 

are r a re ly run at very low temperature. In a neutron 

energy loss s i t u a t i o n , n^=-n, the exp(- (n-nj^))term 

disappears. Thus Sp* (Q,co) becomes independent of temperature 

and thus a high scat tering in tens i ty could be achieved. 

( i i ) Very high temperatures 

The Debye-Waller f ac to r at high temperatures varies 

l i n e a r l y wi th temperature since the temperature dependent 

term coth 
r^-i -1 

Equation 2.46 has been derived ( 9 ) . 

V c t " ^ ) = Z exp(-2W(.^)) l - - h (h.-hn^.^) 2.46 

However, the derived equation i s not much use 

because most chemical systems and compounds are not l i k e l y 

to be stable at the high temperature at which t h i s equation 

i s v a l i d . 
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( i i i ) Intermediate values of temperature 

Coth ( | ) i s again approximated to ( | ) """̂  and the 

f o l l o w i n g equation 2.47 has been derived where P'^(a, ̂ ) 

i s the n^^ t r a n s i t i o n contr ibut ion to P(a,i3). 

P'"(a,/5)-T" exp(-W(i.-;^)) 2.47 

This r e la t ionsh ip has been used to good approximation 

in the low frequency region but becomes more complex in the 

higher frequency region. Overtones are known to increase in 

in t ens i ty quicker than fundamentals, as to be expected, and 

thus i t i s apparent that the in tens i ty of overtones would 

have to be reduced wi th respect to fundametals to achieve 

a cleaner spectrum i n the intermediate temperature range. 

This i s attained by using low values of Q and thus small 

scat tering angles, though the p o s s i b i l i t y of contamination 

of the scattered beam by the non-scattered beam would be 

large . One can also reduce the in tens i ty due to overtones 

by increasing the incident neutron energy and thus increasing 

and, obviously, kj . and reducing ^ , compared to and 

The width of IINS bands i s also temperature dependent 

as shown by Grant (20) in equation 2.48. 

T 
m 

^.Q, cm""-̂  2.48 F u l l width at ha l f height (FWHH) = k 

IINS bands have a spec i f ic width due to the r e c o i l of the 

nucleus i n the scat ter ing event. To reduce the FWHH, 

one can reduce the temperature, T, and use a small Q value. 

2 .4 . Torsional Barr ier Calculations 

In the study of the C^H^ complexes and of C^Hg 

adsorbed on platinum black and in zeol i te supercages i t 

i s possible to assign the tors iona l frequency(s) i n 
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molecules/systems containing r o t o r ( s ) . The mean square, 
amplitude of v i b r a t i o n i s inversely proport ional to the 
product of the reduced mass and the tors iona l v ib ra t ion 
frequency. I f the ro to r has a small reduced mass and 
the frequency of the tors ion i s low, the resul tant 
v i b r a t i o n a l amplitude i s l a rge . The to rs iona l v ibrat ions 
i n the above studies are low (<200cm""'") though the 
reduced masses of the CgH /̂Cr̂ Hrp rings are quite large. 

For a ro to r wi th N- fo ld symmetry, the po ten t ia l 

f u n c t i o n , which describes the motion, has an N- fo ld 

p e r i o d i c i t y which can be expressed as a single Fourier 

ser ies , equation 2 . 4 9 , when the barr ier i s repeated N 

times i n a f u l l v i b r a t i o n . 

V(Y) = ^ ^ ( l - c o s k N Y ) 2 , 4 9 . 

Y i s the angle def in ing the ro t a t i on of the ro to r with 

respect to the res t of the system framework. Values of 

N i n CgHg and Cr;Hr̂  systems could be 6 and 7 respectively 

though s i te symmetry may increase these values by 2 or 

more times. 

Usually the higher terms of the series are small 

such that Vj^ » > ^3N* '^^'^^ equation 2 . 5 0 » can be 

derived where Y-^ i s the tors ional bar r ie r height . 

V(Y) = (1-cosNY) 2 . 3 0 , 

Introducing the higher terms into equation 2 . 5 0 . only 

changes the shape of the po ten t ia l well rather than the 

height. As the perturbat ion due to the higher terms 

increases asymmetry, metastable wells and in f l ex ions 

may occur i n the po ten t i a l ( 2 1 ) . 
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The s i t ua t ion i s more d i f f i c u l t to evaluate i f 

unsymmetric ro to r s are taken with non-equivalent barr iers 

e.g. in CgH^Cl. 

The equations of motion can then be solved using 

the re su l t ing Schrtiedinger equation which in i t s simplest 

form i s shown i n equation 2 . 5 1 where I ^ i s the reduced 

moment of i n e r t i a f o r the motion. 

1 . d2^(Y) 8^2 
E - - | . (1-cosNY) ^(Y)= 0 2 . 5 1 . 

This i s d i r e c t l y re la ted to Mathieu's equation 2 . 5 2 

2 
^ - ^ + (b - s cos2x) y = 0 2 . 5 2 . 
dx"̂  

4V 2 
where S i s dimensionless and = —^ (where F = —5—) 

FN^ S^'^I 
r 

4E^^ 
b i s an eigenvalue and = (where K r = ( E - Y-pr) ) 

FN^ V _^vo 

V i s the p r inc ipa l tors ion quantum number 
a i s the sublevel designation. 

Mathieus equation has d i f f e r e n t sets of solutions 

f o r d i f f e r e n t angulat? periodsbut the solut ion i s laborious. 

However, the two extremes of the model ( i e high and low 

tors iona l ba r r i e r heights) can help the solution to be 

obtained more eas i ly . 

( i ) Low ba r r i e r approximation 

I f Vj^ approaches zero then b^^ i s much larger than 

s. Thus equation 2 . 5 2 becomes equation 2 . 5 3 . 

+ by^y = 0 2 . 5 3 . 
dx 

The solutions are y = e — w h e r e k = 0 , l , 2 , 3 « - b u t 



37 

the condition ^ ( Y ) = '/'(Y + • ^ ) requires k = 0,2,4,6 
2 

Therefore b^ = k and equation 2.34 can be derived which 

i s s imi la r to the expression of a f ree r o t o r . 

E 'k 327l~ 
2,54. 

( i i ) High ba r r i e r approximation 

The term cosNY can be expanded as a series i n 

equation 2.55« 

cosNY = 1 - N^Y^ 2.55< 

Thus, i f Y-^ i s high then the ro to r w i l l o sc i l l a t e 

at the bottom of the w e l l . The var ia t ion i n Y w i l l be 

small and the terms higher than Y can be ignored. In 

Schr5edingers equation 2.48 the term 

becomes | E^ - . Y ̂  I 

E - 'N (1-cosNY) 

and produces the equation of 

a simple harmonic o s c i l l a t o r with the eigenvalues shown 

i n equation 2.56. where q i s the quantum number. 

E q = (q + 1) 
N^h^V N 

r J 

2.56 

Considering the 0-»-l t r a n s i t i o n , equation 2,57 can be 

formed where Y-^ i s the ba r r i e r height (cm""'') and TT i s 

the to rs iona l frequency (cm""*"). This equation gives a 

use fu l estimate i f the height i s greater than lOkJ mol""''(22) 

_ 2 
V N 

8Jt2c.I 
N^h 

2.57 

( i i i ) Das approximations 

Das (23) developed a method f o r obtaining approximate 

solut ions to the Mathieu equation which proves to be 

reasonable f o r determining high and intermediate bar r ie r 

heights . The accuracy of which i s dependent on the number 
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of terms included i n the ca lcu la t ion . 

For the f i r s t three terms equations 2.58, 2.59 and 
"2 

2.60 are derived where K = ^—^ 

_8̂ 2ci_̂ ^ 

i ) = 2.58. 
i i ) \ = (T+ K/4 )2A 2.59 

i i i ) 1 | = (~2 + 3K2/16 +T7K/2)VjfA + (K/16)2=:0 2.60 

In pract ice using 3 terms, the Das approximation 

can be i n good agreement wi th those calculat ions using 

Mathieu's equation without approximations. 

Where the to r s iona l motion interacts wi th the overal l 

motions of the species containing the ro t a t i ng top, the 

f u l l reduced moment of i n e r t i a f o r the in t e rna l ro t a t ion 

should include terms concerning the p r i n c i p a l moments of 

i n e r t i a of the whole molecule as derived i n equation 2.61. 

^r = 1 - ^AZ / Ig 2,61 

where 1^ = moment of i n e r t i a of a ro tor about i t s axis 

= cosine of angle between the axis of the ro to r 

and the g^^ p r inc ipa l axis of the whole molecule, 

Ig = g '̂'̂  p r i n c i p a l moment of i n e r t i a . 

I = reduced moment of i n e r t i a , r 

Mul t ip le top ro tors occur when more than one ro to r group 

i s attached to the same atom. This only occurs i n t h i s 

study i n the complexes (Cr,H^)2TaCl^, iO^^dAlGl^)^ and 

(G^E^diAl^Glr^)^ (though the l a t t e r pa i r are a more 

complex mul t ip le t o p ) . These systems w i l l contain i n t e r ­

acting r o t o r s . In order to determine the modes of 
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v i b r a t i o n , the p o t e n t i a l energy of each r o t o r i s w r i t t e n 
as the sum of (a) the i n t e r a c t i o n w i t h the framework i n 
absence of other r o t o r s and (b) i n v o l v i n g the p o t e n t i a l 
energy as a r e s u l t of the i n t e r a c t i o n w i t h the other 
r o t o r s , ( i e . the ex t e r n a l and i n t e r n a l f i e l d r e s p e c t i v e l y ) . 

The number of t o r s i o n a l modes derived from the 
r e s u l t s of R a t c l i f f e and Waddington (20) expected i n 
various conditions of the i n t e r n a l and extern a l f i e l d s , 
are: -

I n t e r n a l f i e l d External f i e l d 'So. of t o r s i o n a l 
modes 

Non-zero Non-zero Two 
Non-zero Zero One 

Zero Non-zero One 
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3.1. I n t r o d u c t i o n 

This chapter deals w i t h the preparation and packing 
of model compounds and the surface samples of z e o l i t e s 
and platinum powders. I t then goes on t o describe the 
vacuum l i n e manipulations necessary t o produce active 
and chemisorbed surface systems. D e t a i l s are given of 
the types of spectrometers used i n the v i b r a t i o n a l studies 
of the above systems, the sample cooling requirements and 
data processing. P i n a l l y , the p r i n c i p l e s used i n the 
neutron spectrometer instrumentation are b r i e f l y 
discussed. 

3=2. Sample Preparations 

3.2.1. Organometallic compounds 

The t r o p y l l i u m and benzene compounds have t h e i r 
preparations described i n the relevant chapters. The 
m a j o r i t y of the samples were not a i r stable and were thus 
sealed i n t h i n - w a l l ed s i l i c a c e l l s using a picene coated 
brass stopper. These c e l l s came i n two forms depending m 

the q u a n t i t y of m a t e r i a l being studied. 5 cm diameter 
round c e l l s were used w i t h sample thicknesses of 2-3 mm 
and, where l a r g e r q u a n t i t i e s were necessary, square 
5 cm X 5 cm c e l l s w i t h sample thicknesses of 3-5 ram 
were employed. S i l i c a p l a t e s were used, of 1 mm thickness, 
instead of ordinary b o r o s i l i c a t e glass because they did 
not contain the neutron adsorber B'̂ '̂, a boron isotope. 
S i l i c a glass does s c a t t e r s l i g h t l y , g i v i n g r i s e t o weak 
bands at 432,806,1076 and 1185 ctn""^. The spectrum also 
shows a s t e a d i l y r i s i n g background a f t e r 700cm°""'' on 
BPDDIDO, which i s of instrumental o r i g i n . The s i l i c a 
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spectra are shown i n Chapter 5 . 

3-2.2. Hydridocarbonyls 

Again d e t a i l s of p a r t i c u l a r preparations are 
given i n the r e l e v a n t sections. Special precautions 
and c o n t r o l of r e a c t i o n conditions were employed i n 
the production of the t r a n s i t i o n metal hydridocarbonyls 
because large q u a n t i t i e s of the compounds were required 
f o r successful neutron s c a t t e r i n g studies. Table 3'-l 
i n d i c a t e s the q u a n t i t i e s handled i n each case. I n many 
of the o r i g i n a l papers, preparations were described f o r 
small q u a n t i t i e s of the pure compound, so scaling up 
procedures had t o be adopted or, i n most cases, the 
re a c t i o n s were c a r r i e d out a number of times due t o the 
q u a n t i t i e s of solvent being u t i l i s e d . 

Special precautions were taken t h a t a l l reagents 
and solvents were p u r i f i e d . Experimental procedure was 
followed t o the l e t t e r due t o the importance of concentration, 
temperature, order of a d d i t i o n of reagents, dryness of 
nit r o g e n atmosphere etc. Any variance i n these could 
have a l t e r e d the nature of the f i n a l product i n many 
cases. 

A l l the t r a n s i t i o n metal hydridocarbonyls were packed 
i n 5 X 5 cm square s i l i c a c e l l s sealed w i t h picene. I n 
the case of HRe^(CO)^^, MeGo^iOO')^^ and CsHCOg(CO)^^ 
two c e l l s were needed t o accommodate such large q u a n t i t i e s 
of m a t e r i a l . These were placed back t o back. Two c e l l s 
were used because a single c e l l , i n these cases, would 
have had an i n t e r n a l gap of > 0.8 cm and c e l l s t h i s b i g 
were d i f f i c u l t t o t e s t f o r leaks on a vacuum l i n e because -
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T r a n s i t i o n metal 
hydridocarbonyl 

Mass needed f o r 
10% H s c a t t e r e r 

(g) 

Mass 
prepared 

(g) 

Approx 
hydrogc 

scat t e r e r 

HRe^(CO)^^ 32,49 22.75 7,0 

H^Rej(C0)^2 10.58 10.65 9»4 

H^Re^(C0)^2 9.23 3.38 3.3 
H2PeRu^(C0)^^ 12.82 11»57 9.3 

H^Ru^(C0)^2 6.58 5o44 7.8 

H2RUg(C0)-j_Q 19.70 20.75 10,0 

H5'eCo^(C0)-^2 20.15 32.48 12o5 
CsHCOg(CO)^^ 32.10 53.26 15.0 

H^Mnj(C0)^2 5.94- 8.18 12,5 
HW2(C0)gN0 23.00 17.95 7.5 
H20Sj(C0)^Q 15.06 16,23 lOol 

S i l i c a (2 mm) — 3 

% 

Table 3-1 

3.2.3, Z e o l i t e preparation 
Two z e o l i t e s were used i n the study of the i n t e r a c t i o n 

of benzene w i t h z e o l i t e s : Nal3X, supplied by B.D.H. L t d . , 
and AglJX, which was formed from Nal3Xby cation exchange. 
The preparation thus f a l l s i n t o two parts: the ion 
exchange and the general method of dehydration necessary 
t o a c t i v a t e both z e o l i t e s . 

( i ) Ion exchange 
of Na"̂  w i t h Aĝ " ti 

under appropriate conditions 100% Na"*" can be replaced ( l ) 
The exchange of Na"̂  w i t h Ag"'" takes place r e a d i l y and 
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A s l u r r y was made of Nal3X i n an aqueous s i l v e r n i t r a t e 
s o l u t i o n and s t i r r e d f o r 5 days a f t e r which i t was 
c a r e f u l l y f i l t e r e d . This operation was repeated 3 times. 
Excess s i l v e r n i t r a t e was removed by s t i r r i n g the 
f i l t e r e d -Agl3X i n deionised water u n t i l the dried product 
gave adequate a n a l y t i c a l r e s u l t s f o r s i l v e r , sodium and 
aluminium. 

( i i ) Dehydration 
Before the z e o l i t e s could be used, water had t o be 

removed from the c r y s t a l l i n e z e o l i t e l a t t i c e . , This was 
c a r r i e d out on the vacuum l i n e shown i n Pigure__2^o This 
method, we l l developed by J. Howard ( 2 ) , involved placing 
the necessary q u a n t i t y of z e o l i t e i n t o the s i l i c a bulb 
A, which had a graded s i l i c a / p y r e x seal allowing i t t o 
be sealed t o the l i n e which was evacuated and leak tested,. 
A f t e r allowing the pressure t o f a l l t o 10""^ t o r r , the 
s i l i c a bulb was g e n t l y heated to 450°C i n stages. The 
pressure was not allowed t o r i s e above lO"'̂ ^ t o r r . On 
reaching 450'^C, the sample was pumped t o 10"^ t o r r or f o r 
one hour, whichever was f i r s t , then allowed t o cool t o 
room temperature. The b u l b / c e l l u n i t was sealed at B and 
removed from the vacitum l i n e and the z e o l i t e gently tapped 
from the bulb A t o the aluminium c e l l C, which was then 
sealed at D and removed from the l i n e This c e l l was run 
as a background spectrum before benzene adsorption, 

Figure 3.2 shows t y p i c a l c e l l types used t o 
contain the z e o l i t e . These were t h i n - w a l l e d aluminium 
c e l l s which had aluminium/copperalloy f r i c t i o n welds, 
copperalloy/glass j o i n t s and glass breakseals. Larger 
c e l l s , w-,r,t„ i n t e r n a l volume, were employed i n deuterated 
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benzene/zeolite experiments due t o the lower s c a t t e r i n g 
cross-section of deuterium. Cells of c y l i n d r i c a l ..cross-
section were used on Beryllium F i l t e r detector spectro­
meters and f l a t c e l l s on t i m e - o f - f l i g h t instruments. 

3.2.4. Platinum preparation 

Platinum powder (Platinum powder (Platinum black) 
No. 4) was supplied by Engelhard Sales L t d . , and, as 
described l a t e r , was found t o have a surface area of 
5 m "/g ( 3 ) . I n c a r r y i n g out a successful neutron 
s c a t t e r i n g experiment about 80g were used and about 
lOOg f o r deuterated work. The surface of the platinum 
had t o be cleaned and t h i s was achieved once again by 
using a w e l l developed technique (2) i n v o l v i n g an u l t r a ­
h i g h vacuum system. Figure 3«3 shows the system u n i t s . 

The platinum powder was placed i n a t h i c k - w a l l e d 
pyrex glass bulb A which had the sample c e l l C sealed t o 
i t . This u n i t was attached t o the system at B and pumped, 
i n various stages, t o 10"" t o r r . Hydrogen gas from a 
bulb D was allowed i n t o the platinum system t o approximately 
10 t o r r . This reacted w i t h surface oxygen producing 
water which was pumped o f f . This operation was repeated 
u n t i l the mass spectrometer indicated no f u r t h e r water 
was being produced. The platinum was then g e n t l y heated 
t o 200°C u n t i l the pressure improved or f o r one hour, 
whichever was f i r s t , t o reduce s i n t e r i n g . On cooling, the 
u n i t was removed at E a f t e r at l e a s t a pressure of 2 x 10 
t o r r had been achieved. As w i t h the z e o l i t e sample, the 
powder was g e n t l y tipped i n t o the sample c e l l and sealed 
at F. 
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The s c a t t e r i n g c e l l s used f o r the platinum surface 
experiments were b a s i c a l l y the same as those used f o r 
the z e o l i t e work. The c e l l s of c y l i n d r i c a l cross-section 
were increased i n size t o allow f o r the l a r g e r q u a n t i t i e s 
of sample. 

3.2.5. Benzene p u r i f i c a t i o n and packing 
Benzene, CgH^, was supplied by Hopkin and Williams 

L t d . , and was of 'Analar' grade. I t was i n i t i a l l y dried 
using sodium wire f o r 2 weeks then d i s t i l l e d under a 
P20^-dried n i t r o g e n atmosphere from f r e s h sodium # i r e 
onto a c t i v a t e d molecular sieve 3-̂ . When required f o r use 
i t was syringed under n i t r o g e n . Benzene from t h i s source 
was used i n the benzene model compounds. 

Hexadeutero-benzene, Ĉ D̂̂ , was supplied by the A l d r i c h 
Chemical Company, Inc . and was 'Aldrich analyzed'. This 
was not p u r i f i e d but was kept under a nitrogen atmosphere 
and u t i l i z e d immediately because of i t s hygroscopic nature. 

The benzene used i n the surface experiments was 
f u r t h e r p u r i f i e d by employing a freeze/thaw technique t o 
remove dissolved a i r . This was car r i e d out i n glass p h i a l s 
w i t h attendant break seals. 

3.2.6. Technique of benzene adsorption 
The adsorption isotherm f o r the benzene/Nal3X system 

was studied by Avgul, Kiselev et a l ( 4 ) . I n the region 
10-750 t o r r , at room temperature, s a t u r a t i o n of the 
supercage was achieved (~ 5.^CgHg/supercage). Most studies 
of the CgHg/13X system used a r e s e r v o i r of benzene of 
known weight and volume. For example, Freeman and Unland 
(5) i n a Raman study adsorbed at 45 t o r r t o achieve a l l 
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coverages at room temperature. Lechert et a l (6) i n 
a series of n.m.r. studies of benzene i n I3X z e o l i t e s 
adsorbed at 100 t o r r from a known volume and found the 
exact quantity adsorbed by weight change. The use of the 
weight change technique was not applicable t o the present 
study because of the glass blowing changes. However, 
the volume change was monitored and the benzene adsorbed 
was gauged t o be w i t h i n i 0.1 ml. 

The technique employed f o r both z e o l i t e and platinum 
work was as f o l l o w s . Figure 3'^ shows the vacuum l i n e 
used w i t h the sample and r e s e r v o i r of benzene, which had 
been c a l i b r a t e d . A f t e r leak t e s t i n g , the l i n e was pumped 
t o 10"^ t o r r using a trapped o i l d i f f u s i o n pump and 
Penning gauge. The l i n e was sealed o f f from the pump at 
A and the Penning gauge was also sealed from the l i n e 
because of the l i k e l y damage to i t from benzene adsorption, 
Using b a l l b e a r i n g and a magnet, the breakseal above the 
benzene was broken and, using a jBourdon gauge and l i q u i d 
n i t r o g e n dewar (or l i q u i d a i r ) , the necessary benzene 
pressure i n the l i n e could be^ achieved. The pressure 
was allowed t o e q u i l i b r i a t e , usually at 100 t o r r . The 
breakseal above the sample was broken and the adsorption 
allowed t o take place. This was followed by the volume 
r e d u c t i o n i n the benzene r e s e r v o i r . A f t e r the necessary 
q u a n t i t y of benzene had been adsorbed the sample was 
sealed from the vacuum l i n e at B. I f a second adsorption 
was necessary then the second breakseal above the sample 
would have been employed. (Usually more than one b a l l 
bearing was needed t o break the seals because they would 
of t e n be qu i t e s t r o n g ) . 



51 

The benzene vapour i n the l i n e was then returned t o 
the r e s e r v o i r by use of the cold t r a p and then i t was 
removed from the vacuum l i n e and stoppered. The exact 
q u a n t i t y of benzene which had l e f t the reservojj? could 
then be estimated once the benzene had l i q u i d f i e d i n 
the c a l i b r a t e d container. I n the c a l c u l a t i o n of the 
benzene adsorbed on the sample, the surface area of the 
vacuum l i n e had t o be taken i n t o account. This area was 
very small compared w i t h the c a t a l y s t area. The pressure 
used i n the adsorption was usually 100 t o r r but lower 
pressures were used t o achieve greater c o n t r o l of the 
benzene removal from the r e s e r v o i r so t h a t f r a c t i o n s of 
a monolayer (on platinum) and f r a c t i o n s of the supercage 
would be f i l l e d ( i n the z e o l i t e s ) . 

The adsorption isotherm f o r the benzene/Agl3X system 
had not been measured and the technique used f o r the 
Nal3X system was q u i t e reasonably extended t o i\gl3X. 

The adsorption isotherm of benzene on platinum black 
and other metals had been measured by Babernics et a l (7) 

but no diagram was given. Others c a r r i e d out adsorptions 
at room temperature at a v a r i e t y of constant pressures 
t o achieve d i f f e r e n t coverages. For example Eckelens et a l 
c a r r i e d out the adsorptions at 15 t o r r (8) on s i l i c a 
supported platinum whereas Moyes et a l (9) c a r r i e d out 
experiments on f i l m s w i t h only 0.5 mm Hg pressure at each 
coverage. Studies on s i n g l e c r y s t a l faces were us u a l l y 
c a r r i e d out at much lower pressures and measured i n doses 
r a t h e r than i n pressures. Since a large q u a n t i t y of 
benzene had t o be adsorbed, f a i r l y high pressures were 
used i n the method described above f o r the z e o l i t e s . 



52 

Adsorption was usua2.1y not as quickly c a r r i e d out on 
the platinum black compared t o the z e o l i t e s where 
i n i t i a l l y the evaporation of the benzene sometimes was 
so quick t h a t some f r e e z i n g occurred on the surface so 
t h a t heat had t o be applied t o keep the pressure constant. 

3.3. Instrumentation 
This s e c t i o n i s s p l i t i n t o 4 p a r t s : a) a b r i e f 

d e s c r i p t i o n of the spectrometers used at Durham, b) a 
de s c r i p t i o n of the neutron sources employed, c) a 
sketch of the f i v e neutron spectrometers u t i l i s e d i n 
the study and f i n a l l y d) an i n d i c a t i o n of the p r i n c i p l e s 
involved i n the spectrometers. 

3 . 3 . 1 . O p t i c a l spectrometers 
The o p t i c a l spectrometers used at Durham were:-

Near I n f r a - r e d : Perkin Elmer 457 g r a t i n g 
spectrometer 
Perkin Elmer 577 g r a t i n g 
spectrometer 

Far I n f r a - r e d : Beckman-RIIC FS720 interferometer 
Raman: Cary 82 using Spectra-Physics 

Ee/ke laser @ 15,802cm"^ and 
Ac/Kr laser @ 19436.3 cm-1 

The punched paper tape output from the FS720 was processed 
on the N.U.M.A.C, computer using programmes developed by 
Symon (10) and Jinks ( l l ) . 

Low temperature spectra were obtained using c e l l s of 
conventional design. 

3.3.2 . Neutron Sources 
The neutron sources used i n t h i s study were:-

i ) DIDO medium f l u x r e a c t o r at A.E.R.E. Harwell 
i i ) PLUTO medium f l u x r e a c t o r at A.E.R.E. Harwell 

i i i ) I.L.L. high f l u x r e a c t o r at Grenoble, France. 
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The DIDO and PLUTO re a c t o r s are heavy water 
moderated and cooled and operate, at present, at 25-5 

( 5 ) . They are f u e l l e d by enriched uranium/aluminium 
a l l o y aluminium-clad tubes. The neutron f l u x at the 
beam tubes i s l - 2 x 10"̂ '̂  neutrons cm"̂ s'"'̂ . DIDO reactor 
has a cold source which gives gains i n longer wavelength 
neutrons which are u t i l i s e d by 4H5 spectrometer. 

The r e a c t o r at the I n s t i t u t Laue-Langevin (I . L . L . ) 
i s a more intense neutron source w i t h a f l u x at the beam 

15 - 2 - 1 holes of 1.5 X 10 ̂  neutrons cm s . These f l u x e s are, 
i n f a c t , measured near the reactor core and include 
neutrons t r a v e l l i n g i n a l l d i r e c t i o n s . The neutron f l u x 
at the sample i s about lO'^^ times less a f t e r c o l l i -
mation and s h i e l d i n g etc. The I.L.L. has a 'hot' source, 
a 2000K gr a p h i t e block, which increases the f l u x f o r 
neutron wavelengths less than l i . 

3,3,3 . Neutron spectrometers 
Table 3.2 gives an i n d i c a t i o n of the energy ranges 

u s u a l l y covered by the 5 spectrometers used i n t h i s study 
though others may have used them outside these ranges. A 
b r i e f d e s c r i p t i o n f o l l o w s of each spectrometer. 

( i ) DIDO Ber y l l i u m F i l t e r Detector Spectrometer 
Figure 3.5. shows a d e t a i l e d drawing of ffiDDIDO which 

u t i l i s e s neutrons from the lOH beam hole i n DIDO r e a c t o r . 
The instrument i s p r i m a r i l y used f o r measurements i n 
chemical spectroscopy up t o 2300cra"'"'", however low count 
r a t e s and unacceptably long count times above 1300cm"""̂  

reduce i t s a b i l i t y i n a region b e t t e r covered by INlB. 
The aluminium monochromator i s an aluminium c r y s t a l 
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B 

A In pile collimators 
B Monochromator 
C Beam shutter 
D Sample position 

Figur@(3'5) 

E Be filter blocks (cooled) 
F BF3 detector arrays 
G ShlWding segments 

BFDDIDO 
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Spectrometer Abhreviated 
Name 

Energy 
Range 
( om'h 

DIDO Bery l l iu ra F i l t e r de tec tor BFIDIDO 90-2300 

PLUTO B e r y l l i u m F i l t e r de tec tor BEDPLUTO 90-1000 

DIDO T i m e ~ o f - f l i g h t cold 
neutron t w i n r o t o r 0- 600 

I L L B e r y l l i u m F i l t e r de tec to r 
(+ hot source) INIB 350-2500 

I L L T i m e - o f - f l i g h t r o t a t i n g im 40- 300 
c r y s t a l s 

Table 3.2. 

which moves about an angle of w about the i n c i d e n t beam. 

Se lec t ion of neutron energies i n c i d e n t at the sample, 

achieved by Bragg s c a t t e r i n g f rom the monochromator 

c r y s t a l , i s c a r r i e d out by t h i s motion and t h a t of the move­

ment of the l a rge s h i e l d i n g drum, con ta in ing the sample 

and a t t e n t a n t f i l t e r assemblies, about an angle of 26 

w i t h the monochromator. The beam size at the sample, 

a f t e r c o l l i m a t i o n , i s (7 x 3)ctn w i t h the neutron f l u x 

at 1.1 X 10^ neutrons cm~^ s""̂  f o r an i n c i d e n t energy 

of 403cm""^. Scat tered neutrons f rom the sample, w i t h 

energy l ess than 5 raev, pass through the cooled ( t o 77K) 

20 cm long b e r y l l i u m b l o c k s , which act as energy analyzers , 

and are detected by two banks of SBF^ counters . (12) 

( i i ) I L L B e r y l l i u m F i l t e r de tec tor spectrometer 

Figure 3*6 shows a d e t a i l e d drawing of the spec t ro­

meter which u t i l i s e s neutrons f rom H8 beam hole i n the 
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Figure (3 . 6 ) IN1B 
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I L L Eeactor . (13) The i n c i d e n t energy of the neutrons 

i s v a r i e d by combined t r a n s l a t i o n s and r o t a t i o n s of the 

copper c r y s t a l on a monochrotnator t ab le and the r o t a t i o n 

of the monochromator s h i e l d i n g drum about the sample 

p o s i t i o n . The i n c i d e n t energy ranges are 35^-1 ISScm""^ 

f o r the Cu(200) p lane , 726-2177cm'"^ f o r Cu (220) plane 

and 1936-2420cm"^ f o r the Cu(331) p lane . These ranges 

were used i n the study of t r a n s i t i o n metal h y d r i d o -

carbonyls discussed l a t e r . The neutron f l u x at the sample, 

through the beam hole of 5*3 x 6.^ cm a f t e r c o l l i m a t i o n , 

i s 3 X lO'^ neutrons cm s @ 807cm and 1.3 x 10' 
—2 —] —1 neutrons cm s @ 1614cm . A f t e r s c a t t e r i n g , the 

neutrons pass th rough a cooled ( t o 77k) b e r y l l i u m f i l t e r 

analyzer and are detected by 6 H ^ de t ec to r s . The whole 

b e r y l l i u m f i l t e r assembly moves upon a s t e e l r a i l . 

The b e r y l l i u m f i l t e r de tec tor spectrometer i n PLUTO 

f u n c t i o n s much l i k e INIB except tha t the sample p o s i t i o n 

also r o t a t e s about the monochroraator. Both instruments 

can be used i n a t r i p l e ax is capaci ty where the analyzer 

and de tec tor are s p l i t . 

( i i i ) DIDO Time-of f l i g h t 

Pigure 3.7 shows a d e t a i l e d drawing of the instrument 

which u t i l i s e s neutron beam hole 4H i n DIDO r e a c t o r . 

This ins t rument employs neutrons f rom a ' c o l d ' source which 

g ives gains i n longer wavelength neutrons . Such longer 

wavelength neutrons are produced by using a moderator which 

removes neutron energy by r e c o i l processes. Usual ly 

moderators have low molecular weights (eg H,D or C) . The 

moderator m a t e r i a l i n the case of 4H5 takes the form 
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FigureO .7 ) AH 5 
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of a f l a s k of l i q u i d hydrogen. (A cooled source at the 

I L L i s i n the. fo rm of 25 l i t r e s of l i q u i d deuterium 

cooled t o 25K ) . The neutron beam i s f u r t h e r cleaned 

up by using a b e r y l l i u m A ) i s m u t h f i l t e r be fo re wavelength 

s e l e c t i o n . These low energy neutrons are then used t o 

g ive neutron energy g a i n spect ra whereas a l l the other 

spectrometers g ive neutron l o sg spec t ra . A p a i r of 

m u l t i - s l o t r o t o r s are used f o r ob ta in ing the pulsed 

i n c i d e n t energy s e l e c t i o n and monochroraatisation. These 

t u r n on v e r t i c a l axes and, depending on i n t e n s i t y and 

r e s o l u t i o n cons idera t ions i n any p a r t i c u l a r experiment, 

such parameters as r o t o r speed and s l o t number per r o t o r 

can be va r i ed a c c o r d i n g l y . 

The maximum f l u x a t t a ined at the sample i s 1 x 10 
neutrons cm"'̂ s~"'' and the maximum beam size i s 2.5 x 5 cm. 

The samples are contained i n a sample changer which has 

p o s i t i o n s a v a i l a b l e f o r sample, background and vanadium, 

a standard used t o co r r ec t f o r d i f f e r e n t counter 

e f f i c i e n c i e s . The sample changer, which can be cycled 

a u t o m a t i c a l l y , i s pumped down to 10 t o r r t o al low f o r 

c o o l i n g . The sca t te red neutrons are detected by an array 

of counters a t 13 d i f f e r i n g angles t o the i n c i d e n t beam 

v a r y i n g f rom 13° t o 90°. The m a j o r i t y of the counters 

are He^ and they l i e at low and h igh s c a t t e r i n g angles. 

Such f a c t o r s as wavelength d i s t r i b u t i o n i n the i n c i d e n t 

beam, s ize of beam, sample t o de tec tor d i s t ance , whether 

energy ga in or lo s s s i t u a t i o n s p r e v a i l are what i n f l u e n c e 

the r e s o l u t i o n of a t i m e - o f - f l i g h t spectrum from 4H5, and 

the f o l l o w i n g ins t rument , IN4 . These f a c t o r s have been 

discussed i n Chapter 2. The technique of t i m e - o f - f l i g h t 
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i s discussed l a t e r i n the sec t ion dea l ing w i t h energy 
s e l e c t i o n . 

( i v ) I L L T i m e - o f - f l i g h t 

F igure 3.8. shows a drawing of t h i s t i m e - o f - f l i g h t 

i n s t rument . IN4 uses thermal neutrons f rom H12 beam 

hole at the I L L r e a c t o r and i s used f o r a l a rge range of 

energy and momentum t r a n s f e r s . The monochromator system 

u s u a l l y cons i s t s of two s ing l e c r y s t a l s such as g raphi te 

or copper and bo th can be r o t a t e d . The i n c i d e n t energy 

range se lected by the g r a p h i t e monochromator i s 32-325cm"'"''. 
This double monochromation reduces the background noise 

l e v e l and g ives a peakAackground r a t i o of 2400. The 

pulsed neutron f l u x at the sample, which i s contained in 

a hel ium atmosphere below 1 t o r r , i s about 3 x 10 neutrons 
-2 - ] - 1 

cm s f o r an i n c i d e n t energy of 102cm . The beam s ize 

i s u s u a l l y 10 x 3 cm. The requirements of the experiment 

determine the p o s i t i o n i n g of the de tec tors i n the argon-

f i l l e d aluminium housing. These cons i s t of 40 x 6 He^ 

counters , which record s imultaneously producing a large 

r a t e of d e t e c t i o n , covering about two t h i r d s of the 

s c a t t e r i n g angle range of 150° which can be measured. 

IN4 can be run i n a neutron energy loss or neutron 

energy ga in s i t u a t i o n . With the samples being run at a 

low temperature ( ~ 4 k ) one can use the spectrometer i n 

i t s neutron energy los s mode, which reduces c o l l i s i o n a l 

broadening and reduces widths of bands. The l a r g e r 

(x4) sample t o de tec to r l e n g t h of ~ 4 metres also enables 

a b e t t e r separa t ion of scat tered neutron v e l o c i t i e s 

be fo re d e t e c t i o n than 4H5 i n Dido, thus g i v i n g b e t t e r 



\ 2 

Figure ( 3 . 8 ) IN/. 
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energy r e s o l u t i o n . 

3.3.4. Sample c o o l i n g requirements 

A l l three b e r y l l i u m f i l t e r spectrometers used 

c ryos t a t s t o house the sample and were cooled by 

e i t h e r l i q u i d n i t r o g e n or l i q u i d he l ium. T h i s , as 

shown p r e v i o u s l y , was t o reduce m u l t i p l e quantum 

s c a t t e r i n g and, t hus , reduce bandwidths due t o a reduc t ion 

i n the Debye-Waller f a c t o r . With DIDO and PLUTO 

spectrometers the Durham c r y o s t a t , designed and used 

p r e v i o u s l y , was employed ( 2 ) . 

The 4H5 ins t rument employed a sample changer which 

could be set at a prese lec ted temperature i n the IOO-3OOK: 
range using a piped l i q u i d n i t rogen supply . Here n i t rogen 

gas was blown thi 'ough tubes which l ed i n t o the base p l a t e , 

which was i n contact w i t h the sample. The neutron energy 

lo s s s i t u a t i o n of IN4 enabled the sample t o be cooled t o 

4K us ing piped l i q u i d hel ium t o a hel ium c r y o s t a t . 

3.3«5« Data c o n t r o l , c o l l e c t i o n and ana lys i s 

BPDDIDO i s c o n t r o l l e d by a d i s t r i b u t e d microprocessor 

system and e n t a i l s use of paper tapes t o p o s i t i o n drum 

and monochromator. Data ou tpu t , f rom a DECwriter., i s i n 

the form of paper tape and p r i n t e d counts versus energy. 

BPDPLUTO i s c o n t r o l l e d by a PDP8 computer and data output 

i s as above. INIB i s c o n t r o l l e d by a GARINE computer 

w i t h convent ional BPDS programmes and data output i s , again, 

as above. 

The spec t ra f rom each of the above instruments i s 

u s u a l l y normalised by count ing at each energy f o r the 

same number of monitor counts . The moni to r , which l i e s 
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on the i n c i d e n t beam axis before the sample, i s a 

de tec tor which counts neut rons . Using a p r e - s c a l i n g 

f a c t o r one can c o n t r o l the l e n g t h of a scan at each 

i n c i d e n t energy by counting a s p e c i f i c number of neutrons 

detected at the moni to r . On the DIDO b e r y l l i u m f i l t e r 

de tec to r spectrometer the c o n t r i b u t i o n t o the background 

counts i s l a rge f rom sources such as the r eac to r 

v a r i a b i l i t y , the ins t rument i t s e l f and other ins t ruments . 

This i s t ime dependent. This s i t u a t i o n i s not so t rue 

on the INIB ins t rument and, t o a lesser ex ten t , BFDPLUTO. 

The INIB data i s l e f t i n i t s monitor normalised s t a t e . 

The t o t a l number of counts detected at any s p e c i f i c energy 

per u n i t t ime cons i s t s of the scat tered neutrons f rom 

incoherent i n e l a s t i c events f rom the sample, the background 

a r i s i n g f rom the sample and the ex te rna l source background. 

The BFDDIDO data i s time normalised because of the greater 

spread i n count t imes f o r successive energies than i n 

other BFD cases and t h i s removes the time v a r i a b i l i t y i n 

the la rge e x t e r n a l source background. 

The processing proceeds f o r the BFD instruments w i t h 

the s u b t r a c t i o n of a ' c o r r e c t i o n f a c t o r ' . The r e s o l u t i o n 

and r e l a t i o n s h i p between observed peak p o s i t i o n and t rue 

mode frequency have been thoroughly discussed by Gamlen 

e t a l ( 1 4 ) . For an i d e a l system, the monochromatic 

neutron beam would have a peak maximum occuring 42cm"" 

a f t e r the th re sho ld i f a p u r e l y rec tangular t ransmiss ion 

f u n c t i o n was found f o r the b e r y l l i u m f i l t e r . Since a 

s t r i c t l y monochromatic beam i s not found , the time 

d i s t r i b u t i o n of i n c i d e n t energies has t o be convoluted 

w i t h the ins t rument response f u n c t i o n t o y i e l d the 
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observed spectrum. Th is energy d i s t r i b u t i o n i s caused 

by the p h y s i c a l c h a r a c t e r i s t i c s of the monochromator 

c r y s t a l , the energy dependence of the de tec to r s and the 

b e r y l l i u m f i l t e r t ransmiss ion f u n c t i o n , and, t o a lesser 

e x t e n t , by c o l l i m a t o r parameters producing a spread i n 

the beam. The d i s t r i b u t i o n i s taken as a guassian 

f ( E ^ ) = (2?t(7^)""2exp(-Ej^^/2cr^) and as a changes, the con­

v o l u t e d spectrum changes f rom the asymmetric cut o f f 

f u n c t i o n i n Figure 3 .9 , where the b e r y l l i u m f i l t e r cut 

o f f i s 96.5% @ 42cm'"-'- and 100% @ 52cm~-'-,. t o the shown 

symmetric shape due t o the ins t rumenta l e f f e c t s . The 

peak maximum displacement moves from 42cm~'^ t o an asym-

t o p i c value of 24.5ctn'"-'-. 

The major c o n t r i b u t i o n t o o i s the f i n i t e wid th of 

the ' s o l l e r s l i t s ' , 50 , a c o l l i m a t o r c h a r a c t e r i s t i c and 

f r o m Braggs law dE^ = 2 E^cot0d0 . Prom t h i s dE^ can be 

c a l c u l a t e d and equated t o the f u l l w id th at h a l f peak 

h e i g h t of the guassian. 

dE^ = 2o^JTlos^ = 2 . 3 5 a 

Figures 10 a ,b , show p l o t s of the peak maximum 

above the theshold as a f u n c t i o n of the energy of the 

observed peak p o s i t i o n f o r the two aluminium c r y s t a l 

planes used i n t h i s s tudy. Us ingcm""^ c o r r e c t i o n va lues , 

the t r u e band centres can be ca lcu la ted as f o l l o w s 

Band centre - A = t r u e t r a n s i t i o n frequency ( 1 5 ) 

T i m e - o f - f l i g h t data i s much more complex and has 

t o be s tored and processed t o t ransform out cha rac t e r i s t i c s 

of the ins t rument invo lved and to reduce the raw data t o 

a medium s u i t a b l e f o r t r a n s p o r t and . fu r t he r ana ly s i s . 
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4H5 i s c o n t r o l l e d by a PDP8, named Cassandra, and 
subsequent processing of s tored data f rom a DEC tape 
i s c a r r i e d out on a 3 7 0 / 1 6 5 computer at A.E.R.E. Ha rwe l l . 
The programme 'Clodop' (16) produces a l i n e p r i n t e r ou t ­
pu t of counts and the programme 'Prescat ' analyses the 
vanadium and monitor counts . Data f rom 'Clodop' and 
and 'Prescat ' i s f u r t h e r reduced by ' C i r c a ' which puts 
the data i n a fo rm which a l lows the user t o choose 
the f i n a l fo rm and t o choose parameters needed f o r a 
g r a p h i c a l ou tpu t . ' C i r c a ' a lso gives a g r a p h i c a l output 
f o r every angle of i n t e n s i t y against t i m e - o f - f l i g h t . The 
Roundabout programmes are then employed. 'Dougal ' smoothes 
a spectrum and loca tes peaks and shoulders , 'Dy lan ' al lows 
measurements of the q u a s i - e l a s t i c peak, 'F lorence ' 
a l lows an eva lua t ion of frequency d i s t r i b u t i o n f u n c t i o n s 
and, f i n a l l y , 'Zebedy' which i s a general p l o t t i n g 
programme of va r ious f u n c t i o n s , discussed i n Chapter 2 . 
agains t energy ( 1 7 ) • 

IN4 i s c o n t r o l l e d by the data a c q u i s i t i o n system 

' N i c o l e ' which obta ins the t i m e - o f - f l i g h t d i s t r i b u t i o n . 

A f t e r r eco rd ing a spectrum,'Prin4' i s used i n the i n i t i a l 

da ta r e d u c t i o n where the user i n se r t s i n f o r m a t i o n p a r t i ­

c u l a r t o the experiment, such as detector p o s i t i o n , run 

temperature e t c . •Cross4 ' , s imi la r t o ' C i r c a ' , i s t h e n ' u t i l i s e d . 

At t h i s stage, the user can make f i n a l adjustments t o the 

data, such as c a r r y i n g out background s u b t r a c t i o n s . F i n a l l y , 

the data can be p l o t t e d us ing an i n t e r r o g a t i v e p l o t t i n g 

programme. 
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3 . 3 ° 6 . P r i n c i p l e s used i n neutron in s t rumen ta t ion 

( i ) Monochromation 

Peak f l u x i n the beam tube may be about 10"^^ 

neutrons cm""̂ s""̂  but^ depending upon the s o l i d angle 

subtended by the source area, the d i r e c t i o n and energy of 

the neutrons w i l l va ry g r e a t l y . Monochromation of such 

a c o l l i m a t e d beam reduces the u s e f u l f l u x by~ 10^. From 

a t y p i c a l thermal neutron moderator, u n l i k e a ' c o l d ' or 

' h o t ' source, the wavelength d i s t r i b u t i o n w i l l be 

Maxwell ian and l i e i n the range 0 4 A 4 « > , Wavelength 

s e l e c t i o n removes unwanted neutrons l eav ing a 'window' 

or band t o s t r i k e the sample. 

A v a r i e t y of mechanical methods of v e l o c i t y s e l ec t i on 

are ava i l ab l e of which the s imples t cons is t s of two 

neutron-opaque r o t a t i n g discs which r o t a t e on an axis 

p a r a l l e l t o the i n c i d e n t beam. There are two s l o t s on the 

d i scs which chop the neutron beam i n t o pu lses . The f i r s t 

chops the beam i n t o pulses having the same v e l o c i t y 

d i s t r i b u t i o n as the i n c i d e n t beam and the second s l o t chops 

these pulses i n t o f u r t h e r pulses having a s p e c i f i c v e l o c i t y 

d i s t r i b u t i o n dependent on the distance between the s l o t s , 

the s l o t phasing and the ava i l ab l e 'window' t imes . 4H5 

uses r o t o r s which are more complex i n t h a t the s l o t l e n g t h 

i s long and curved a l l owing v e l o c i t y s e l e c t i o n of slower 

neut rons . D i f f r a c t i o n techniques, as used on INIB , 

BFDDIDO and IN4, are much i n vogue. Neutrons of a p a r t i ­

c u l a r wavelength can be selected by d i f f r a c t i o n f rom a 

s p e c i f i c c r y s t a l p lane. The wavelength can also be v a r i e d 

f r o m a plane by v a r y i n g the s c a t t e r i n g angle. Higher 
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order s c a t t e r i n g , when contaminat ion of the i n c i d e n t 

beam by simultaneous r e f l e c t i o n of neutrons w i t h wave­

lengths of e t c , can be removed by p l a c i n g a 

s u i t a b l e adsorber i n the beam which t r ansmi t s neutrons 

of wavelength, X .11^4 improves the technique, by using two 

c r y s t a l s which may also be both r o t a t e d , producing a 

clean monochromatic pulsed beam. The second c r y s t a l i s 

mainly used t o remove the h igher order r e f l e c t i o n s f rom 

the f i r s t c r y s t a l . 

P o l y c r y s t a l l i n e f i l t e r s , such as b e r y l l i u m , can be 

used to a l low only neutrons of energy less than the 

th resho ld value f o r t h a t m a t e r i a l . Thus p l a c i n g a cooled 

b e r y l l i u m f l i t e r b lock before a chopper device would remove 

h i g h energy neutrons and thus lessen contamination of the 

f i n a l beam-before-sample. 

( i i ) Ana lys i s of the sca t te red neutron beam 

The aim of the ana lys i s i s to compare the energy of 

the sca t te red neutrons w i t h the i nc iden t beam energy and 

thus get an i n d i c a t i o n of the neutron energy and momentum 

ga in and los s s i t u a t i o n . 

T i m e - o f - f l i g h t techniques are used i n 4H5 and IN4. 

The neutrons, a f t e r s c a t t e r i n g , have a p a r t i c u l a r energy 

d i s t r i b u t i o n w i t h respect t o the sample and c o n d i t i o n s . 

This d i s t r i b u t i o n can be energy analyzed by de tec tors 

placed at a measurable dis tance from the sample. The 

t i m e - o f - f l i g h t of the neutrons to t r a v e l the sample t o 

de tec to r d is tance can be measured, a l l owing a t i m e - o f -

f l i g h t against neutron counts spectrum to be gathered 

f o r each angle . A good s i g n a l i s achieved by accumulating 

the counts over a t ime i n t e r v a l , t y p i c a l l y 6-20 us. The 
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exact time i n t e r v a l , known as the time channel width, 
i s chosen by matching the resol-ution of the channel 
widt h t o other experimental requirements. Each pulse, 
a f t e r monochromation, i s sorted i n t o groups of a r r i v a l 
times, known as time channels. The r e s o l u t i o n of 
these instruments has been discussed Harryman and 
Hayter ( 1 8 ) . 

(a) Rotor system 
The monochromation achieved depends on the r o t o r 

speed, r o t o r type (eg. s l o t number) and r o t o r separation. 
Two sets of r o t o r s are a v a i l a b l e f o r 4H5: having 6 and 12 
s l o t s r e s p e c t i v e l y . The f l u x drops w i t h the f i n e r 12 
s l o t r o t o r s . 

(b) Beam size at sample 

Scans v e r t i c a l l y and h o r i z o n t a l l y through the beam show ' 
an energy v a r i a t i o n which can be reduced by decreasing the beam 
e s p e c i a l l y i n the v e r t i c a l dimension,though of course, 
the f l u x i s decreased f o r p a r t i c u l a r i n c i d e n t energies. 

( c ) Angle of sample t o beam 
Resolution i s increased by placing the sample at 

90° t o the beam, i n a l l r o t o r systems, r a t h e r than a t , 
say, t o the beam, though i n such a c o n f i g u r a t i o n 
detectors placed at >80° t o the beam are probably defunct 

(d) Thickness and type of detectors 
The basic e f f i c i e n c y of a p a r t i c u l a r type of detector 

increases the number of detected neutrons per u n i t time 
though, of course, t h i s increases the background count as 
w e l l . Improvement can be made by f i t t i n g l e s s s e n s i t i v e 
d e t e c t o r s . P o l y c r y s t a l l i n e f i l t e r s and c r y s t a l s can also 
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be used, as discussed p r e v i o u s l y . The former t r a n s ­
m i t t i n g neutrons below a f i x e d value, and the l a t t e r , 
d i f f r a c t i n g neutrons of a known wavelength using known 
c r y s t a l spacings and s c a t t e r angles. 

( i i i ) Detectors 

Neutron detectors are, i n f a c t , detectors of secondary 
products a r i s i n g from adsorption of neutrons by various 
n u c l e i since neutrons are non-ionising. The f o l l o w i n g 
r e a c t i o n s are used:-

•^%(n,a )7Li ( i n BF^ detectors) 
% e ( n , p ) ^ H ( i n % e detectors) 
^ i ( n , a ) % ( i n LiP/ZnS s c i n t i l l a t o r s ) 

The secondary products are detected by a l i g h t f l a s h 
i n a s c i n t i l l a t o r or by i o n i z a t i o n of a gas p a r t i c l e . On 
4H5, at present, more e f f i c i e n t He^ detectors are being 
i n s t a l l e d , r e p l a c i n g the e a r l i e r BF^ type. The a t t r a c t i o n 
i s t h a t q u i t e high pressures of helium (2~10 atm.) can 
be used w i t h modest voltages on the electrode. Further, 
helium-3 has a somewhat higher cross section than boron. 
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4.1 I n t r o d u c t i o n 
The t r a n s i t i o n metal hydridocarbonyl c l u s t e r s are a 

group of complexes which have a short h i s t o r y y e t , w i t h i n 
the past decade, has undergone a rapid development. This 
chapter i s used as a v e h i c l e t o i n d i c a t e , b r i e f l y , the 
types of c l u s t e r s t h a t have been synthesized, t h e i r 
c h a r a c t e r i s t i c s and the p a r t i c u l a r aspects of the unique 
metal-hydrogen bonding which has made t h i s group of 
compounds so important. The p a r t the c l u s t e r s play i n 
the present controversy about the analogy between the 
bonding of small l i g a n d s , such as hydrogen, t o c l u s t e r s 
and t o metal surfaces and i t s relevance t o t h i s work i s 
discussed. 

4.2. C h a r a c t e r i s t i c s of T r a n s i t i o n Metal Hydridocarbonyls 
Since the mid-1960's, a number of reviews have 

appeared i n the l i t e r a t u r e of d i r e c t relevance t o various 
aspects of t r a n s i t i o n metal hydridocarbonyl research 
(1-15). Tt i s not the purpose of t h i s section to r e i t e r a t e 
such work i n f u l l but to b r i e f l y summarise the major areas 
of research which are r e l e v a n t t o t h i s study and t o i n d i c a t e 
the s t a t e - o f - t h e ~ a r t . 

4.2.1. S t r u c t u r a l Studies: D i f f r a c t i o n Techniques 
The f i r s t t r a n s i t i o n metal hydridocarbonyls were 

reported by Heiber et a l (16,17) and they were formulated 
as HCo(CO)^ and H2l'e(C0)^. Questions were r a i s e d as t o 
the types of bonding t h a t existed i n such complexes. 
Heiber o r i g i n a l l y proposed t h a t the hydrogen l a y buried 
i n the e l e c t r o n o r b i t a l s near t o the nucleus of the metal 
atom ( 1 8 ) . Later proposals postulated i t was bonded t o 
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the t e r m i n a l oxygen atoms forming -M-CO-H e n t i t i e s (19)-
This was l a t e r dismissed due t o the lack of i n f r a - r e d 
bands due t o -OH s t r e t c h i n g (20). With the onset of 
b e t t e r s p e c t r a l techniques and early d i f f r a c t i o n e x p e r i ­
ments, an a l t e r n a t i v e proposal th a t the hydrogen was 
bonded t o the metal atom and occupied a co-ordinate 
p o s i t i o n about t h a t atom was put forward. Such early 
d i f f r a c t i o n data was unsuccessful i n l o c a t i n g the hydrogen. 
I t s p o s i t i o n was i n f e r r e d from the d i s p o s i t i o n of other 
l i g a n d s , as i n the case of HPtBr(PEtj)2 (21) which has 
bromine and phosphorus atoms occupying 3 of the 4 corners 
of a d i s t o r t e d square about the platinum atom, the f o u r t h 
s i t e presumably occupied by the hydrogen. Thus the 
hydrogen was accepted as a 'stereochemically active l i g a n d ' . 

X-ray d i f f r a c t i o n has remained one of the workhorses 
i n c h a r a c t e r i s i n g such molecules and has i n recent years, 
by the use of r e f i n i n g and image enhancing techniques, 
'located' the approximate p o s i t i o n of the hydrogen l i g a n d . 
This has been achieved not only by using data from auto­
mated d i f f r a c t o m e t e r s , but also by enhancement of the 
hydrogen atom p o s i t i o n i n conventional d i f f e r e n c e Fourier 
maps. This was e f f e c t e d by e l i m i n a t i n g the high angle 
r e f l e c t i o n s because the hydrogen s c a t t e r i n g i s confined 
t o the small s c a t t e r i n g angles. The d e l e t i o n of successive 
high angle r e f l e c t i o n s d r a m a t i c a l l y improves the p i c t u r e 
and removes noise peaks. Further, a symmetry averaging 
method can be used i n the cases of symmetric s t r u c t u r e s 
by producing composite d i f f e r e n c e Fourier sections even 
when the i n d i v i d u a l sections are too noisy. Thus the 
i n f o r m a t i o n from the s i x m i r r o r planes of H^Re^(C0)-|^2 were 
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added together (22). This removed the noisy peaks and 
l e f t a clean composite section w i t h the 'true' X-ray 
determined hydrogen p o s i t i o n peaks. 

However, t o thoroughly understand the complex 
bonding s i t u a t i o n s taken up by the hydrogen atom, i t 
became evident t h a t i t was necessary t o determine, 
r e l i a b l y and accurately, the hydrogen p o s i t i o n . X-ray 
d i f f r a c t i o n techniques are subject t o large u n c e r t a i n t i e s 

I 

and systematic e r r o r s , e s p e c i a l l y w i t h compounds containing 
a number of heavy metals. Metal-hydrogen distances by 
such techniques are erroneous since the X-rays are d i f f r a c t e d 
by the hydrogen e l e c t r o n cloud around the nucleus, which 
i s skewed somewhat, w i t h bonding, towards the metal atom. 
Thus X-ray M-H distances are shorter than the accurate 
values derived from neutron d i f f r a c t i o n data which involve 
s c a t t e r i n g from the nucleus. The f i r s t neutron d i f f r a c t i o n 
studies c a r r i e d out on K^ReH^ (25) and HMn(CO)^ (24) where 
the metal-hydrogen bond-lengths corresponded t o normal 
covalent bonds. Even at present the method i s not as 
common as X-ray d i f f r a c t i o n , which remains the more used 
technique, though, of course t h i s problem i s not p e c u l i a r 
t o j u s t hydrogen i n c l u s t e r s . ' 

By 1970, t e r m i n a l M-H bonds were being w e l l |characterized. 
However, other types of M-H bonds were proposed i n 
various polynuclear hydridocarbonyls. The hydrog;en p o s i t i o n 
i n (Et^N)+(HCr2(C0)^Q)"'was studied and a Cr-H-Cr bridge 
was postulated (25). The d i s p o s i t i o n of the carbpnyl groups 
i n H^Re^(C0)-j^2 seemed to i n d i c a t e the hydrogen was b r i d g i n g 
the Re^ faces forming an M̂ H system (22). The d i r e c t 
l o c a t i o n of the hydrogen i n H^Mnj(C0)^2 was accomplished 
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by enhancing techniques and three M̂ H b r i d g i n g u n i t s were 
shown to e x i s t ( 2 6 ) . More bridged hydrogens have been 
found and a complex bonding p i c t u r e i s s t a r t i n g t o u n f o l d . 
The f i n e r d e t a i l s are discussed l a t e r i n t h i s chapter. 

4.2.2. S t r u c t u r a l Studies; Magnetic Resonance 
Nuclear magnetic resonance techniques have been used 

w i t h success i n d i f f e r e n t i a t i n g between various types of 
hydrogen w i t h i n hydridocarbonyis. I t i s only r e c e n t l y 
t h a t there have been any exceptions t o the f o l l o w i n g r u l e s : 
a t e r m i n a l l y , bonded hydrogen usually gives a signal at 
r := 10-26ppm (eg.l9.85ppm i n '^2'^s^(^'^\2^ ^'^^^ " 

25-33PPm when the hydrogen i s b r i d g i n g (eg. at 26.25ppm 
i n HRej(CO)-j^^ ( 2 8 ) ) . These signals are temperature s e n s i t i v e , 
and where both are found, they can broaden and coalesce 
(29) i n d i c a t i n g s i t e exchange. This i s discussed i n d e t a i l 
by Evans ( l l ) . I n some complexes hydrogen and carbonyl 
scrambling has been shown t o e x i s t at room temperature. 
Exceptions t o the r u l e are usually due t o unusual circum­
stances. H^Re^(C0)^2 i s c o o r d i n a t i v e l y unsaturated w i t h 
f o u r MjH face b r i d g i n g u n i t s and has a T value of 15.08ppm 
(30) . H20s^(C0)-j^Q, also unsaturated w i t h an 0s=0s double 
bond and two b r i d g i n g hydrogens, has a T value of 21.36ppm 
(31) . More unusual r values are found when hydrogen i s 
hexacoordinated ( i . e . l y i n g i n an i n t e r s t i t i a l s i x - c o o r d i ­
nate hole) as i n HRug(C0)^g w i t h a T value of -6.41ppm 
and i n HCOg(C0)J^ w i t h T = -13.2ppm (13)-

Proton N.M.R. has sometimes f a i l e d t o d i s t i n g u i s h any 
inequivalence i n hydrogen p o s i t i o n s and "̂ Ĉ n.m.r. has 
been used i n carbonyl studies t o i n d i r e c t l y help i n l o c a t i o n . 
Sometimes a s i g n a l has not been found at a l l and an 
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explanation, which has been discussed, i s t h a t broadening 
t o such an extent has been caused by a quadropolar 
i n t e r a c t i o n as w i t h HPeCOj(C0)-j^2 ^52) or by paramagnetism, 
i n H^Ni^Cp^ w i t h i t s three unpaired electrons (35). 

4.2.3. S t r u c t u r a l Studies: V i b r a t i o n a l Spectroscopy 
Many problems were found when applying t h i s spectro­

scopic technique t o the c h a r a c t e r i s a t i o n of hydridocarbonyls 
and l i t t l e work has been done u n t i l r e c e n t l y . I n f r a - r e d 
and Raman spectroscopy have been proven very useful t o o l s 
i n the analysis of hydrogen bonded systems b u t , i n comparison, 
have not been as successful w i t h metal hydrides. 

The metal-hydrogen v i b r a t i o n a l modes are f r e q u e n t l y 
broad, weak and are sometimes not even seen, though r e c e n t l y 
low temperature i n f r a - r e d or Raman spectroscopy have proved 
f r u i t f u l . 

Terminal metal-hydrogen systems have been studied w i t h 
r e l a t i v e ease w i t h the M-H s t r e t c h r e a d i l y i d e n t i f i a b l e i n 
the i n f r a - r e d spectrum. With the study of b r i d g i n g hydrogens 
the s i t u a t i o n has not been favourable w i t h i n f r a - r e d 
spectroscopy though Raman spectroscopy has been more u s e f u l 
i n d i s c e r n i n g v i b r a t i o n s too weak and broad t o be seen by 
the former technique. However, i n many cases, i t appears 
t h a t the t r a n s i t i o n dipole or p o l a r i s a b i l i t y changes are 
too small t o produce a s a t i s f a c t o r y i n f r a - r e d absorption 
or Raman s c a t t e r i n g r e s p e c t i v e l y . There i s also a paucity 
of data from the Raman technique i n the study of these 
bridged species because some synthetic chemists have not 
used the method and, f u r t h e r , because many of the compounds 
are h i g h l y coloured and r e a d i l y decompose i n a laser beam. 
Various spinning devices, low temperatures' arid low powered 
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la s e r s are p r e s e n t l y being used to r e c t i f y t h i s s i t u a t i o n . 
The f i r s t v i b r a t i o n a l studies were involved i n 

ch a r a c t e r i s i n g the metal-terminal hydrogen bond, whose 
s t r e t c h occurs i n the 1900cm"'̂  region of the i n f r a - r e d 
spectrum w i t h a peak width at h a l f h e i g h t , 4 t> ̂ , of 
approximately 10-30cm~"'". The i n t e n s i t y of these bands 
are very s e n s i t i v e t o other ligands, e s p e c i a l l y trans t o 
the hydride. I n the Raman spectrum, the mode i s usually 
of medium-strong i n t e n s i t y f o l l o w i n g the complimentary 
i n t e n s i t y r e l a t i o n s h i p s which are us u a l l y observed between 
the two spectroscopic methods, eg. HMn(CO)^: v ĵ (̂l780cm~"'') 
i s medium strong i n the Raman (34) which can be contrasted 
w i t h the d i f f i c u l t i e s experienced i n observing the mode 
i n the i n f r a - r e d (35). 

With b r i d g i n g hydrogens, the problem i s increased 
because the bands, which s h i f t to lower frequencies, are 
considerably broadened. The s t r e t c h i n g mode i s at llOOi 
300cm""̂  w i t h ^ ~ 100cm"''". 

K i r t l e y (36) discussed t h i s broadening and f e l t t h a t 
some of the explanations of s i m i l a r broadening i n hydrogen 
bonded species were not applicable t o metal bridged 
systems because of the strong M-H bonding whereas i n a 
hydrogen bonded system, YHI, the Y-Y i n t e r a c t i o n may be 
n e g l i g i b l e . However, the p o s s i b i l i t y remained t h a t the 
v i b r a t i o n s were i n t e r a c t i n g w i t h lower frequency deformations 
and t h a t combination of other fundamental v i b r a t i o n s , 
i n t e n s i f i e d by Fermi resonance, was ta k i n g place. K i r t l e y 
went on t o i n d i c a t e t h a t the hydrogen v i b r a t i o n s were 
i n t e r a c t i n g w i t h the carbonyl deformations i n much the same 
way. This si f f e c t was greater f o r protonated hydridocarbonyls 
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than f o r deuterated forms due t o the greater hydrogen 
v i b r a t i o n a l amplitude. 

Such broadening, i f s l i g h t , w i l l not necessarily be 
obsez'-ved by i n e l a s t i c neutron s c a t t e r i n g (HNS) since the 
HNS bands i n the 1000-2000cm'"'^ region w i l l be quite broad, 
i n any case, due t o the poor instrument r e s o l u t i o n compared 
w i t h i n f r a - r e d and Raman techniques. ThellNS bands may 
be even broader i f the broad band takes the form of m u l t i p l e 
maxima covering a region of > lOOcm"''" as found i n many low 
temperature i n f r a - r e d or Raman spectra of hydridocarbonyls. 

With Ĥ Rê (C0)-ĵ 2» w i t h three M H M b r i d g i n g hydrogens, 
very l i t t l e i s seen i n the i n f r a - r e d (70) . A Raman study 
(58) , however, found three shallow maxima at 1100, 1076 
and lOOOcm""̂  which were observed at 792, 752 and 692cm"^ 
on d e u t e r a t i o n . Such m u l t i p l e maxima, which complicate 
the assignment, are found w i t h many hydridocarbonyls. 
Claydon and Shephard (59) have a t t r i b u t e d such maxima i n 
s t r o n g l y hydrogen bonded systems to i"ermi resonance of the 
broad hydrogen modes w i t h overtones of lower l y i n g bands. 
Such features have been found by low temperature studies 
i n the 900cm"""'" region f o r the (H M2(C0)- J ^ Q)~ ions by Cooper 
et a l ( 4 0 ) . They postulated t h a t I'ermi resonance w i t h 
M - C and M ~ C - 0 overtones might account f o r the observed 
s t r u c t u r e . Later, Cooper et a l (41) went on t o t e s t t h i s 
hypothesis by studying (HW2(C0)-J^Q)'". They s u b s t i t u t e d 

0 f o r 0 and expected a change not only i n the M-C-0 
fundamentals but also i n the M - H v i b r a t i o n s due t o Permi 
resonance. This did not happen and r u l e s out the e f f e c t 
f o r the above ion type, i f not f o r a l l hydridocarbonyls. 
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Other explanations of t h i s such as m u l t i p l e w e l l minima 
and f a c t o r group coupling are discussed i n Chapter 5' 

Another complicating f a c t o r i s t h a t moderately 
strong bands can suddenly appear at low temperatures 
e.g. 1680cm"^ i n (Et^N)"^(HW2(C0)^Q)" at 77K ( 4 2 ) . These 
broaden and disappear at higher temperatures. The band 
centres do not appear t o move on increasing the temperature. 
This behaviour has yet t o be explained ( 4 0 ) . I t i s known 
t h a t these ions have a geometry dependent upon the type 
of counter ion and t h i s v a r i a t i o n would seem t o i n d i c a t e 
the ease w i t h which the molecule can d i s t o r t , (H W2(C0)- J ^ Q ) ~ 

may be deforming at low temperatures. The band i s at a 
f a i r l y high frequency and i t could mean t h a t the hydrogen 
has some t e r m i n a l character and the MHM bond could be 
asymmetric. 

Since i t became apparent t h a t the v i b r a t i o n frequencies 
i n v o l v i n g hydrogen motion, vary with the MHM bond angle 
i n bridged systems, there have been a number of studies 
seeking r e l a t i o n s h i p s between the v a r i a t i o n s i n MHM bond 
angle (6) and the v i b r a t i o n a l frequencies. The fundamental 
v i b r a t i o n s , i n v o l v i n g hydrogen, i n a l i n e a r MHM system 
ace shown i n Figure 4.1. 

M ^ « 8 — - H — • M Symmetric s t r e t c h 

f 
M-—-—H ~- ^ Doubly degenerate deformation 

M ^H-*S"^ M Antisymmetric s t r e t c h 

Figure 4.1 
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However., since most, i f not a l l , bridged MEIM species 
are i n h e r e n t l y bent, a d i f f e r e n t form of v i b r a t i o n would 
be expected w i t h the s e l e c t i o n r u l e s being relaxed 
somewhat from the l i n e a r case. I n the studies of the 
r e l a t i o n s h i p between the v i b r a t i o n s of the MHM bond angle 
and the v i b r a t i o n a l frequencies of the MHM u n i t the two 
f o l l o w i n g v i b r a t i o n s have been used since, more often than 
not, these two have been the only hydrogen involved 
v i b r a t i o n s seen i n i n f r a - r e d or Raman studies. Figure 4.2 
shows the anti-symmetric and symmetric stretches. 

H 

M-
Antisymmetric s t r e t c h ( u , ) 

Symmetric s t r e t c h ( v ) 
s 

Figure 4.2. 

K i r t l e y was the f i r s t t o seek such s t r u c t u r a l / 
v i b r a t i o n a l c o r r e l a t i o n s ( 5 6 ) . Equations were derived 
f o r the c a l c u l a t i o n of the v and v stretches from the 

as s 
bond angle and various bond f o r c e constants using a simple 
valence f o r c e f i e l d approximation. The mass of the metal 
atoms were taken as very large compared t o hydrogen thus 
the ; mass of the metal atoms are taken as _ i 
' being i n f i n i t e . ' I i 0 decreased, decrease 

but V increased. A p l o t of v against ( l + c o s ^ ) gave as s , 
a s t r a i g h t l i n e of slope k , where k was the MHM bridge 
s t r e t c h i n g f o r c e constant, and a p l o t of v against 
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(1-cos 0 ) , also, gave a s t r a i g h t l i n e of slope k. At 
the time ( 1 9 7 1 ) l i t t l e crystaHographic or v i b r a t i o n a l 
data was a v a i l a b l e f o r a t e s t of the c o r r e l a t i o n . 

Shephard et a l (43) also compared the s t r e t c h i n g 
frequencies of the MHM moiety w i t h known MHM band angles. 
Once again using a simple valence f o r c e f i e l d , derived 
from Herzberg ( 4 4 ) , w i t h approximations f o r the mass 
of the metal being i n f i n i t e l y heavier than the hydrogen 
atom and t h a t the angle bending force constant k^ was 
smaller than t h a t of the bond s t r e t c h i n g force constant, 
k^. They obtained equations 4.1 and 4.2:-

2 k^ s i n ^ ( 0 / 2 ) / 2 (4.1) V 
as 

= 4. cos^(0/2)/2 :tWg (4.2) 

where 6 i s the MHM bond angle and £, the v e l o c i t y of l i g h t . 
From these equations the f o l l o w i n g simple r e l a t i o n s h i p s 
were derived: (v^^/v ) a tan( e/2) and (u^^/lO^) « s i n ( 0 / 2 ) . 

as 0 as 
Using data from 7 h.ydridocarhonyls, reasonable agree­

ment was achieved between t h e o r e t i c a l and experimental 
r e s u l t s so t h a t i t appeared t h a t these e m p i r i c a l r e l a t i o n s h i p s 
were of some p r e d i c t i v e value. 

Katovic and McCarley (45) determined M-H bond distances 
i n (M2XgH)^" ions where X was a halide and using t h i s 
distance the bond angle could be estimated by using 
'^(M-H) = ^(M-M) (2s i n ~ )"""-. These compounds gave two 
i n f r a - r e d bands i n the 1200-1600cni""'' r e g i o n . Once again, 
using a c e n t r a l f o r c e f i e l d approximation, the symmetric 
and antisymmetric frequencies were r e l a t e d t o the force 
constants, the atomic weights of the atoms involved and the 
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MHM bond angle. Using the f o l l o w i n g approximations: t h a t 
the metal-metal s t r e t c h was at a much lower frequency 
compared w i t h the metal-hydrogen s t r e t c h and tha t the 
mass of the hydrogen was very much less than t h a t of 'the 
metal atoms, allowed the f o l l o w i n g r e l a t i o n s h i p t o be 
derived equation 4.5 

Is 
V 
as 

'̂M̂  + Mj^(l+cos e ) + MjJ^(cos e ) 4.5 

where v and v are the frequencies of the symmetric and s as 
antisymmetric s t r e t c h e s , Mjyj and M-̂  are the atomic weights 
of the metal and hydrogen involved and 6 i s the MHM bond 
angle. 

Cooper et a l (40) also carried out a simple valence 
f o r c e f i e l d c a l c u l a t i o n i n which the forc e constants 
were f i x e d and the MHM angle varied from 90°-180°. The 
v a r i a t i o n s i n Q w i t h the v i b r a t i o n a l frequencies of the 
antisymmetric s t r e t c h and the doubly'degenerate deformation 
were found f o r various bond angles. Figure 4.5 shows the 
e m p i r i c a l p l o t f o r the MoHMo system. The main p a r t t o 
note i s t h a t there i s a r a p i d change i n the v i b r a t i o n a l 
frpquencies as 6 approaches 90° and i n f a c t the values 
cross as the backbone becomes more str o n g l y bent. 

With the general lack of information on the molecular 
v i b r a t i o n s i n t r a n s i t i o n metal hydridocarbonyls, i t appeared 
t h a t , w i t h the s e l e c t i o n r u l e s and unique p r o p e r t i e s 
p e c u l i a r t o i n e l a s t i c neutron s c a t t e r i n g , valuable i n f o r ­
mation could be determined by a study using neutrons. I n 
cr y s t a l l o g r a p h y , neutron d i f f r a c t i o n techniques had been 
more successful than X-rays because i t was a more e f f i c i e n t 
proton d e t e c t i n g t o o l . So, i t i s expected t h a t those 
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180 

Figure 4.3 

molecular v i b r a t i o n s i n v o l v i n g hydrogen, which have been 
d i f f i c u l t t o det e c t , i f at a l l , by i n f r a - r e d and Raman 
methods, w i l l be more r e a d i l y seen using i n e l a s t i c i n ­
coherent neutron s c a t t e r i n g spectroscopy. 

Previous spectroscopic data collected on the studied 
compounds i s discussed i n the next chapter. However, i t 
can be said t h a t already there has been a study of 
t r a n s i t i o n metal hydrides by Wright using neutrons ( 4 6 ) . 
Those compounds studied i n the O-40Ocm~"'" region were 

H0s^(C0)^2^^6' HRu3(C0)-]^2^^6' HjMnj(C0)^2' HjRe^(CO)3^2' 
HFeCo^(C0)-j^2 CsHF^CO)^-j^. Those compounds studied 
i n the 200-900cm"'^ region were HCo(CO)^, H2Fe(C0)^, 
HCo(PFj)^, KEIPe^CO)^, HMn(CO)^ ( a l l w i t h t e r m i n a l hydrogen), 
H^Mn^(C0)^2 sind CsHFe(CO)^^. The low frequency study was 
to f i n d the e f f e c t of b r i d g i n g w i t h hydrogen on the 
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m e t a l - m e t a l b o n d . A t t h e t i m e , t h e p o s i t i o n o f t h e 

h y d r o g e n i n H F e C o ^ ( C 0 ) ^ 2 was n o t known and W r i g h t c l a i m e d , 

f r o m a u s t l o w f r e q u e n c y d a t a , t h a t i t l a y w i t h i n t h e 

( J e C O j ) t e t r a h e d r o n , b o n d e d t o t h e i r o n a t o m . T h i s h a s , 

p r o b a b l y , b e e n p r o v e n i n c o r r e c t f r o m n e u t r o n and X - r a y 

d a t a on a d e r i v a t i v e o f t h e compound . 

T h i s s t u d y i s n o t j u s t an e x t e n s i o n o f W r i g h t ' s w o r k 

b e c a u s e t h e 0-2500cm"' '" r a n g e i s c o v e r e d f o r a l l compounds 

and d o u b l y , t r i p l y and h e x a c o o r d i n a t e d h y d r o g e n s have 

b e e n s t u d i e d , u s i n g h i g h e r r e s o l u t i o n s p e c t r o m e t e r s . 

4 - . 2 . 4 c S t r u c t u r a l S t u d i e s ; M i s c e l l a n e o u s T e c h n i q u e s 

R e l i a b l e m o l e c u l a r w e i g h t s have b e e n m e a s u r e d u s i n g 

mass s p e c t r a l t e c h n i q u e s a n d , where due c a r e h a s b e e n 

t a k e n , t h e number and t y p e s o f h y d r o g e n w i t h i n t h e c l u s t e r 

h a v e b e e n e s t i m a t e d . I n t h e h y d r i d o c a r b o n y l s t h e r e i s 

u s u a l l y c o m p e t i t i v e l o s s o f h y d r o g e n and c a r b o n y l s and 

o f t e n , i n p o l y n u c l e a r h y d r i d o m e t a l c o m p l e x e s , h y d r o g e n 

l o s s d o e s n o t o c c u r f r o m t h e p a r e n t i o n , eg t h e h y d r o g e n 

i n HFeCOj(C0)- j^2 i s t e n a c i o u s l y r e t a i n e d t h r o u g h t h e 

v a r i o u s c a r b o n y l l o s s e s down t o t h e FeCo^H u n i t ( 4 7 ) . 

G a s - p h a s e u l t r a - v i o l e t p h o t o e l e c t r o n s t u d i e s have 

b e e n c a r r i e d o u t ( 4 8 ) on H ^ R e ^ ( C 0 ) ^ 2 ' » ^2'^S^(C0)^Q 

H ^ 0 s ^ ( C 0 ) ^ 2 and 0 s j ( C 0 ) - , _ 2 as w e l l as H ^ R e ^ ( C 0 ) ^ 2 <^^9) i n 

a s t u d y o f t h e MHM b o n d . Bands have b e e n f o u n d i n t h e 

8 - 1 6 e v r e g i o n and i d e n t i f i e d as due t o -CO l i g a n d o r b i t a l s 

and M-CO b a c k - b o n d i n g o r b i t a l s . F u r t h e r M-M b o n d s a t 

~ 7 - 8 e v have b e e n seen i n 0s^(C0)-^^2? w h i c h a r e a b s e n t i n 

t h e h y d r i d o c a r b o n y l s and h a v e been r e p l a c e d b y a b a n d a t 

~ 1 2 e v . T h i s has b e e n i n t e r p r e t e d as i n d i c a t i v e o f a 
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l o c a l i s e d t h r e e c e n t r e MHM b o n d . 

M o s s b a u e r s p e c t r o s c o p y has a l s o "been u sed as a t o o l 

i n t h e c h a r a c t e r i s a t i o n o f t r a n s i t i o n m e t a l c a r b o n y l and 

h y d r i d o c a r b o n y l c o m p l e x e s . The s t r u c t u r e o f (HPej(CO)^- j^)"• 

as o b s e r v e d b y M o s s b a u e r ( a n d X - r a y s p e c t r a ) l e a d t o a new 

a s s i g n m e n t o f t h e s t r u c t u r e o f F e j ( C 0 ) - ^ 2 ( 5 0 ) . F u r t h e r 

t h e s p e c i e s ( H P e 2 ( C 0 ) g ) " i s b e l i e v e d r e l a t e d to Fe^CCO^f^^ 

as d e t e r m i n e d b y i t s M o s s b a u e r s p e c t r u m , i n t h a t a b r i d g i n g 

c a r b o n y l i s r e p l a c e d b y a h y d r i d e l i g a n d ( 5 1 ) . One s t u d y 

o f d i r e c t i n t e r e s t h a s b e e n t h a t o f (PeCOj(C0)- |^2 ) " and 

i t s c o n j u g a t e a c i d and t h e s u b s t i t u t e d t r i m e t h y l p h o s p h i t e 

d e r i v a t i v e s o f i t ( 5 2 ) . O n l y s m a l l c h a n g e s i n t h e Mossbaue r 

s p e c t r a were o b s e r v e d on p r o t o n a t i o n i n d i c a t i n g t h a t t h e 

h i g h s y m m e t r y o f t h e i o n was n o t d i s r u p t e d on m o v i n g t o 

HF'eCOj(C0)-^2 i m p l y i n g t h e h y d r o g e n l a y on t h e m a j o r a x i s . 

4 . 3 . C h a r a c t e r i s a t i o n o f t h e M e t a l - H y d r o g e n Bonds 

4 . 2 . 1 . G e n e r a l F o r m u l a o f S t u d i e d T y p e 

The g e n e r a l f o r m u l a o f t h e compounds s t u d i e d i s : -

^ a H . M j ^ ^ ( C O ) ^ n+ v n - T„ — 1 ^ whe re 

( a ) t h e t o t a l number o f h y d r o g e n a toms i s ^ 1 

( b ) t h e t o t a l number o f m e t a l a toms i s ^ 2 

( c ) t h e r e may be more t h a n one m e t a l t y p e i n t h e 

c l u s t e r 

( d ) t h e h y d r i d o c a r b o n y l may b e n e u t r a l and may n o t 

need a c o u n t e r i o n , s u c h as X"*" o r I " , s i n c e 

a > 0 and b ^ i O . 

( e ) i f t h e h y d r i d o c a r b o n y l i s a c a t i o n , i t i s b a l a n c e d 

b y a number o f n o n ~ h y d r o g d n e o u s a n i o n s , s u c h as PF^ 

( f ) i f t h e h y d r i d o c a r b o n y l i s an a n i o n , i t i s b a l a n c e d 

b y a number o f n o n - h y d r o g e n e o u s c a t i o n s s u c h as Cs'*' 
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The compounds c h o s e n i n t h e s t u d y do n o t c o n t a i n any 
o t h e r h y d r o g e n e o u s m a t e r i a l ; t h a n t h e h y d r o g e n ( s ) o f 

i n t e r e s t i . e . no o t h e r h y d r o g e n c o n t a i n i n g l i g a n d s o r 

h y d r o g e n c o n t a i n i n g c o u n t e r i o n . I n e l a s t i c n e u t r o n 

s c a t t e r i n g w o u l d t a k e p l a c e f r o m s u c h a l t e r n a t i v e s o u r c e s 

o f h y d r o g e n and w o u l d p r o b a b l y make t h e s p e c t r u m t o o 

c o m p l e x f o r a n a l y s i s . 

4 . 3 « 2 . T y p e s o f Compounds B e i n g S t u d i e d 

The compounds can be c l a s s i f i e d i n t o g r o u p s a c c o r d i n g 

t o t h e m e t h o d a d o p t e d b y C h u r c h i l l e t a l (53) i n t h e i r 

s t u d y o f b r i d g i n g h y d r i d e l i g a n d s . 

( i ) S p e c i e s w i t h a s i n g l e M o - h y d r i d e l i g a n d b e t w e e n 

t w o m e t a l a t o m s . 

T h i s i s t h e (MHM) s y s t e m . V a r i o u s a s p e c t s o f t h e 

b o n d i n g i n t h i s u n i t a r e d i s c u s s e d l a t e r , h o w e v e r , i t can 

be s a i d t h a t i n m o s t c a s e s t h e r e i s s t i l l s u b s t a n t i a l d i r e c t 

m e t a l - m e t a l o r b i t a l o v e r l a p w h i c h d o m i n a t e s t h i s t h r e e 

c e n t r e b o n d . Where t h e r e i s no m e t a l - m e t a l o v e r l a p , an 

' o p e n ' b o n d i s f o u n d . Where a d e g r e e o f o v e r l a p e x i s t s 

t h e s y s t e m i s ' c l o s e d ' and c a n be c r u d e l y d e s c r i b e d as a 

p r o t o n a t e d m e t a l - m e t a l s i n g l e b o n d . Such s p e c i e s a r e 

r e p r e s e n t e d b y e i t h e r o f t h e f o l l o w i n g s c h e m a t i c d e s c r i p t i o r e 

i ' ^ F i R ' u r e 4 . 4 . H o w e v e r , t h e r e a p p e a r s t o be no h a r d and 

f a s t d i s t i n c t i o n b e t w e e n t h e s e t w o t y p e s o f b o n d w h i c h 

may o n l y d i f f e r b y d e g r e e r a t h e r t h a n k i n d . 

I t seemed p o s s i b l e t h a t a l i n e a r MHM, r a t h e r t h a n a 

b e n t MHM s y s t e m , c o u l d e x i s t as was f i r s t p o s t u l a t e d f r o m 

w o r k on t h e ( HCr2(C0)-]^Q ) " i o n ( 5 5 ) . H o w e v e r , r e c e n t w o r k 

seems t o i n d i c a t e t h a t t h e h y d r o g e n o c c u p i e s v a r i o u s o f f -
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( a ) ( 5 4 ) OPEN CLOSED 

Y[ M • M " M 

( b ) ( 5 5 ) OPEN CLOSED 

M M M' 

F i g u r e 4 . 4 

c e n t r e p o s i t i o n s b u t t h a t i t s mean p o s i t i o n w o u l d be a t 

t h e c e n t r e o f C r - C r b o n d . ( I t i s n o t k n o w n w h e t h e r t h e 

h y d r o g e n p a s s e s t h r o u g h t h e c e n t r e o f t h e C r - C r bond t o r e a c h 

t h e s e o f f - c e n t r e p o s i t i o n s o r m e r e l y r e v o l v e s r o u n d t h e 

b o n d ) . The M 2 " h y d r i d e l i g a n d w i l l be r e p r e s e n t e d i n 

t h i s s t u d y b y M"^-—•''M so t h a t d i a g r a m s s h o w i n g t h e u n i t 

w i l l a p p e a r more e x p l i c i t . 

Those compounds w h i c h c o n t a i n t h i s u n i t and a r e 

s t u d i e d b y n e u t r o n s c a t t e r i n g a r e : - H¥2(C0)gl i r0 , 

m e ^ ( C O ) ^ ^ , H 2 F e R u j ( C 0 ) - ] _ j , H j R e ^ ( C 0 ) - j _ 2 , H ^ M n j ( C 0 ) ^ 2 

H ^ E u ^ ( C 0 ) ^ 2 -

( i i ) S p e c i e s w i t h t w o M ^ Y I ^ ^ - S ^ A Q l i g a n d s b r i d g i n g a 

p a i r o f m e t a l a toms 

T h i s i s t h e (MH2M) u n i t . I n t h i s c a s e , t h e m e t a l -

m e t a l o v e r l a p t a k e s t h e f o r m o f a d o u b l e b o n d w h i c h i s 

d o u b l y p r o t o n a t e d . The b i s - ( M p - h y d r i d e ) l i g a n d s w i l l be 
^ ' ^ ^ 

r e p r e s e n t e d b y M ^ = = = ^ . I n t h e t h r e e s t r u c t u r a l l y c h a r a c -

t e r i s e d h y d r i d o c a r b o n y l s c o n t a i n i n g M ( M 2 - H ) 2 M s y s t e m s ; 

H 2 0 s ^ ( C 0 ) ^ Q , H 2 R e 2 ( C 0 ) Q and H2W2(C0)g ^ " t h e MM d o u b l y -
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b r i d g e d M-M b o n d d i s t a n c e i s s h o r t e r t h a n t h e s i n g l y 

b r i d g e d o r n o n - b r i d g e d MM b o n d d i s t a n c e . F o r e x a m p l e : 

Os-Os i n 0sr ; (C0)2;L 2 . 8 0 6 - 2 . 9 3 5 A , 0 S ( M 2 ~ H ) 0 S i n 

( M 3 _ - H ) ( M 2 ~ H ) O S ^ ( C O ) - ^ ^ i s 2 . 9 8 9 A w h e r e a s 0 S ( M 2 - H ) 2 0 S i n 

( M 2 - H ) 2 0 S ^ ( C 0 ) ^ Q i s 2 . 6 8 3 ^ ( 5 7 ) . The o n l y s t u d i e d 

compound i n t h i s g r o u p i s H 2 0 S ^ ( C O ) - J ^ Q . 

( i i i ) S p e c i e s w i t h g r e a t e r t h a n t w o M p - h y d r i d e l i g a n d s 

b r i d g i n g a p a i r o f m e t a l a toms 

These a r e t h e (MH^^M) s y s t e m s w h e r e n : ^ 3 . Here t r i p l y 

and q u a d r u p l y p r o t o n a t e d m e t a l - m e t a l t r i p l e and q u a d r u p l e 

b o n d s a r e r e s p e c t i v e l y f o u n d . No s p e c i e s w e r e p r e p a r e d 

f r o m t h i s s e c t i o n b e c a u s e t h e known compounds had l a r g e 

h y d r o g e n e o u s l i g a n d s a t t a c h e d f o r s t a b i l i t y . 

( i ' ^ ) S p e c i e s w i t h a s i n g l e / ^ ^ - h y d r i d o l i g a n d s p a n n i n g 

t h r e e m e t a l a toms 

These a r e t h e ( M ^ H ) u n i t s and t h e s e f o u r c e n t r e 

b o n d s a r e r e p r e s e n t e d b y Mc:~-|-~-5.M The compounds 

s t u d i e d i n t h i s s e c t i o n a r e H 2 R U g ( C 0 ) ^ g and H F e C o ^ ( C 0 ) j ^ 2 ' 

( v ) S p e c i e s w i t h more t h a n one / i . ^ - h y d r i d e l i g a n d 

a s s o c i a t e d w i t h a m e t a l - m e t a l b o n d 

T h e r e i s o n l y one compound known u n d e r t h i s h e a d i n g 

and i t ha s b e e n s t u d i e d . I t i s H^Re^(C0) .^2 w h i c h c o n t a i n s 

a t e t r a h e d r o n o f r h e n i u m a toms w i t h / u ^ - h y d r i d e l i g a n d s 

b r i d g i n g e a c h Re^ f a c e . T h u s , e ach Re-Re v e c t o r i s 

a s s o c i a t e d w i t h t w o i ^ ^ - h y d r o g e n s . 

( v i ) S p e c i e s w i t h a / u ^ - h y d r i d e l i g a n d where n ^ 3 

O n l y t h e ( M ^ H ) s y s t e m has been f o u n d where n : > 3 . 

T h i s / i g - h y d r i d e l i g a n d e x i s t s a t t h e c e n t r e o f an o c t a ­

h e d r o n o f m e t a l a t o m s . CsHCOg(CO)^^ has b e e n s t u d i e d i n 

t h i s s e c t i o n . 
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4 . 3 . 3 . A s p e c t s o f B o n d i n g i n T r a n s i t i o n M e t a l 
H y d r i d o c a r b o n y l s 

M e t a l c l u s t e r s a r e d i s c r e t e m o l e c u l a r s p e c i e s i n 

w h i c h t h r e e o r more m e t a l a toms i n t e r a c t ( b o n d ) t o f o r m 

t w o o r t h r e e d i m e n s i o n a l a r r a y s . I n mos t c l u s t e r s t h e 

p e r i p h e r y i s e n v e l o p e d b y a s e t o f l i g a n d s , t h o u g h 

' i n t e r s t i t i a l ' l i g a n d s a r e p o s s i b l e , s u c h as H i n 

CsHCOg(C0)-|^^. Common c l u s t e r l i g a n d s a r e h a l o g e n s , s u l p h u r , 

h y d r o g e n , c a r b o n m o n o x i d e and o r g a n i c s p e c i e s . The c l u s t e r 

p r o t o t y p e s a r e t h e d i n u c l e a r m e t a l e n t i t i e s , a s t r u c t u r a l l y 

w e l l d e f i n e d g r o u p . 

E l e c t r o n i c a l l y t h e m e t a l c l u s t e r s a r e c l o s e d s h e l l 

s t r u c t u r e s t h a t b e a r f o r m a l a n a l o g i e s t o t h e p o l y h e d r a l 

b o r a n e s and h e t e i o b o r a n e s ( 5 8 , 5 9 ) . The s t o i c h i o m e t r y o f 

m o s t l o w e r c l u s t e r s a r e r a t i o n a l i s e d b y an e x t e n s i o n o f 

t h e 1 8 - e l e c t r o n r u l e and t h e p r e d i c t i o n o f c l u s t e r g e o m e t r i e s 

can be made b y s k e l e t a l e l e c t r o n c o u n t i n g . F o r t r i a n g u l a r 

c l u s t e r s , t h e e l e c t r o n r e q u i r e m e n t i s 48e~ and a l l t r i m e t a l 

c l u s t e r s obey t h e r u l e e x c e p t H 2 0 S ^ ( C 0 ) - ^ Q ( 6 0 ) and 

( H R e , ( C O ) , ^ ) ^ " ( 6 1 , 6 2 ) w h i c h have 4 6 e ~ , t h a t i s t h e y a r e 5 3 -LO 
c o o r d i n a t i v e l y u n s a t u r a t e d and t h u s have a r i c h c h e m i s t r y . 

The e l e c t r o n i c r e q u i r e m e n t o f t e t r a m e t a l s i s 60e~ and a g a i n 

t h e e x c e p t i o n s a r e H^Re^^(C0)^2 ( 2 2 ) and H ^ N i ^ C p ^ ( 6 2 ) w i t h 

55 and 6 3 e ' ' r e s p e c t i v e l y . T h e s e c o m p l e x e s have m e t a l - m e t a l 

b o n d i n g w h i c h i s n o t n e c e s s a r i l y d i r e c t e d a l o n g t h e t e t r a -

h e d r a l e d g e s . The 18e~ r u l e b r e a k s down more o f t e n w i t h 

h i g h e r c l u s t e r s . 

I n h y d r o g e n b r i d g e d c o m p l e x e s t h e M C / J ^ - ' H . ) M s y s t e m 

i s k n o w n as a t w o - e l e c t r o n t h r e e - c e n t r e b o n d , t h e M ( ^ 2 ~ H ) 2 ^ 

s y s t e m as a f o u r - e l e c t r o n f o u r c e n t r e bond and t h e 
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M^( i " ^ - H ) s y s t e m as a t h r e e - e l e c t r o n f o u r - c e n t r e bond and 
t h e Mg( ^ g - H ) s y s t e m as a t w e l v e - e l e c t r o n s e v e n - c e n t r e b o n d . 

One o f t h e e a r l i e s t m e t h o d s o f e s t i m a t i n g t h e p o s i t i o n 

o f t h e h y d r o g e n i n t h e c l u s t e r was t o l o o k a t t h e p o s i t i o n s 

o f t h e o t h e r l i g a n d s and t h e l e n g t h s o f t h e m e t a l - m e t a l 

b o n d s . The d i s p o s i t i o n o f t h e o t h e r l i g a n d s h a s been 

m e n t i o n e d i n c o n j u n c t i o n w i t h d i f f r a c t i o n d a t a . F o r e x a m p l e , 

i n H^Ru^(C0)-j^2!> w i t h f o u r edge b r i d g i n g h y d r o g e n s , t h e t h r e e 

t e r m i n a l c a r b o n y l s a r e s t a g g e r e d w i t h r e s p e c t t o t h e r u t h e n i u m -

r u t h e n i u m e d g e s , h o w e v e r , i n H ^ R e ^ ( C 0 ) ^ 2 t h e t e r m i n a l 

c a r b o n y l s a r e e c l i p s e d w i t h r e s p e c t t o t h e r h e n i u m - r h e n i u m 

e d g e s . I n t h e r h e n i u m t e t r a h e d r o n t h e m e t a l o r b i t a l o v e r l a p 

t a k e s p l a c e o v e r t h e f a c e s o f t h e t e t r a h e d r o n where t h e 

h y d r o g e n i s f o u n d t r i p l y b o n d i n g , w h e r e a s t h e o v e r l a p i n t h e 

r u t h e n i u m t e t r a h e d r o n i s a l o n g t h e edges w h e r e t h e h y d r o g e n 

i s f o u n d ( 2 2 ) . 

I n t h e e a r l y X - r a y s t u d y o f t h e a n i o n ( H C r 2 ( C 0 ) ^ Q ) ~ , 

w i t h i t s CrHCr b r i d g e d s y s t e m , t h e d a t a i m p l i e d t h a t t h e 

a n i o n had a D ^ h s t r u c t u r e w i t h a l i n e a r CrHCr u n i t w i t h 

e c l i p s e d t e r m i n a l c a r b o n y l s ( 2 5 ) . ( H o w e v e r , s i n c e t h i s 

e a r l y s t u d y t h e ( H C r 2 ( C 0 ) ^ Q ) " and (DCr2(C0)-L-Q ) ~ s i t u a t i o n 

h a s become much more c o m p l e x and w i l l be d i s c u s s e d l a t e r ) . 

A s t u d y o f HW2(C0)gN0 p r o c e e d e d and i t was e x p e c t e d t h a t a 

s i m i l a r g e o m e t r y w o u l d be f o u n d w i t h , p o s s i b l y , some asymmeta^y 

c a u s e d b y t h e i s o e l e c t r o n i c r e p l a c e m e n t o f a ( C 0 ) ~ g r o u p b y 

a n e u t r a l (NO) u n i t i n t h e (HW2(C0)-J^Q ) ~ a n i o n ( 6 3 ) . H o w e v e r , 

t h e o v e r a l l s t r u c t u r e o f t h e m o l e c u l e was b e n t , r a t h e r t h a n 

l i n e a r , w i t h s t a g g e r e d c a r b o n y l g r o u p s . The h y d r o g e n a tom 

was e x p e c t e d t o l i e a t t h e i n t e r s e c t i o n o f t h e t w o a x i a l 

l i g a n d - m e t a l v e c t o r s F i g u r e 4 . 5 a . and a WHW a n g l e o f 159° 
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Figure (4 5) 

Hydrogen positioning in MHM bonds and overlaps of 
orbitals in closed and open bonds. 

(a) expected H position 
inHW2{C0)gN0 

\ 
(b>actual H position 

inH^(C0)5^0 A 
•••••A 

. w ^ . 

\ 

(c)orbital overlap in 
'closed' bond 

M M 

orbital overlap 
in open bond 

M M 
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was p r e d i c t e d . S u b s e q u e n t n e u t r o n d i f f r a c t i o n w o r k ( 5 5 ) 

showed t h e h y d r o g e n t o l i e f u r t h e r f r o m t h e W-W ax i s w i t h 

a WHW a n g l e o f 1 2 5 ° F i g u r e 4 . 5 h . T h i s i n d i c a t e d t h e 

n a t u r e o f t h e M H M o v e r l a p was s u c h t h a t a l l o r b i t a l s 

m e r g e d i n a common r e g i o n i n space w i t h t h e c e n t r e o f t h e 

h y d r o g e n n u c l e u s l y i n g b e y o n d t h i s p o i n t away f r o m t h e 

W - W a x i s . T h u s s u c h an o v e r l a p , as shown i n F i g u r e 4 . 5 c . 

e x i s t e d . The o r i g i n a l i n t e n t i o n o f f i n d i n g any a symmet ry 

i n t h e h y d r o g e n p o s i t i o n w i t h r e s p e c t t o t h e t u n g s t e n 

a t o m s due t o t h e -NO g r o u p was n o t a c h i e v e d due t o a 

p a c k i n g d i s o r d e r , w h i c h g e n e r a t e d t h e a p p e a r a n c e o f a 

symmetric WHW b o n d . I f l i t t l e m e t a l - m e t a l i n t e r a c t i o n t o o k 

p l a c e t h e n o r b i t a l o v e r l a p w o u l d be as i n F i g u r e 4 . 5 d . 

A s y m m e t r y h a s b e e n f o u n d , t h o u g h o n l y t o a s m a l l 

d e g r e e , i n H W 2 ( C 0 ) g N 0 ( P ( 0 M e ) ^ ) w h i c h h a s W-H d i s t a n c e s o f 

1 . 8 5 9 A and 1 . 8 9 4 i ( 5 4 ) . An u n s y m m e t r i c a l b o n d h a s a l s o 

b e e n f o u n d i n t h e m i x e d m e t a l c o m p l e x ( C p ) 2 ( C 0 ) N b H F e ( C 0 ) ^ 
0 

w h i c h h a s an N b - H d i s t a n c e o f I.9IA and an FeH d i s t a n c e 
° - 1 

o f 1 . 5 1 A w h e r e t h e h y d r o g e n i s d i s p l a c e d t o w a r d s t h e 16e 

i r o n g r o u p and away f r o m t h e I'^e"^ n i o b i u m g r o u p ( 6 5 ) . A 

l o w t e m p e r a t u r e s t u d y o f ( E t ^ N ) • * ' ( H W 2 ( C 0 ) ^ Q ) " ( a t 1 4 K ) , 

u s i n g n e u t r o n d i f f r a c t i o n t e c h n i q u e s , i n d i c a t e d W-H d i s t a n c e s 
o 

o f 1 , 7 1 8 and 2 . 0 7 O A ( 1 3 ) . S u c h p r o n o u n c e d a s y m m e t r y , 

s u r p r i s i n g l y s o , p o i n t s t o a n e a r d o n o r a c c e p t o r c o m p l e x , 

i . e . e l e c t r o n s o f t h e W-H b o n d i n HW(CO)^ a r e d o n a t e d t o t h e 

e m p t y o r b i t a l o f t h e e l e c t r o n d e f i c i e n t W(CO)^ m o i e t y . T h i s 

d i s t o r t i o n may be t h e e v i d e n c e s o u g h t t o e x p l a i n t h e h i g h 

f r e q u e n c y a n t i - s y m m e t r i c s t r e t c h a t 1680cm"'^ f o u n d f o r 

( E t ^ N ) " ^ ( H W 2 ( C 0 ) ^ Q ) " ( 3 5 ) . U n f o r t u n a t e l y no o t h e r b a n d s 

i n v o l v i n g h y d r o g e n were r e p o r t e d i n t h e l o w t e m p e r a t u r e 
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s t u d y w h i c h f o u n d t h e 1680cm~"^ b a n d . T h u s , t h e e f f e c t o f 

d i s t o r t i o n c o u l d n o t b e a s s e s s e d upon t h e s e o t h e r v i b r a t i o n s . 

I f t h e y d i d change d r a s t i c a l l y a t v e r y l o w t e m p e r a t u r e s 

compared w i t h t h e v a l u e s a t h i g h e r t e m p e r a t u r e s t h e n t h e 

e f f e c t o f d i s t o r t i o n may be c a u s i n g t h i s t h o u g h , o f c o u r s e , 

c a r e w o u l d h a v e t o be t a k e n t o s e p a r a t e o u t any e f f e c t due 

t o t h e d r o p i n t e m p e r a t u r e a l o n e . I t m u s t be n o t e d t h a t 

l i t t l e i n v e s t i g a t i v e s t u d i e s o f t h i s n a t u r e have been 

c a r r i e d o u t on E\^^(GO)(^m. 

The e v i d e n c e so f a r a c c u m u l a t e d s u g g e s t s t h a t t h e 

MHM bond i s i n h e r e n t l y b e n t . i V e n t h e ( H C r 2 ( C 0 ) ^ Q ) i o n 

h a s on r e i n v e s t i g a t i o n t u r n e d o u t t o be b e n t , c o n t r a r y t o 

t h e e a r l y X - r a y s t u d y ( 2 5 ) . The t r u e p i c t u r e e m e r g i n g has 

b e e n f o u n d b y n e u t r o n d i f f r a c t i o n s t u d i e s . I t was f o u n d 

t h a t ( E t ^ N / ( EGx2^(00)J^QT c o n t a i n e d a n o n - l i n e a r CrHCr 

b o n d w i t h t h e b r i d g i n g h y d r o g e n r a n d o m l y d i s o r d e r e d b e t w e e n 

t w o c e n t r o s y m m e t r i c a l l y r e l a t e d s i t e s , e a c h e q u i d i s t a n t 

f r o m t h e c h r o m i u m a toms and d i s p l a c e d , o p p o s i t e e a c h o t h e r , 
o 

O.3A f r o m t h e c e n t r e o f s y m m e t r y o f t h e i o n ( 6 6 ) . The 

c a r b o n y l - c h r o m i u m s k e l e t o n r e t a i n s i t s D ^ j ^ symmet ry w h i l e 

t h e h y d r o g e n a t o m moves b e t w e e n t h e s e t w o s i t e s . I t was 

c o n c l u d e d t h a t t h e p o t e n t i a l e n e r g y s u r f a c e a s s o c i a t e d w i t h 

t h e h y d r o g e n n u c l e u s was so s h a l l o w t o a l l o w t h e ea sy 

b e n d i n g o f t h e CrHCr m o i e t y w i t h o u t p e t u r b i n g t h e n o n -

h y d r o g e n D^-^ s y m m e t r y . A f u r t h e r n e u t r o n d i f f r a c t i o n s t u d y 

o f ( ( P P H ^ ) ^ N ) + ( H C r 2 ( C 0 ) ^ Q ) " ( 6 7 ) c o u l d n o t r e s o l v e t h e 

d i s c - s h a p e d h y d r o g e n a tom t h e r m a l e l l i p s o i d , b u t i n t h i s 

c a s e t h e a u t h o r s p o s t u l a t e d t h a t e i t h e r t h e r e were f o u r 

c e n t r o s y m m e t r i c a l l y r e l a t e d s i t e s o r t h a t t h e h y d r o g e n was 

r a d i a l l y d i s o r d e r e d . A v e r y r e c e n t s i n g l e c r y s t a l s t u d y 
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o f ( (PPh^)2N)" '" ( D C r 2 ( C 0 ) ^ Q ) ~ ( 6 8 ) a t l o w t e m p e r a t u r e 

h a s f o u n d t h a t a f o u r - f o l d d i s o r d e r o f t h e h y d r o g e n was 

t a k i n g p l a c e and t h i s c a u s e d t h e u n u s u a l h y d r o g e n t h e r m a l 

e l l i p s o i d . 

The h y d r o g e n p o s i t i o n c a n a l s o be i n f e r r e d f r o m t h e 

a n g u l a r a r r a n g e m e n t o f t e r m i n a l c a r b o n y l s . F o r e x a m p l e , 

i n t h e a n i o n i c t r i a n g u l a r r h e n i u m c a r b o n y l h y d r i d e , 

(H2Re^(C0)-|^2 ) " ? c h a r a c t e r i s e d b y C h u r c h i l l e t a l ( 3 8 ) , t h e 

a x i a l t e r m i n a l c a r b o n y l s a r e more o r l e s s r e g u l a r l y 

a r r a n g e d b u t t h e e q u a t o r i a l t e r m i n a l c a r b o n y l s a r e much 

l e s s r e g u l j a r and a p p e a r t o be f o r c e d a p a r t w i t h r e s p e c t 

t o t w o s i d e s o f t h e t r i a n g l e . T h i s i s v e r y p r o b a b l y due 

t o t h e p r e s e n c e o f h y d r o g e n a toms a l o n g t h e s e t w o e d g e s . 

F u r t h e r , i n t h i s i o n , t h e Re-Re d i s t a n c e s a r e 3 .1735 3 . 1 8 1 , 

and-3 .035^= I t w o u l d a p p e a r t h a t t h e m e t a l - m e t a l d i s t a n c e s 

a r e b e i n g l e n g t h e n e d b y t h e h y d r o g e n s . T h i s f e a t u r e h a s 

b e e n f o u n d i n m o s t M(i^i^-E)n c o m p l e x e s and i s seen m o s t 

s i g n i f i c a n t l y i n t h e t e t r a h e d r a l c l u s t e r , H^Ru^(C0)-j^2 ( 5 9 ) . 

T h e r e a r e f o u r l o n g and t w o s h o r t r u t h e n i u m - r u t h e n i u m bond 

l e n g t h s . The s h o r t d i s t a n c e s a r e 2 . 7 8 6 ^ and a r e o p p o s i t e 

e a c h o t h e r and a r e n o t b r i d g e d whe reas t h e b r i d g e d R u - R u 

d i s t a n c e s a r e 2 . 9 5 o i , w h i c h compares f a v o u r a b l y w i t h 
0 

h y d r o g e n b r i d g e d R u - R u b o n d l e n g t h s i n H 2 R u ^ ( C 0 ) ^ ^ , 2.930A 

(70) and e v e n t h e t r i p l y b r i d g e d H 2 R u g ( C 0 ) ^ g , 2.954A ( 7 1 ) . 

H 2 R u g ( C 0 ) ^ g c o n t a i n s a R u ^ o c t a h e d r o n w i t h t w o o p p o s i t e 

R u j f a c e s b r i d g e d b y /U^-H l i g a n d s . T h e r e w o u l d a l s o a p p e a r 

t o be a m e t a l - m e t a l l e n g t h e n i n g e f f e c t on p l a c i n g h y d r o g e n 

w i t h i n an o c t a h e d r a l h o l e . The s t r u c t u r e o f t h e (HCOg(CO)-j^^)' 
i o n h a s b e e n r e s o l v e d and shows c o b a l t - c o b a l t d i s t a n c e s 

o 
o f 2 , 5 7 9 A w h e r e a s i n t h e (Co^iCO)-^^)" i o n t h e a v e r a g e 
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c o b a l t - c o b a l t d i s t a n c e i s 2 . 5 0 9 i i n d i c a t i n g t h a t p r o -
t o n a t i o n has ' s w e l l e d ' t h e o c t a h e d r o n ( 7 2 ) . 

S t u d i e s h a v e b e e n c a r r i e d o u t on t h e r e a r r a n g e m e n t s 

t h a t can t a k e p l a c e i n p o l y n u c l e a r m e t a l c a r b o n y l 

h y d r i d e s i n v o l v i n g t h e m i g r a t i o n o f h y d r o g e n , c a r b o n y l s 

and u n s a t u r a t e d o r g a n i c l i g a n d s a r o u n d t h e v e r t i c e s , 

edges and f a c e s o f t h e m e t a l f r a m e w o r k ( 1 1 ) . C a r b o n y l 

m i g r a t i o n i n compounds s u c h as Pe j (C0)- j^2 and Rh^CCO)-^^ i s 

now w e l l u n d e r s t o o d . T h r e e t y p e s o f e x c h a n g e have been 

f o u n d : l ) r o t a t i o n o f t h e m e t a l s k e l e t o n w i t h i n a f i x e d 

c a r b o n y l e n v e l o p e , f o r e x a m p l e s u c h a movement may t a k e 

p l a c e i n B'e^(C0)-j^2 ( 7 3 ) , 2 ) r o t a t i o n o f t h e m e t a l s k e l e t o n 

a c c o m p a n y i n g a p a r t i c u l a r p e r m u t a t i o n w i t h t h e l i g a n d 

e n v e l o p e v i a an i n t e r m e d i a r y o r an a l t e r n a t i v e c a r b o n y l 

p o l y h e d r a l s t r u c t u r e . F o r e x a m p l e i n H 2 F e R u j ( C 0 ) ^ ^ , 

w h e r e d i f f e r e n t p r o c e s s e s a r e f o u n d w h i c h a r e e x t r e m e l y 

t e m p e r a t u r e d e p e n d e n t , ( 74 ) and 3) l o c a l r e a r r a n g e m e n t s 

w i t h i n s e c t i o n s o f t h e l i g a n d e n v e l o p e , w i t h a f i x e d m e t a l 

c o r e , f o r e x a m p l e i n H20s^(C0)-^-j^ , h y d r o g e n exchange t a k e s 

p l a c e b e t w e e n t h e t e r m i n a l and /i2"^^i^Sins h y d r o g e n p o s i t i o n s 

( 2 9 , 7 5 ) . N . m . r . s p e c t r a o f t h e p h o s p h i t e s u b s t i t u t e d 

H^Ru^(C0)- j^2 (76) a t a m b i e n t t e m p e r a u r e i n d i c a t e f a s t p r o t o n 

e x c h a n g e p o s s i b l y v i a t h e t w o s h o r t e r R u - R u e d g e s . S u c h 

h y d r i d e m o t i o n s i m p l y a l o w e n e r g y b a r r i e r t o t a u t o m e r i z a t i o n , 

w h i c h may t a k e p l a c e v i a s e v e r a l p a t h w a y s . T h e r e i s 

an a r g u m e n t as t o w h e t h e r i n H ^ C o ^ ( C O ) ^ , w h i c h has f a c e 

b r i d g i n g h y d r o g e n s , t h e m i g r a t i o n moves b y a f a c e - e d g e - f a c e 

m e c h a n i s m (77) or b y a f a c e - t e r m i n a l - f a c e mechan i sm ( 7 8 ) . 

4 . 4 . S y n t h e s i s o f T r a n s i t i o n M e t a l H y d r i d o c a r b o n y l s 

T h e r e a r e a number o f s y n t h e t i c r o u t e s i n t o t r a n s i t i o n 

m e t a l h y d r i d o c a r b o n y l s and t h e s e have b e e n l i s t e d b y G r e e n 
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and J o n e s ( 3 ) and b y Kaesz and S a i l l a n t ( 4 ) . 

( i ) R e a c t i o n s w i t h m o l e c u l a r h y d r o g e n , 

( i i ) R e a c t i o n s o f m e t a l c o m p l e x e s w i t h s a l i n e o r 
c o m p l e x h y d r i d e s . 

( i i i ) H y d r o g e n t r a n s f e r f r o m s o l v e n t o r m e t a l c o - o r d i ­
n a t e d g r o u p . 

( i v ) H y d r o l y s i s and d e h y d r o h a l o g e n a t i o n , 

( v ) P r o t o n a t i o n . 

The f o l l o w i n g a r e t h e p r e p a r a t o r y r o u t e s u sed t o 

a c h i e v e t h e s t u d i e d t r a n s i t i o n m e t a l h y d r i d o c a r b o n y l s . 

A n a l y s e s o f e a c h compound i s g i v e n w i t h t h o s e o f t h e 

p r e p a r a t i v e a u t h o r s . 

The c h e m i c a l s u s e d i n t h e p r e p a r a t i o n s were s u p p l i e d 

b y t h e f o l l o w i n g c o m p a n i e s : Ru^(C0)-j^2^ C o 2 ( C 0 ) g , Fe^(C0)-j^2 

0 s ^ ( C 0 ) ^ 2 ' M n 2 ( C 0 ) ^ Q , Re2(C0)-j_Q, W(C0)g and NaFe (CO)^ b y 

S t r e m C h e m i c a l s I n c ; h y d r o g e n b y B r i t i s h Oxygen L t d ; 

o r t h o p h o s p h o r i c a c i d (90%, G . P . R . g r a d e ) , hexane ( s y n c h e m i c a 

g r a d e ) , s u l p h u r i c a c i d ( a n a l a r g r a d e ) b y H o p k i n and W i l l i a m s 

L t d ; s o d i u m b o r o h y d r i d e ( l a b , r e a g e n t g r a d e ) and d e k a l i n 

( t e c h n i c a l g r a d e ) b y B r i t i s h D r u g Houses L t d ; t e t r a h y d r o -

f u r a n b y B . A . S . F . GmbH and o c t a n e ( p u r u m g r a d e ) f r o m F l u k a 

.AG-, AJ.1 s o l v e n t s w e r e p u r i f i e d b e f o r e use b y d i s t i l l a t i o n 

and b y n o r m a l d r y i n g r o u t i n e s . A l l m a n i p u l a t i o n s were 

c a r r i e d o u t u n d e r n i t r o g e n on vacuum l i n e s , g l o v e b o x e s 

e t c . 

The m e t a l c o n t e n t was d e t e r m i n e d u s i n g a P e r k i n - E l m e r 

4 0 5 a t o m i c a b s o r p t i o n s p e c t r o p h o t o m e t e r . The C, H and N 

c o n t e n t was d e t e r m i n e d u s i n g a P e r k i n - E l m e r 240 e l e m e n t a l 

a n a l y z e r . The h y d r o g e n c o n t e n t must be q u o t e d w i t h 

i 0 . 4% e r r o r . The e s t i m a t e d v a l u e s d i f f e r above and bo Low 
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t h e t h e o r e t i c a l v a l u e b u t i n a l l ca ses r e m a i n w i t h i n 

io.4%. Of t h e 12 compounds a n a l y z e d t h e h y d r o g e n e r r o r 

r a n g e s f r o m +0.32% t o -0.30%. I n mos t c a s e s , t h e a u t h o r s 

who h a d o r i g i n a l l y p r o d u c e d t h e h y d r i d o c a r b o n y l s , had t h e 

a n a l y s i s c a r r i e d o u t b y i n d e p e n d e n t m i c r o - a n a l y s i s 

l a b o r a t o r i e s . No h i n t was g i v e n o f t h e m e t h o d u n d e r t a k e n 

oi" t h e e r r o r s i n v o l v e d . 

( i ) T e t r a - ^ 2 ' " ^ y ^ ^ i ' ^ Q ' ^ Q ^ Q ^ ^ ^ Q ^ ^ ' ^ " y - ^ ' t ^ ' ^ ^ ^ " ^ " ^ ^ ^ " ^ " ^ ^ 

H ^ R u ^ ( C 0 ) j _ 2 

H^^Ru^^(C0)-j^2 was made b y t h e me thod o f K n o x e t a l (79) 

b y t h e d i r e c t h y d r o g e n a t i o n o f r u t h e n i u m c a r b o n y l , Ru j (C0) - j ^2 

i n o c t a n e a t 120°C, w i t h h y d r o g e n . 

• ^ " a l x s i s % The o r . A c t u a l K n o x e t a l 

C.. 19.36 19.12 19.53 

H 0.5^4- 0 . 2 5 0 . 5 4 

Y i e l d 77% 88% 

Q u a n t i t y made = 5 . ^ g 

( i i ) D i - / u ^ - h y d r i d o d e c a c a r b o n y l t r i o s m a t e H pOSjCCOl^O 

H20s :v (C0 ) -^Q was made b y t h e method (79) o f K n o x b y 

d i r e c t h y d r o g e n a t i o n o f t h e osmium c a r b o n y l , 0 s ^ ( C 0 ) ^ 2 ' 

i n o c t a n e a t 1 2 0 ° C , w i t h h y d r o g e n • 

A n a l y s i s % T h e o r . A c t u a l K n o x e t a l 

C 1 4 . 0 8 1 4 . 2 0 N o t 

H 0 . 2 3 0 . 2 5 G i v e n 

Y i e l d 83% 73% 

Q u a n t i t y made = 16 .23g 

( i i i ) / x - ^ - h y d r i d o d o d e c a c a r b o n y l i r o n t r i c o b a l t a t e HFeCo-^(C0)-|^2 

T h i s m i x e d m e t a l h y d r i d o c a r b o n y l was made v i a a t w o 

s t e p p r e p a r a t i o n due t o C h i n i e t a l (32) w h i c h c o n s i s t e d 
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o f t h e p r o t o n a t i o n o f a c a r b o n y l m i x e d m e t a l l a t e f o r m e d 

f r o m t h e d i s p r o p o r t i o n a t i o n o f c o b a l t and i r o n c a r b o n y l s 

w h i c h t o o k p l a c e i n m i l d c o n d i t i o n s . 

A n a l y s i s % T h e o r , A c t u a l - C h i n a e t a l 

c 25.25 25.52 25.20 

H 0.20 0.09 0 . 1 4 

Co 31.04 30.90 30,85 

Fe 9 . 8 0 9.44 9.78 

l i e l d — 98% 95.5% 

Q u a n t i t y made = 32,48g 

( i v ) D i - / i 2 " h y d r i d o t r i d e c a r b o n y l i r o n t r i r u t h e n a t e H 2 F e R u ^ ( C 0 ) ^ 

T h i s compound was p r e p a r e d b y t h e t w o s t e p r e a c t i o n 

o f G e o f f r o y and G l a d f e l t e r ( 8 0 ) . Ru^(C0)-j_2 was r e a c t e d 

w i t h Nag F e ( C O ) ^ and t h e n a c i d i f i e d w i t h p h o s p h o r i c a c i d . 

C o n d i t i o n s h a d t o be c o r r e c t t o e n s u r e a good y i e l d 

o f H 2 F e R u ^ ( C 0 ) ^ j . L a r g e r q u a n t i t i e s o f H ^ R u ^ ( C 0 ) ^ 2 

H 2 R u ^ ( C 0 ) ^ j and Fe2(C0)-j^2 w e r e p r o d u c e d when o p t i m u m 

c o n d i t i o n s were n o t u s e d . 

A n a l y s i s T h e o r , A c t u a l Yawney e t a l 

C 21.52 22.09 22.3 

H 0 . 2 8 0.54 0.43 

Y i e l d — 48% 49% 

Q u a n t i t y made = 11.57g 

("^^ A '2" - ' ^y^^^'^Q "^" ' ^^ ' ^^ 'Y^'QQ"^QQ^^QPy^ ' ^ i " f e^"Ss t a t e H W 2 ( C 0 ) Q N 0 

HW2(C0)gN0 was p r e p a r e d i n t w o s t a g e s . The i o n 

( H W 2 ( C 0 ) ^ Q ) ~ was p r e p a r e d b y r e f l u x i n g w(C0)g w i t h NaBH^ i n 

T . H . F , ( 8 2 ) and t h e n t r e a t e d w i t h s o d i u m n i t r i t e and a c e t i c 

a c i d t o p r o d u c e t h e n e u t r a l h y d r i d o c a r b o n y l ( 5 5 ) . 
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A n a l y s i s % T h e o r . A c t u a l O l s e n e t a l 

c 16.60 16.90 16.34 
H 0.15 0„11 0.27 

N 2.15 2.50 2 . 2 8 

Y i e l d 30% 40% 

Q u a n t i t y made = 17.95g 

( v i ) triT-^2~fay'^^i^Q'^Q'^Q'^acarbonyltrimanganate H^Mn.^(CO)-| 2 

T h i s compound was p r o d u c e d b y t h e h i g h y i e ld reaction 

o f J o h n s o n e t a l ( 8 3 ) . Mn2(C0)-j^Q was treated with t h e b a s e , 

KOH, t h e n a c i d i f i e d w i th p h o s p h o r i c a c i d . 

;^.§iZ£i£ % T h e o r . A c t u a l J o h n s o n e t a l ( 8 3 ) 

C 2 8 . 6 4 29.59 N o t 

H 0.59 0.34 G i v e n 

Y i e l d - 69% 80% 

Q u a n t i t y made = 8 . 1 8 g 

^ ' ^ i i ^ ^ e t r a - / i ^ - h y d r i d o d o d e c a c a r b o n y l t e t r a r h e n a t e H;̂ Rê ^ (C0)-j^2 

H^Re^(C0)-^2 was p r o d u c e d b y d i r e c t l y h y d r o g e n a t i n g 

Re2(C0)-^Q i n r e f l u x i n g d e k a l i n ( 2 6 , 8 4 ) where H ^ R e j ( C 0 ) ^ 2 

was p r o d u c e d as an i n t e r m e d i a t e . The r e a c t i o n was t e r m i n a t e d 

a f t e r ~ 50 h o u r s r e f l u x i n g due t o t h e h i g h q u a n t i t y o f 

r h e n i u m m e t a l b e i n g p r o d u c e d f r o m f u r t h e r h y d r o g e n a t i o n o f 

H ^ R e ^ ( C 0 ) ^ 2 * U n c o n v e r t e d Re2(C0)-j^Q and H^Rej (C0)- j^2 were 

r e m o v e d b y p r e c i p i t a t i o n on c o o l i n g t o 0 ° C . Benzene was 

added t o t h e f i l t e r e d s o l u t i o n t o p r e c i p i t a t e t h e H^Re^(C0)-j^2< 

D e k a l i n s o l v a t e . The H ^ R e ^ ( C 0 ) - j ^ 2 « s o l v a t e was p u r i f i e d b y 

d i s s o l v i n g i n c y c l o h e x a n e and r e - p r e c i p i t a t i n g w i t h benzene* 

The s o l - v a t e m o i e t y was r e m o v e d b y h e a t i n g t h e m a t e r i a l a t 

60^0 a t ~ 0 . 1 t o r r f o r - 3 0 m i n u t e s . 
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The o r . A c t u a l S a i l l a n t e t a l (30) 

c 18,49 18.45 18 .84 

H lo38 1<.70 1.39 

Y i e l d 22% 50-60% 

b) a f t e r s o l v e n t r e m o v a l 

C 13.28 12.83 Not Given 

H 0.37 0.58 ( s o l v e n t n o t removed 

Y i e l d 100% 

Q u a n t i t y made = 3.38g 

( v i i i ) T r i - A * ^ - i i ; y d r i d o d o d e c a c a r b o n y L t r i r h e n a t e H^Re^CCO)-!^^ 

D i r e c t h y d r o g e n a t i o n , t h o u g h s i m p l e r , was l e s s 

d e s i r a b l e , due t o t he tendency t o f o r m rhen ium m e t a l , t han 

t h e e a r l i e r method o f r e d u c i n g Re2(C0)-j^Q w i t h sodium 

t e t r a h y d r o h o r a t e i n T . H . I ' , f o l l o w e d by a c i d i f i c a t i o n t o 

t h e n e u t r a l h y d r i d o c a r b o n y l (85)» 

A n a l y s i s % The o r . A c t u a l Huggirs e t a l (85) 

C 16.05 14,71 16 .04 

H 0.34 0.60 0.30 

Y i e l d 50.1% 46% 

Q u a n t i t y made 10.65s 

( N o t e : I t was f e l t a s m a l l amount o f Re2(C0)-|^Q was p r e s e n t 
i n t h e f i n a l p r o d u c t ) , 

( i x ) ji2::^}3A^^'^^^'^^^^^^^^^^'^^^ HRe^(C0)-|^^^ 

HRe^(C0)-|^^ was made a c c o r d i n g t o t h e p rocedu re 

d e s c r i b e d by Pe l lmann and Kaesz (37). -̂f?h.e t e t r a c a r b o n y l 

a n i o n (Re(CO)^)"", produced by t h e r e d u c t i o n o f Re2(C0)-^Q 

by NaBH^, was added t o Na'^Re(CO)^, produced by the r e d u c t i o n 
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o f Re2(C0)-j^Q by sodium amalgam» To these an ions was added 

c o n c e n t r a t e d H-,PO,, and the m i x t u r e was hea ted a t 6 0 ° f o r 

30 m i n u t e s . C o o l i n g t o -'lO^C l e d t o b r i g h t y e l l o w needles 

o f t h e p r o d u c t . S ince t h e y i e l d was l o w , ~20%, and the 

HITS s t u d y needed ~ 30g, t h e expe r imen t had t o be c a r r i e d 

ou t many t imes . . 

An_al^;^i s % T h e o r » Actual^ Pellraann e t a l (37) 

C 17.66 18.14 17«60 

H 0»11 0„30 0,35 

Y i e l d 22.8 20% 

Q u a n t i t y made = 22.75g 

( x ) Caegrum ^^-hydr i d opent ad ecacarbonyIhexacob a l t a t e 

CsEKOgCCO)^ 

The p o t a s s i u m s a l t o f (HCOg(C0)-|^^)" was produced by 

t h e p rocedu re a c c o r d i n g t o H a r t e t a l (72) . The caesium 

s a l t was g a i n e d by m e t a t h e s i s u s i n g GsGl i n H2O 

^ The o r . A c t u a l China e t a l 

C 19.82 18.89 Not . 

H 0,11 0.0 Given 

Co 38»99 38.65 

Q u a n t i t y made = 33.26g 

( N o t e : CsHCOg(C0)-j ^ n o t y e t r e p o r t e d i n l i t e r a t u r e ) 

x i ) d i - ^u -^ -hydr idooc t adecaca rbony lhexa ru thepa t e H2Ru^(C0)j^o 

T h i s compound was made v i a the h i g h y i e l d r o u t e 

deve loped by Jackson e t a l ( 8 6 ) . Rutheniua c a r b o n y l was 

r e a c t e d w i t h a base t o produce the ( Rug(C0)^g f ~ a n i o n , 

t h e n r e a c t e d w i t h a c i d t o produce t h e d i p r o t o n a t e d 



103 

AMI-I^M. ^ Theo r , A c t u a l . Kni£ht,._&Jla2:s (87) 

19.5 

% T h e o r . A^t^ual 

G 19.4 19.18 

H 0 .18 0.48 

Y i e l d = 86% 

Q u a n t i t y made = 20.75g 

^ ° 5» O h a g . a c t £ r i s a t ^ ^ 

^ _ d r W_£c_^^_on2l„^ 

The f o l l o w i n g i s a b r i e f d e s c r i p t i o n of p r e v i o u s 

s t u d i e s o f t h e i n d i v i d u a l compounds p repa red f o r t h i s 

s p e c t r o s c o p i c i n v e s t i g a t i o n . P r e v i o u s v i b r a t i o n a l s t u d i e s 

w i l l be d e a l t w i t h i n t h e r e s u l t s s e c t i o n . 

i ) H ^ B V C Q ) i 2 

E a r l y s t u d i e s o f t h e above i n f e r r e d b r i d g i n g hydrogens 

and t e r m i n a l c a r b o n y l s . I t s i n f r a - r e d spectrum c o n t a i n e d 

f i v e c a r b o n y l s t r e t c h i n g bonds i n agreement w i t h a p o s t u l a t e d 

s t r u c t u r e and the n . r a . r , s t udy showed o n l y a s i n g l e 

c h e m i c a l s h i f t v a l u e a t 27,98 T (79). Only weak hydrogen 

modes were f o u n d i n t he i n f r a - r e d (88) whereas t h e y were 

more p r o m i n e n t i n t he Raman ( 4 ) . Hydr ide m i g r a t i o n s have 

been s t u d i e d i n \^v^n,(.GO)^^^^ ^ ( P ( O M e ) j ) ^ (76) and 

(H^Ru^(C0)^2)"" (88) , However, the d a t a d i d n o t d e l i n e a t e 

t h e exchange mechanism used by the r a p i d i n t r a m o l e c u l a r 

r e a r r a n g e m e n t . I t was expec ted t h a t an edge- face-edge 

r e a r r a n g e m e n t would t a k e p l a c e , n e v e r t h e l e s s , c o n t r a r y t o 

such e x p e c t a t i o n s t h e d i p h o s p h i n e d e r i v a t i v e , H^R'U^I_(CO)-|^Q 

(Ph2PCH2CH2PPh2), d i s p l a y e d an N.M.R. s p e c t r a c o n s i s t e n t 

w i t h an e d g e - t e r m i n a l - e d g e h y d r i d e s c r a m b l i n g pa thway . 

X - r a y d i f f r a c t i o n work has been c a r r i e d ou t on 

H_^Ruy_|_(C0)-ĵ 2 ^^7 )̂ '^ell as a number o f i t s d e r i v a t i v e s 



w h i c h d i s p l a y v a r i o u s h y d r i d e l i g a n d ar rangements about 

t h e ruthenium t e t r a h e d r o n . , H^Ru^(C0)-j^2 a d i s t o r t e d 

t e t r a h e d r a l a r rangement o f r u t h e n i u m atoms w i t h two s h o r t 

and f o u r l o n g b r i d g e d r u t h e n i u m - r u t h e n i u m bonds w i t h 

t e r m i n a l c a r b o n y l l i g a n d s s t agge red w i t h r e s p e c t t o the 

r u t h e n i u m - r u t h e n i u m bonds . F i g u r e 4 . 6 shows a m o l e c u l a r 

p l o t o f t h e m o l e c u l e w i t h t h e e s t i m a t e d hydrogen p o s i t i o n s 

w h i c h were n o t l o c a t e d , even w i t h image enhanc ing t e c h n i q u e s , 

due t o a p a c k i n g d i s o r d e r i n t h e c r y s t a l . 

( i i ) H2Qs3(C0)^Q 

E a r l y s t u d i e s i n d i c a t e d t h a t the ca i ' bony l s were a l l 

t e r m i n a l and n . m . r . d a t a c o n s i s t e d of a s i n g l e resonance 

i n f e r r i n g s i m i l a r hydrogen env i ronment or t h a t t h e y were 

exchang ing t o o f a s t on t h e n . m . r . t i m e s c a l e t o be d i s ­

t i n g u i s h e d (89) . Two x - r a y d i f f r a c t i o n expe r imen t s were 

c a r r i e d o u t on t h e compound, t hough b o t h were u n s u c c e s s f u l 

i n a c c u r a t e l y l o c a t i n g t h e p o s i t i o n s o f t h e hydrogens (90,91)-

These s t u d i e s showed the m o l e c u l e t o have approx imate C2^ 

symmetry . The osmium atom o p p o s i t e t h e b r i d g e d o.sraiura/ 

osmium bond has f o u r a t t a c h e d t e r m i n a l c a r b o n y l s and the 

o t h e r two osmium atoms have t h r e e each . The n o n - b r i d g e d 

osmium-osmium d i s t a n c e s are 2,815^ whereas t h e b r i d g e d 

bond i s 2 ,68lX and has been d e s c r i b e d as a ' d o u b l y p r o t o n a t e d 

d o u b l e bond ' (9 l )« S u r p r i s i n g l y , these two s t u d i e s were 

f o l l o w e d by two f u r t h e r d i f f r a c t i o n s t u d i e s , b o t h o f w h i c h 

used n e u t r o n s . Orpen e t a l (92) c a r r i e d ou t a combined 

x - r a y and n e u t r o n d i f f r a c t i o n s tudy and o p t i m i s e d t h e 

e x t r a c t i o n o f s t r u c t u r a l i n f o r m a t i o n . The Os-H-Os u n i t s 

were s y m m e t r i c a l . Broach and W i l l i a m s ( 6 0 ) c a r r i e d o u t 
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Figure (4 -6 ) 

fimm f 4 . § ) 

12 
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a h i g h ' p r e c i s i o n ' n e u t r o n d i f f r a c t i o n s tudy w h i c h showed 

the mo lecu l e t o be v e r y c l o s e t o an i d e a l C^^ symmetry 

and c o n f i r m e d t h a t t h e hydrogens were b r i d g i n g the s i n g l e 

osmium-osmium v e c t o r . The hydrogens l i e , n o t beyond the 

LMML i n t e r s e c t i o n as i n m^iGO)^^^ F i g u r e 4 . 7 a b u t 

a c t u a l l y l i e w i t h i n t h e i n t e r s e c t i o n towards t he osmium-

osmium v e c t o r . The hydrogens a l so l i e s y m m e t r i c a l l y 

above and be low t h e osmium p l a n e as shown i n F i g u r e 4 . 7 h 

(a) HW^ICOLNO 

(b)HoOs(CO) 

FIGURE 4 . 
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I t was p o s t u l a t e d t h a t t h i s hydrogen p o s i t i o n i n g 

was n o t due t o c a r b o n y l c r o w d i n g , s i n c e no acute HOsGO(cis) 

or ob tuse OCOsOs ang les were f o u n d , nor was i t due t o 

H - - H i n t e r a c t i o n s , s i n c e t h e HH d i s t a n c e was 2 . 3 7 6 i . 

The hydrogens a c t u a l l y seem t o adopt p o s i t i o n s i n wh ich 

n u c l e a r r e p u l s i v e f o r c e s , m e t a l - m e t a l o v e r l a p and m e t a l -

hydrogen o v e r l a p are b e s t ba l anced caus ing t h e hydrogens 

t o move o u t o f t he p l a n e no rma l t o the osmium p l a n e a t 

t h e b r i d g e d osmiums. The measured OsHOs ang les were 

~ 9 3 - 9 5 . 5 ° . I n such M(/i2"H)2M systems such as ( ^ 2 " H ) 2 ^ ® 3 ^ ^ ° ' ' l O ' 

( ^ 2 - 2 ) 2 ^ 6 2 ( 0 0 ) ^ ( 9 3 ) a n d ( ( ; U 2 ~ ^ ^ 2 ^ 2 ^ ^ ° ^ 8 ^ " " ^ ^ ^ ^ ' " i s seen 

t h a t t h e d o u b l y b r i d g e d M-M bond i s sho r t ened i n d i r e c t 

c o n t r a s t t o M(/W2-H)M sys tems . Broach and W i l l i a m s p r e f e r 

t o c a l l such bonds as f o u r - c e n t r e f o u r - e l e c t r o n r a t h e r 

t h a n d o u b l y p r o t o n a t e d doub le bonds . Such a bond ing 

concep t i s c o n s i s t e n t w i t h e a r l i e r q u a l i t a t i v e t h e o r e t i c a l 

work by Mason and Mingos ( 9 5 ) on such MX2M sys tems. 

P i g u r e 4 . 8 shows a m o l e c u l a r p l o t of t h e compound. 

( i i i ) HFeCo^(CO),^ 
^ 1 ^ 

The f i r s t mixed m e t a l c a r b o n y l , t he an ion (PeCo^(C0)-|^2)'" 

was p r o t o n a t e d by C h i n i ( 3 2 ) . However, t h e c h a r a c t e r i z a t i o n 

o f t h i s compound has been v e r y slow and, f u r t h e r , a 

number o f i n a c c u r a t e r e s u l t s have been q u o t e d . The presence 

o f q u a d r o p o l a r n u c l e i ( eg ^*^Co) has l e a d t o t h e l a c k o f 

any observed h i g h f i e l d "''H n . m . r . s i g n a l due t o u n f a v o u r ­

a b l e r e l a x a t i o n e f f e c t s ( 4 7 ) . E a r l y i n f r a - r e d work showed 

t h a t t h e r e were b r i d g i n g as w e l l as t e r m i n a l c a r b o n y l s ( 4 7 ) * 

I n f r a r e d d a t a i m p l i e d t h e e x i s t e t i c e o f a m e t a l - h y d r o g e n 

bond ( 9 6 ) . Mays and Simpson ( 4 7 ) , on t h e b a s i s o f mass 
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s p e c t r a l ev idence and e l e c t r o n c o u n t i n g arguments , 

p roposed t h a t t h e hydrogen l a y w i t h i n the t e t r a h e d r a l 

cage . L a t e r , t h i s was c o r r o b o r a t e d by Whi te and W r i g h t 

(97) on t he b a s i s o f i n e l a s t i c n e u t r o n s c a t t e r i n g d a t a , 

w h i c h c o n f i r m e d a C^-^ s t r u c t u r e b u t t h e y t h e n went on t o 

s t a t e t h a t t h e hydrogen was bound t o t h e i r o n atom w h i l e 

r e s i d i n g i n s i d e t h e FeCo^ t e t r a h e d r o n . Bor e t a l (98) aga in 

r e a f f i r m e d t h e C^-^ geomet ry f r o m i n f r a r e d d a t a . However, 

t h e y p r e f e r r e d t o p l a c e t h e hydrogen much nea re r the 

COj f a c e , Mossbauer measurements showed no s t r u c t u r a l 

change round t h e Fe atom on d e p r o t o n a t i o n (99). I t was 

f o u n d t h a t more s u i t a b l e c r y s t a l s f o r d i f f r a c t i o n work 

were a v a i l a b l e i n t h e d e r i v a t i v e s o f t h e p a r e n t compound 

and t o t h i s end an X - r a y s t u d y was c a r r i e d o u t (100) on 

t h e s e r i e s meGo^iGO)-^^-.^ (P (OCH^))x ' ^ ^ ^ ^ s t u d y showed 

t h e l i k e l i h o o d t h a t t h e hydrogen was capp ing t he Co^ base 

p l a n e and r e s i d i n g o u t s i d e t h e t e t r a h e d r o n ( ~ 0.75^ above 

. o 

t h e p l a n e ) w i t h a Co~H d i s t a n c e of 1.5 t o 1.7A. A d e f i n i ­

t i v e n e u t r o n d i f f r a c t i o n s t u d y ( l O l ) was c a r r i e d ou t on 

HFeCo^(CO)g P(OCH^)^ ^ w h i c h f o u n d t h e hydrogen l y i n g 

0.976A above t h e Co^ f a c e and e q u i d i s t a n t f r o m each c o b a l t 

atom by 1,728-1,7^2^. I n H2RUg(C0)^g t he / /^-hydrogens 

l e n g t h e n e d t he Ru-Ru bonds , however , t h e ^ ^ - h y d r o g e n i n 

t h e above compound has had no a f f e c t on t h e c o b a l t - c o b a l t 

d i s t a n c e s compared t o Co^(C0)^2 whereas no f i g u r e s are 

a v a i l a b l e f o r Co-Co d i s t a n c e s i n (FeCOj(C0)-j^2)" ' L o g i c a l l y 

one can i n f e r t h a t t h e hydrogen i n HFeCo^(C0)-j^2 i s capp ing 

t h e Co^ f a c e . Some e a r l i e r r e s u l t s can be reexamined , 

such as t h e mass s p e c t r a l d a t a w i t h the d e t e c t i o n o f 
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HCo^ i o n s b u t n o t HFe"*" i o n s ( 9 8 ) . P i g u r e 4.9 shows a 
m o l e c u l a r p l o t o f HFeCOj(C0)-j^2 w i t h t h e p r o b a b l e p o s i t i o n 
o f t h e h y d r o g e n . 

( i v ) H2PeRu^(C0)-,^^ 

T h i s compound, f i r s t p r e p a r e d by Yawney and Stone 

( 8 1 ) , gave a s i n g l e t i n '^H n . m . r . s u g g e s t i n g t h e two 

hydrogens were i n s i m i l a r env i ronment s ( o r exchanging t o 

f a s t on t he n . m . r , t i m e s c a l e t o be d i s t i n g u i s h e d ) . The 

i n f r a - r e d showed b r i d g i n g hydrogens were p r e s e n t . An 

x - r a y d i f f r a c t i o n s t u d y (102) soon f o l l o w e d and the 

s t r u c t u r e compr i sed o f a t e t r a h e d r o n o f t h r e e r u t h e n i u m 

atoms and one i r o n atom, w i t h t h r e e t e r m i n a l c a r b o n y l 

g roups on each r u t h e n i u m atom and two t e r m i n a l c a r b o n y l s 

on t h e i r o n a tom. As p r e d i c t e d by the i n f r a - r e d d a t a 

( 8 1 ) t h e r e were two c a r b o n y l groups a s y m m e t r i c a l l y b r i d g i n g 

two PeRu bonds . The hydrogens were n o t f o u n d b u t two 

Ru-Ru bonds were 2 .890 and 2 . 9 1 6 ^ w h i l e one was i n t he 

2 ,761 -2 .821^ range and t h u s one can use C h u r c h i l l s c r i t e r i o n , 

where t h e /u^-hydrogen b r i d g e d M-M bonds are u s u a l l y l a r g e r 

t h a n u n b r i d g e d bonds . P u r t h e r , the d i s p o s i t i o n of the 

c a r b o n y l g roups i n d i c a t e t h e hydrogen p o s i t i o n s . P i g u r e 4 . 1 0 

shows a m o l e c u l a r p l o t o f H2PeRu^(C0)-^^^ w i t h e s t i m a t e d hydrogen 

p o s i t i o n s . 

( v ) HW2(C0)gN0 

The system (6M2(C0)-]^Q ) " has been s t u d i e d i n d e t a i l 

s i n c e b e i n g r e p o r t e d by Behrens ( 1 0 3 ) . V a r i o u s Group V I 

h y d r i d o m e t a l c a r b o n y l an ions were produced by Hay te r ( 8 2 ) 

who saw, f r o m t h e c a r b o n y l i n f r a - r e d r e g i o n s , t h a t a f o u r 
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Figure (410) 

H2F.RM^C0),3 

Figur t ( 4 H ) 

HV^iCO 

Figure {412) 
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f o l d a x i s o f symmetry was l i k e l y i . e . D^^^ w i t h e c l i p s e d 

c a r b o n y l s or D^^ w i t h s t agge red c a r b o n y l s . D a h l ' s f i r s t 

s t u d y o f (HCr2(C0)-j^Q)~ ( 2 5 ) suggested the hydrogen l a y 

on t h e 4 f o l d a x i s c o n n e c t i n g t he two Cr(CO)^ f r a g m e n t s 

and went on t o say t he m e t a l atoms were h e l d t o g e t h e r by 

t h e b r i d g i n g h y d r o g e n . The l a t e r s t u d i e s o f t h e 

(HCr2(C0)-j^Q)~ an ion ( 6 6 , 6 7 , 6 8 ) f ound a r a t h e r d i f f e r e n t 

p i c t u r e w i t h t h e hydrogen d i s o r d e r e d between two ( 6 8 ) 

and f o u r ( 6 7 , 6 8 ) c e n t r o - s y m m e t r i c a l l y r e l a t e d s i t e s . 

There have been many s t r u c t u r a l s t u d i e s s i n c e . The 

(Et^N)"^ and (PPN)+ s a l t s o f (HCr2(C0)-j_Q)" and(Et^N)+ 

(HW2(C0)^Q J" have a l i n e a r CO-MM-CO backbone , e c l i p s e d 

c a r b o n y l s and MHM ang les o f 1 3 7 - 1 6 0 ° whereas HW2(C0)gN0, 

and t h e (PPN)+ and (Ph^P)+ s a l t s of (HW 2 (C 0 ) ^Q)" have a 

b e n t CO-M-M-CO backbone w i t h s taggered c a r b o n y l s and MHM 

ang les o f 1 2 5 - 1 3 0 ° . Such asymmetry has been d i scussed by 

Darensbourg ( 1 0 4 ) and i s due t o e i t h e r s u b s t a n t i a l c r y s t a l 

p a c k i n g f o r c e s p e r t u r b i n g t h e anion or the p e r t u r b a t i o n 

i s caused by t h e h y d r i d e l i g a n d p r e f e r i n g t o occupy a 

p o t e n t i a l min ima a t a s m a l l MHM angle t h u s f o r c i n g the two 

' M ( C O ) ^ or 'M (CO)^NO* m o e i t i e s a p a r t . Bau e t a l ( 6 3 ) 

f i r s t c h a r a c t e r i s e d t he HW2(C0)^N0 backbone by X - r a y 

d i f f r a c t i o n and went on t o l o c a t e the hydrogen u s i n g 

n e u t r o n s ( 5 5 ) . F i g u r e 4 . 1 1 shows a m o l e c u l a r p l o t o f 

t h i s s p e c i e s . 

( v i ) H^Mn3(C0)^2 

Kaesz e t a l ( 1 0 5 ) r e p o r t e d the p r o d u c t i o n o f a 

manganese h y d r i d o c a r b o n y l whose f o r m u l a t i o n r e s t e d on t h e 

s i m i l a r i t y o f i t s i n f r a - r e d spectrum w i t h t h a t o f H^Rej(C0)-j^2 
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and Johnson e t a l c o n f i r m e d t h i s (83). Mass s p e c t r a l 

work (106,107) c o n f i r m e d t h e p a r e n t i o n (HjMn^(CO)-j2 )'̂  

and t h e hydrogens were l o c a t e d by an X - r a y s t r u c t u r e 

d e t e r m i n a t i o n u s i n g d i f f e r e n c e P o u r i e r t e c h n i q u e s ( 2 6 ) . 

The s t r u c t u r e c o n s i s t s o f an e q u i l a t e r a l a r r a y o f 

manganese atoms, each w i t h f o u r t e r m i n a l c a r b o n y l g r o u p s , 

m o d e l l i n g a D^^ symmetry . The presence o f t he I H n . m . r . 

s i n g l e t a t •= 24,0ppm i n d i c a t e d the e q u i v a l e n c e o f t he 

hydrogen env i ronmen t ( 1 0 8 ) , The Mn-H d i s t a n c e s i n the 
o 

X - r a y d e t e r m i n a t i o n were 1,61-1.79-A. w i t h t h e MnHMn angles 

o f 119° , 1 2 6 ° and 1 4 9 ° (an average o f 131° w i t h a g r e a t 

v a r i a t i o n ) . P i g u r e 4 . 1 2 shows a m o l e c u l a r p l o t of the 

compound. 

( v i i ) H^Re^(C0)-L2 

Mass s p e c t r a l d a t a was i n good agreement w i t h t he 

above f o r m u l a and t h e I H n . m . r . showed a s i n g l e t i n d i c a t i n g 

t h e e q u i v a l e n c e o f t h e hydrogens p o s i t i o n s (30) . The 

i n f r a - r e d spect rum showed o n l y two c a r b o n y l s t r e t c h i n g 

bonds i n d i c a t i n g a m o l e c u l e o f as h i g h a symmetry as t he 

t e t r a h e d r a l Ir^|_(C0)-j^2* ^ q u a l i t a t i v e m o l e c u l a r o r b i t a l 

t r e a t m e n t i m p l i e d t h a t t he combinat ions o f t he ' d ' o r b i t a l s 

o f t h e rhen ium atoms were l o c a l i z e d over t h e f a c e s o f t he 

t e t r a h e d r o n i n f e r r i n g t h a t t h e Re^ f a c e s were b r i d g e d by 

h y d r o g e n s . The m o l e c u l a r s t r u c t u r e o f H^Re^(C0)-^^2 was 

f o u n d by employ ing a X - r a y image enhancing t e c h n i q u e w h i c h 

c o n f i r m e d t h a t t h e hydrogens were o f t h e (,Uj-H) t y p e ( 2 2 ) . 

E c l i p s e d c a r b o n y l s were f o u n d , i n s t e a d o f t he s taggered 

v a r i e t y f o u n d i n ' H^Ru^(C0)-j^2- Pip:ure 4.13 shows a m o l e c u l a r 

p l o t o f H^Re^(C0)-j^2-
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Figure (4 13) 

Figure (4-14) 

Figure (4.15) 

HRe3(C0)^^ 



1 1 4 

( v i i i ) H^Reg(G0)-j_2 

M o l e c u l a r w e i g h t measurements o f t h i s rhen ium 

h y d r i d o c a r b o n y l i n d i c a t e d t h a t a rhenium t e t r a c a r b o n y l 

t r i m e r was p r o b a b l e (85) . No t e r m i n a l , Re-H bonds were 

i m p l i e d f r o m i n f r a - r e d d a t a , wh ich a l s o showed a D^^^ 

s t r u c t u r e . An X - r a y p a t t e r n was o b t a i n e d w h i c h showed 

t h a t t he t r i m e r was i somorphous which a p r e v i o u s l y i s o l a t e d 

t r i m e r o f t e c h n e t i u m , however , a f u l l s ca l e d i f f r a c t i o n 

s t u d y has n o t been p o s s i b l e because o f t he i n a b i l i t y t o 

grow s u i t a b l e c r y s t a l s . A Raman s tudy (109) f o u n d m e t a l -

hydrogen bands i n t h e l lOO-llQOcm""^ r e g i o n w h i c h l e d t o 

t h e f i r s t p o s t u l a t i o n about t h e hydrogen p o s s i b l y r e s i d i n g 

between m e t a l a toms. An n . m . r . s tudy a l s o i n d i c a t e d t he 

e q u i v a l e n c e o f t h e hydrogen e n v i r o n m e n t s . (109 r e f 5 ) . -A-n 

X - r a y s t u d y o f t he c r y s t a l l i n e a n i o n i c rhen ium c a r b o n y l 

h y d r i d e (H2Re^(C0)-j^2)'" (38) , had 02^ symmetry w i t h two 

l o n g e r r h e n i u m - r h e n i u m bonds and a d i s p o s i t i o n o f c a r b o n y l 

l i g a n d s t h a t f u r t h e r enhanced t h e argument f o r R e ~ ( M 2-H)-Re 

u n i t s i n H^Re^(C0)-|^2° P i g u r e 4 . 1 4 shows a m o l e c u l a r p l o t 

o f t h e compound. 

( x i ) HRe^(CO)^^ 

Pe l lman and Kaesz f o u n d t h e compound gave o n l y a 

s i n g l e -^H n . m . r . peak (37) . I n f r a - r e d d a t a i n t he c a r b o n y l 

r e g i o n i n d i c a t e d o n l y t e r m i n a l c a r b o n y l s p r e s e n t b u t t he 

number o f bands agreed w i t h a Cj^^ s t r u c t u r e f o u n d w i t h a 

l i n e a r r h e n i u m t r i a d , i n s t e a d o f a t r i a n g u l a r system as 

i n H^Re^(C0)-j^2» I n i t i a l l y t h e y p l aced t h e hydrogen e x a c t l y 

between two o f t h e rhen ium atoms w i t h the c a r b o n y l s i n an 
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e c l i p s e d c o n f o r m a t i o n . T h i s argument was expounded 
f u r t h e r when mass s p e c t r a l d a t a was ana lysed showing the 
e x i s t e n c e o f t h e HRe^"^ i o n ( 2 8 ) . Hoyano and Graham f o u n d 
an M-H i n f r a - r e d band a t 1035cm"'^ i n d i c a t i n g such an 
Re-H-Re b r i d g e ( l l O ) , F l e e t i n g i n d i c a t i o n s i n the 
l i t e r a t u r e appeared , o f a d i f f r a c t i o n e x p e r i m e n t c a r r i e d 
o u t by Dah l e t a l ( e . g . I l l ( r e f , 8 4 ) ) i m p l y i n g t h a t t he 
m o l e c u l e was b e n t l i k e HRe2Mn(C0)-^^ ( i l l ) and t h a t t h e y 
had e s t i m a t e d t h e ReHRe ang le t o be 1 5 9 ° based on the 
o c t a h e d r a l a r rangement o f t h e c a r b o n y l l i g a n d s about t he 
m e t a l s and t h e average Re~H b r i d g i n g band l e n g t h ( ~ 1 . 
f o u n d i n complexes such as ( (CgH )^^As)'^(H2Re^(C0)-j^2)"' 
B a u ' s a n a l y s i s ( i l l ) o f HRe2Mn(C0)^^ p l a c e d the hydrogen 
e x a c t l y between t h e two r h e n i u m atoms. D a h l had e s t i m a t e d 
t h e bond angle i n t h i s case t o be 1 6 4 ° . O b v i o u s l y Bau's 
e s t i m a t i o n i s wrong b u t a l s o t h a t of Dah l i s p r o b a b l y no t 
v a l i d s i n c e i n M(^i^-E)M systems the hydrogen would move 
beyond t h e o c t a h e d r a l c o o r d i n a t i o n p o s i t i o n as i m p l i e d by 
t h e i n t e r s e c t i o n o f t he L - M - M - L v e c t o r s . U n f o r t u n a t e l y 
t h e s t r u c t u r e o f HRe^(CO)-|^^ was never p u b l i s h e d . F i g u r e 4 .15 
shows a p o s s i b l e m o l e c u l a r p l o t based on HRe2Mn(C0)-j^^ 
t k o u g h t h e hydrogen p o s i t i o n i s v e r y much i n d o u b t . 

( x ) CsHCo^(CO)j_^ 

Up t o q u i t e r e c e n t l y o n l y ( M ) ^ - ( /^^^-H) systems have 

been c h a r a c t e r i s e d where n = l , 2 , or 3 . No A'^-H spec ies 

a re known t o e x i s t i n m o l e c u l a r complexes t hough hydrogen 

i s f o u n d i n t e t r a h e d r a l h o l e s i n r a r e e a r t h m e t a l h y d r i d e s 

such as CeH2 and HoH-ĵ  ( 1 1 2 ) . I t i s f e l t t h a t as t h e 

s t u d i e s of t h e v i b r a t i o n a l f r e q u e n c i e s o f hydrogen atoms 
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i n t e t r a h e d r a l and o c t a h e d r a l h o l e s i n these r a r e e a r t h s 

w i l l be r e l e v a n t t o t h e p r e s e n t s t u d y . I t w i l l be d i scussed 

f u r t h e r i n t h e a p p r o p r i a t e p l a c e . 

An e a r l y powder n e u t r o n d i f f r a c t i o n work by Simon 

had shown t h e e x i s t e n c e of hydrogen i n s i d e , t h e n i o b i u m 

oc t ahed ron i n H N b ^ I ^ ^ ( 1 1 3 ) . (COg(C0)-j_^)^~ was the f i r s t 

a n i o n i c h i g h n u c l e a r i t y c l u s t e r t o be i s o l a t e d (114) and 

i n f r a - r e d work on Co^iGO)^^ i n d i c a t e d an o c t a h e d r a l a r r a y 

of c o b a l t atoms i s o s t r u c t u r a l w i t h t he known Rhg(C0)-j^g 

( 1 1 5 ) . C h i n i ( 1 1 6 ) was t h e f i r s t t o l o o k a t t he c h e m i s t r y 
2_ 

o f t h e (COg(C0)-|^^) " i o n , w h i c h on p r o t o n a t i o n produced 

the (HCOg(CO)-^^)'" i o n w h i c h gave an anomalous ly low 

"''H n . m , r , c h e m i c a l s h i f t o f -13.2ppm (117). I h e d i p r o t o n -

a ted H2COg(C0)j^^ s p e c i e s has n o t y e t been r e p o r t e d . 

(HRUg(CO)-^^g)" a l s o gave a low f i e l d c h e m i c a l s h i f t o f -6.4ppm 

( 1 1 8 ) however an X - r a y s t u d y i m p l i e d a s y m m e t r i c a l s t r u c t u r e 

w i t h t he hydrogen w i t h i n t h e o c t a h e d r o n . P i n a l l y , a 

combined X - r a y and n e u t r o n d i f f r a c t i o n s t u d y o f ((Ph^P)2N)''" 

(HCOg(C0)^^)~was c a r r i e d ou t by G h i n i and Bau (72) . The 

X - r a y s t u d y a t 177K i n d i c a t e d a l o n g Go-Co bond i n t he 

o c t a h e d r o n w i t h t h e c a r b o n y l atoms sp layed ou t f r o m i t 

s u g g e s t i n g a Go-in2-B.)~0o system b u t t he n e u t r o n d i f f r a c t i o n 

s t u d y a t 80K l o c a t e d t h e h y d r i d e a t t he c e n t r e o f the COg 

o c t a h e d r o n . The Go-Co d i s t a n c e s , when compared w i t h 

GOg(G0)-j^g, seemed t o show some degree o f s w e l l i n g on 

p r o t o n a t i o n . P i g u r e 4 . 1 6 shows a m o l e c u l a r p l o t o f 

( P I G O g ( C 0 ) - j ^ ^ ) T h e CoH d i s t a n c e i s compared w i t h o t h e r 

m e t a l i n t e r s t i t i a l hydrogen d i s t a n c e s i n Chapter ( 5 ) . 

I t can be noted here t h a t f u r t h e r s i n g l e c r y s t a l 
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Positions of the intgrstitiol hydrogen atoms 
and ifKreoses in intertayer distances in the 
onions CNj^^(C01^^^ (n=2,3;4) [ref:119] 
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neutron d i f f r a c t i o n s tud ies on the ('HNi-^2(^'^)21^^" 
(H2Ni^2(C0)22^) " anions have d e f i n i t i v e l y shown the 
exis tence of H atoms in s ide the octahedral holes of 
these '^I'^^s'tei's ( 1 1 9 ) . However, i t appears t h a t , 

r a t h e r than the hydrogens l y i n g i n the centre of the 

holes as i n the (HCOg^(C0)-j^^)~ anion, the hydrogens are 

capping a N i ^ face f rom w i t h i n the octahedral ho le„ That 

i s the hydrogen i s d isp laced f rom the centre and the 

capped N i ^ face i s a c t u a l l y found t o be s l i g h t l y expanded 

r e l a t i v e t o uncapped N i ^ f a c e s . So the existence of M^H 

u n i t s has "been proven, however, i t i s not c l ea r ye t whether 

hydrogen can e x i s t i n a t e t r a h e d r a l hole i n a complex 

w i t h o u t appreciable s w e l l i n g of the un i te The s k e l e t a l 

forms of the n icke l -hydrogen c lu s t e r are shown i n Figure 

( 4 . 1 7 ) w i t h r e l e v a n t ITi-H distances shown* These n i c k e l -

hydrogen c l u s t e r s are discussed w i t h the cobalt-hydrogen 

system i n Chapter( 3 ) « 

( i x ) HgRugCcO^Q 

This hexanuclear compound, f i r s t produced by Knight 

and Mays(87), i s a purp le a i r - s t a b l e substance which was 

i d e n t i f i e d by mass spectrometry. This was ca r r i ed out 

by i d e n t i f y i n g the molecular ions E^-u.^{GO)-^Q^ and 

D2RUg(C0)-j^g'^ and f i n d i n g t h a t the l a t t e r was two mass 

u n i t s h igher than the f o r m e r . The i n f r a - r e d carbonyl 

s t r e t c h i n g f requency shows three bands imp ly ing a h i g h l y 

symmetrical s t r u c t u r e . An X-ray c r y s t a l l o g r a p h i c de te r ­

mina t ion (71,120) has been ca r r i ed out on H2RUg(C0)-^g and 

i t has been shown t h a t the ruthenium atoms de f ine an 

octahedron, each w i t h three t e rmina l carbonyls . I t was 
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pos tu la t ed t h a t the hydrogens occupied t r i p l y "bridging 

p o s i t i o n s on two opposite faces of the oc tahedron» This 

gave the molecule approximate D^^ symmetry, due t o a s l i g h t 

d i s t o r t i o n of the octahedron as shown by the Ru-Eu 

d i s tances , on the t r i p l y - b r i d g e d f aces , of 2.950-2 

and the Ru-Ru d i s t ances , on the non-bridged faces , of 

2 .850-2 .874! . Fur the r t o t h i s swe l l ing of the bridged 

f a c e s , the carbonyls are found spread away, s l i g h t l y from 

the t r u l y a x i a l pos t ions above the l a r g e r faces of the 

ruthenium octahedron. Figure 4.18 shows the form of 

H2RUg(C0)^Q, 

4 . 5 . The Surface Clus te r Analogy and i t s Relevance t o 

t h i s Study 

This s ec t i on deals b r i e f l y w i t h the surface chemis t ry / 

c l u s t e r chemistry analogy and w i t h the arguments advanced 

f o r the support of the p r o p o s i t i o n t h a t d i sc re t e molecular 

metal c l u s t e r s may be reasonable models of metal surfaces 

i n chemisorpt ion processes. The arguments l e v e l l e d 

agains t t h i s are s ta ted and then the re levancy of the 

analogy t o t h i s study i s discussed where i t i s hoped the 

hydrogen v i b r a t i o n s i n t r a n s i t i o n metal hydr idocarbonyls 

can be compared w i t h already e x i s t i n g data on hydrogen 

chemisorbed on t r a n s i t i o n metal sur faces . I n a l a t e r 

s ec t ion the data gathered f o r benzene complexes w i l l be 

compared w i t h benzene cheraisorbed on p la t inum and i n 

z e o l i t e cages. 

4 . 6 . 1 . Arguments f o r the s u r f a c e / c l u s t e r analogy 

I n c a t a l y t i c processes i n v o l v i n g metal or metal oxide 

surfaces there are u s u a l l y 6 steps on which i n f o r m a t i o n 
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i s needed f o r the grea te r understanding of the r o l e of 

the c a t a l y s t . They are the bond-making of the adsorbate 

t o the s u r f a c e , the bond-making of the coadsorbate, 

p o s s i b l y sur face d i f f u s i o n of r eac t an t s , the r e a c t i o n , 

the molecular rearrangement and the product r e l e a s e „ 

Var ious mechanisms e x i s t which discuss the type of r e a c t i o n 

steps and the r a t e determining par t s of a react iono The 

Langmuir-Hinshelwood-Bonhoeffer hypothesis suggests t ha t 

the r e a c t i o n proceeds through the adsorpt ion of the 

r eac tan t s on adjacent s i t e s f o l l o w e d by i n t e r a c t i o n and 

des 'orpt ion. The Ridea l -E ley mechanism suggests t h a t only 

one reac tan t need be adsorbed and the second species reac ts 

f r o m the gas phase (121 ) . I n the analys is of the i n t r i n s i c 

s t r u c t u r a l , s tereochemical and thermodynamic f ea tu re s of 

a metal surface i t appears, at f i r s t l i g h t , u s e f u l t o study 

such f e a t u r e s i n d i s c r e t e metal c lu s t e r s which could act 

as models of metal surfaces (14,122-^6)» Those c r i t i c a l 

elements t h a t have been s tudied i n the assessment of the 

analogy are s i z e , shape, coord ina t ion number, s t ruc tu re 

and s te reochemis t ry , thermodynamic and l i g a n d m o b i l i t y 

(14-). Apart f r om the many stated advantages t ha t are known 

t o e x i s t i n f avou r of c l u s t e r and s ing le crysta l , models, 

there are many problems invo lved i n the ana lys i s of a 

• r e a l ' surface bo th f rom a p r a c t i c a l and t h e o r e t i c a l v iew­

p o i n t . There are no techniques ava i l ab le t h a t could c o l l e c t 

and evaluate the immense amount of data produced i n a 

r e a l c a t a l y t i c s e t t i n g , which must be described as ' d i r t y ' 

compared w i t h s i n g l e c r y s t a l s tud ies . Many adsorbate/ 

subs t ra te and adsorbate/adsorbate i n t e r a t i o n s could be 
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t a k i n g p l ace , d i f f e r i n g mechanist ic routes may be 

f o l l o w e d i n the r e a c t i o n due to the v a r i a b i l i t y of the 

sur face and concen t ra t ion of reac tants at any one p o i n t . 

Thus, the r e a l su r face , i n a c a t a l y t i c con tex t , i s not 

amenable t o d e f i n i t i v e ana lys i s because i t i s not a 

d i s c r e t e u n i t . I t s s t r u c t i i r e , which may change dur ing 

the course of a c a t a l y t i c cyc le due to the above mentioned 

i n t e r a c t i o n s , could not be ascertained and, f u r t h e r , f rom 

a p u r e l y p r a c t i c a l v i ewpo in t the r e a c t i o n s , bo th w i t h 

regards t o the s t o i c h i o m e t r i c chemisorbed system and t o 

the ac tua l c a t a l y t i c r e a c t i o n could not be probed s u f f i c i ­

e n t l y accura te ly through the normal k i n e t i c and spec t ro­

scopic means. Thus there would appear t o be a need f o r 

d i s c r e t e m o d e l l i n g . 

Var ious s y n t h e t i c rou tes have produced metal c l u s t e r s 

t h a t conta in fragments of close packed arrays of metal 

atoms u s u a l l y found i n b u l k meta l . For example, 

(Rh^^(C0)25 f" contains a piece of a body centred cubic 

c lose packed array (127) and(Pt^(CO)^)^" has a s t r u c t u r e 

based on stacked t r i g o n a l pr isms ( 1 2 8 ) . Thus, w i t h some 

q u a l i f i c a t i o n , these c l u s t e r s of metal atoms w i t h attached 

l i g a n d s resemble small metal fragments or c r y s t a l l i t e s 

surrounded by cheraisorbed species. The s p a t i a l arrange­

ment of those p e r i p h e r a l l i gands w i t h respect t o the metal 

ske le ton has been compared w i t h those of such a l i g a n d 

species when chemisorbed on a metal surface e .g . t e r m i n a l -

and b r i d g e - bonding has been reasonably def ined i n each 

case. Analys i s of thermodynamic data shows a close 

comparison between bond energies f o r the (M- l igand) bond 

i n molecular complexes and metal surface/chemisorbed 
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species complexes ( 1 4 ) . Local ized models of bonding 
have been q u a l i t a t i v e l y discussed where long me ta l -
metal i n t e r a c t i o n s are ignored , as w e l l as l i g a n d - l i g a n d 
i n t e r a c t i o n s ( 1 2 5 ) . The m o b i l i t y of l i gands i n molecular 
complexes i s now more understood and such m o b i l i t y would 
appear t o be an e s s e n t i a l p a r t of a c a t a l y t i c process. 

Much work i s being c a r r i e d out s tudying c l u s t e r s 

and h i g h l y dispersed metal p a r t i c l e s supported on some 

i n e r t m a t r i x such as an a l u m i n o s i l i c a t e framework. 

Very e x c i t i n g prospects e x i s t i n t h i s f i e l d . Very r e c e n t l y 

osmium hydr idocarbonyls and carbonyls have been attached 

t o hydroxyla ted s i l i c a surfaces by breakage of the S i - O H 

bond. The species HOSJ(CO)-^Q S i - has been formed i n t h i s 

manner (129) and has been charater ised by spec t r a l methods. 

The s ize of c l u s t e r s can approach small c r y s t a l l i t e s ; the 

c l u s t e r s s t a b i l i z e d by l i g a n d s , the c r y s t a l l i t e s by 

i n t e r a c t i o n s w i t h the support ma te r i a l ( e . g . an oxide, z e o l i t e 

f r ame , or m a t r i x ) . The p r o p e r t i e s of bo th have been reviewed 

( 1 5 0 ) . I t i s evident t h a t metal p a r t i c l e s ize in f luences 

the chemisorpt ion p r o p e r t i e s of supported meta ls . 

Por example, the s t r e t c h i n g v i b r a t i o n s of NO i r r e v e r s i b l y 

adsorbed on p la t inum i s p a r t i c l e s ize dependent; the l a rge r 

the s ize the lower the ( N O ) v i b r a t i o n ( 1 2 6 ) and the 

i n t e r p r e t a t i o n i s t h a t the back donation t o the n o r b i t a l s 

of the NO"^ depends on the c o l l e c t i v e p r o p e r t i e s of the 

c r y s t a l l i t e s . 

4 . 6 . 2 . Arguments against the surface c l u s t e r analogy 

Moskovits (151) has questioned the campaign f o r 

emphasizing the s u r f a c e / c l u s t e r s i m i l a r i t i e s and f o r 

p l a y i n g down the d i f f e r e n c e s . I t would seem necessary 
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t h a t a q u a n t i t a t i v e bonding scheme has t o be sought 
between an adsorbent and adsorbate. Yet the importance 
of such a model i s not stressed since i t has ye t t o be 
proven t h a t i n f o r m a t i o n on the metal-adsorbate bond i s 
the s a l i e n t c h a r a c t e r i s t i c t h a t determines the chemistry 
of adsorbate /surface i n t e r a c t i o n s . I n t e r a c t i o n s between 
the adsorbate and the surface and other adsorbates have 
y e t t o be s tud ied i n d e t a i l and even the d i v i s i o n between 
l o c a l and non - loca l bonding i s a r t i f i c i a l . 

Since a c o l l e c t i v e e f f e c t can s u b t l y change an 

adsorbate /surface v i b r a t i o n , one can assume t h a t long 

range f o r c e s are t a k i n g p a r t i n the i n t e r a c t i o n and thus 

the c a t a l y t i c a c t i v i t y could not be explained by a pu re ly 

l o c a l e f f e c t d e s c r i p t i o n . However, i f the concent ra t ion 

ac t ive s i t e s , upon which e i t h e r chemisorpt ion or the 

c a t a l y t i c mechanism takes p l ace , i s very low then perhaps 

a l o c a l model may w e l l be used, whereas on a p e r f e c t surface 

the c o l l e c t i v e e f f e c t must p r e v a i l . 

The e f f e c t l i gands have on c l u s t e r s must be very l a r g e . 

A small c l u s t e r , w i t h many ' b r i s t l i n g ' l i g a n d s , must have 

an e l e c t r o n dens i t y on i t s surface (and below the sur face) 

very much d i f f e r e n t f rom much l a r g e r b u l k metal and metal 

oxide p a r t i c l e s . Indeed, the metal-metal bond lengths 

are changed cons iderab ly when l igands b r idge bond a m e t a l -

metal bond i n c l u s t e r s . Though i t i s now known t h a t 

adsorbate attachment on t o metal surfaces can a l t e r the 

subs t ra te surface atom s t r u c t u r e t o a l a rge ex t en t . Many 

s tud ies have been c a r r i e d out on the hydrogen/tungsten 

(100) system (152) where the f i r s t surface l aye r tungsten 

atom s t r u c t u r e v a r i e s w i t h hydrogen coverage. 
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I ' u r t h e r , the c a t a l y t i c a c t i v i t y of c l u s t e r s i s 

known t o be smal ler than metal surfaces because of the 

inheren t s t a b i l i t y of c l u s t e r s where, f o r example, the 

metal atoms f o l l o w an 18e"""̂  r u l e and the l igands and 

metal atoms move i n t o a "pref erred ' o r i e n t a t i o n r a t h e r 

than a ' f o r c e d ' s t r u c t u r e . 

M o b i l i t y on surfaces has yet t o be s tud ied , yet 

l e ss than monolayer coverage, necessary f o r any motion 

across the s u r f a c e , cannot be simulated on a c l u s t e r 

surface because most c l u s t e r s are c o o r d i n a t i v e l y saturated 

and, except f o r (Pt-^g(C0)-^2)^~ not have less than one 

l i g a n d per c l u s t e r metal atom. Fu r the r , because of the 

l i g a n d sa tura ted or near saturated nature of the surfaces 

of c l u s t e r s , there must be involved l i g a n d - l i g a n d i n t e r ­

ac t ions which w i l l be fundamenta l ly d i f f e r e n t t o those 

t h a t are found on a metal su r face , e s p e c i a l l y w i t h less 

than a monolayer of adsorbate species. From t h i s the 

types of d i f f u s i o n mechanisms tha t e x i s t i n both may 

a l toge the r be d i f f e r e n t because of the l igand geometries. 

For example, i t i s h i g h l y u n l i k e l y t h a t a metal atom on 

a surface w i l l have three or more t e r m i n a l l y bonded 

adsorbate species whereas t h i s genera l ly occurs on 

c l u s t e r s . 

4 . 6 . 3 . Relevance of the analogy t o t h i s work 

The v i b r a t i o n a l modes of adsorbates chemisorbed on 

metals are a d i r e c t r e f l e c t i o n of the o r i e n t a t i o n of the 

molecule on the surface and i t s coord ina t ion geometry 

w i t h respect t o the array of under ly ing metal atoms. 

The re fo re , v i b r a t i o n a l spec t ra ace s e n s i t i v e t o the 
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s t r u c t u r e of the molecule /surface complex (among other 

t h i n g s ) . 

The hope i s t h a t such v i b r a t i o n a l i n f o r m a t i o n can 

provide an i n s i g h t i n t o the chemistry generated at the 

sur face ( i f the bonding p r i n c i p l e s are independent of 

the b u l k i n which the l o c a l grouping i s i n c l u d e d ) . 

Fur ther , i t i s hoped t h a t i n f o r m a t i o n f rom t h i s study 

of hydrogen bonded v i a va r ious mechanisms to t r a n s i t i o n 

metal carbonyls can be of some use i n understanding 

hydrogen chemisorpt ion on t r a n s i t i o n metal sur faces . 

Th i s k i n d of model l ing has already been used by W i l l i s 

(133) i n h i s experimental and a n a l y t i c a l study of 

hydrogen on W(lOO) which, i f c o r r e c t , i s con t ra ry t o 

e a r l i e r work by Ibach et a l on W(lOO) ( 1 3 4 ) . The 

v a r i a t i o n i n the f requency of the hydrogen modes on 

tungsten had been discussed by Ibach et a l and they 

claimed t h a t the two d i f f e r e n t surface v i b r a t i o n s at 

d i f f e r e n t coverages corresponded t o two d i f f e r e n t 

occupied s i t e s by hydrogen. At low coverages, the mode 

was associated w i t h hydrogen i n an on top s i t e ( i e W-H 

t e r m i n a l ) whereas at a h igher coverage, nearer 1 mono­

l a y e r , the mode was a t t r i b u t e d to the occupation of br idge 

s i t e s ( i e W(/U2-H)W). W i l l i s had o r i g i n a l l y (135) found 

only an on top W-H species on W ( l l l ) f o r a l l coverages. 

However, W i l l i s (133) i n d i c a t e d t h a t on W(IOO) there was 

only one species - the W ( ; U 2 ~ H ) ^ i^n i t at a l l coverages. 

The v a r i a t i o n i n f requency , a t t r i b u t e d by Ibach et a l 

t o d i f f e r e n t s i t e s , was due t o a v a r i a t i o n i n WHW angle 

which changed w i t h coverage. I t was known t h a t some 

r e c o n s t r u c t i o n of the tungsten surface was t a k i n g place 
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on hydrogen adsorp t ion as found by LEED r e s u l t s 
(136 ,157) . The hydrogens would seem t o reorder the 
surface atoms producing changes i n the W-W dis tances . 
The magnitude of these s h i f t s and, thus , the WHW angle 
v a r i a t i o n has been compared w i t h the v a r i a t i o n i n bond 
angles i n molecular complexes conta in ing M(;U2-H)M species 
and the frequency dependence has been compared i n each 
case. Use was made of the r e l a t i o n s h i p s der ived by 
Shephard e t a l (122) and t h e i r Raman and i n f r a - r e d data 
on t r a n s i t i o n metal hydr idocarbonyls . I t i s thus hoped 
t h a t the data f rom t h i s cu r ren t study may be compared 
w i t h A* and A * ^ - hydrogens chemisorbed (o r absorbed 

i n the fi^ case) on t r a n s i t i o n metals . A comparison of 

the v i b r a t i o n a l f r equenc ies of hydrogen l y i n g i n these 

s i t e s w i l l be compared w i t h the i n e l a s t i c neutron s c a t t e r i n g 

da ta i n a l a t e r chapter . 

Other surface v i b r a t i o n a l experiments of great i n t e r e s t 

are those c a r r i e d out by Richardson and Bradshaw, who 

looked at the H/W (100) system (138) . Using Ibach et a l ' s 

r e s u l t s they ca l cu l a t ed the v i b r a t i o n a l f requencies of the 

hydrogen atom as a ^ func t ion of i t s p o s i t i o n above a W(IOO) 

plane as i t moves f rom a /U^- t o a (U t o a /u^- s i t e . 

Fur ther , a study of hydrogen adsorbed on P t ( l l l ) by Ibach 

e t a l (159) has shown t h a t hydrogen i s adsorbed i n a 5 - f o l d 

s i t e , i e ( ^ j - H ) P t j i s formed and t h i s can be compared w i t h 

i n e l a s t i c neutron s c a t t e r i n g data f o r hydrogen on p la t inum 

(140) b lack which i n d i c a t e d also t ha t hydrogen was i n a 

b r i d g i n g s i t e , though i n t h i s case, a Pt2(/U2""-^^ 

p r e f e r r e d . Ibach also s tudied hydrogen adsorbed on the 

P t ( S ) - [ 6 ( l l l ) X ( l T l ) ] stepped plane (141) and pos tu la ted 
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t h a t , once aga in , P t j ( / j ^ - H ) moiet ies were found on the 

t e r races but t h a t hydrogen formed Pt2(^2~-^'^ u n i t s along 

the corner of the s t ep . 

I t i s f e l t t h a t i t would be an i n t e r e s t i n g aside t o 

compare the (/i^-H) and (^^"^^ spectra of the h y d r i d o ­

carbonyls w i t h the previous spectra of supposed (// -H) 
3 

and (//2~H) species found on p l a t i num, n i c k e l and tungsten 

as i t would w i t h a l l v i b r a t i o n a l work of hydrogen on 

t r a n s i t i o n meta l s . 
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5• Spectrometers Used 

The IIFS spectra of the t r a n s i t i o n metal hydrido­
carbonyls were obtained on 3 spectrometers. The compounds 
were run on BPDDIDO, using neutrons scattered from the Al 
(111) and (31^) planes i n the regions of 97-419cra"'^ and 339~ 

~1 
911cm respectively. Some compounds were run i n the 900-
2200cm"'̂  region using the A l ( 5 l l ) and (71^) planes, however, 
poor results were found due to a low signal-to-noise r a t i o . 
A further disadvantage lay i n the very long counting times 
needed to cover the 1000-2500cm region, which was covered 
better by IN1B, which was used with greater success to' cover 
the 355-790, 726-1790 and 16l3-2355cm"^ ranges using the 
(200), (220) and (311) planes of the copper monochromator. 
The 0-400cm region was covered by the Dido 4H5 time-of-
f l i g h t instrument. In a l l cases the samples were sealed i n 
s i l i c a c e l l s , thus a background subtraction routine was used. 
The background scattering caused by the s i l i c a was determined 
by running an empty can of the same dimensions. Typical IN1B 
and BPDDIDO s i l i c a spectra are shown i n Figure 5.1 (The % 
scattering from an empty can was estimated to be 2~3%). The 
bands resolved i n the IN1B spectrum are spectrometer a r t i f a c t s . 
5.2 M^(jU^-H) Systems 

This sections analyses the data on 'HM^(GO)(^I^O, HEe^(CO)^^ 

H^Ee^(C0)^2' H^Mn^(C0)^2' V"z^'^^°^2 E^^eRji^(GO) 

5.2.1. m^(co)rfo 

a) Previous Eesults 
L i t t l e v i b r a t i o n a l work has been carried out on IN^(CO)(^liO. 

IE and Raman bands in the CO and NO stretching regions have 
been l i s t e d with Raman bands i n the 800-1200cm" region ( 1 ) . 
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The Raman bands were reported at 1205(wb), 1115(mb), 1045(mb), 
965(mb), 900(wb) and 790(wb)cm"'^. The neutron d i f f r a c t i o n 
data was compared with K i r t l e y and Kaesz's (2) -method of 
correilating the WHW angle with the hydrogen stretching 

—1 
frequency. The Raman band at 1045cm was assigned to the 
WHW stretch, and from t h i s the WH¥ angle was calculated to 
be ~140°. Neutron d i f f r a c t i o n data showed the WHW angle 
was 125.5° (1). 

Most related v i b r a t i o n a l studies have been carried out 
on (HW2(C0)^Q)~. A compaz-ative study of the (Et̂ N̂)"'' salts 
of (HW2(C0)^Q)~, (DW2(C0)^Q)~ and (W2(C0)^Q)2"" was under­
taken (3) The intense Raman active W-W stretch, found i n 
(W2(C0)^Q)^~(3) at 109cm"^, was found to s h i f t to lOlcm"'^ 
in the protonated and deuterated species. An IR band at 1580cm 
at 93K was att r i b u t e d to the anti-symmetric WHW stretch in 
the protonated s a l t ( 4 ) . The band i n t e n s i t y , involving 
s i g n i f i c a n t hydrogen motion, was found to be temperature 
dependent by Cooper et al (4) who detected IR bands at 
1683cm"'' (Et^N^) and 1702cm'"''(PPN"̂ ). Cooper et al l i s t IR 
and Raman frequencies associated with hydrogen motion in 
various ¥l2^f^2~^^ complexes. The Raman spectra of (BK^CCOyy^^ 

species a l l contained bands i n the eOO-IIOOcm""̂  region, which, 
according to Cooper et a l , should have contained a deformation 
mode. However the expected number of vibrations f e l l short 
of the observed number of bands. I t was thought that these 
extra bands could be arising due to Permi resonance between 
the symmetric MHM stretch or MHM deformation (5) and the 
overtones or combinations involving the MC stretch or MCO 
deformation motions. A Raman study ensued (5) which 

-1 
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substituted "̂ 0̂ f o r '̂ 0̂ and s h i f t s were found f o r the MC 
and MCO deformations. The expected s h i f t s of l0-28cm"^ 
fo r the overtones and combinations would have affected the 
features arising from the Permi resonance but the frequencies 
did not change s i g n i f i c a n t l y . This discounts the p o s s i b i l i t y 
of Fermi resonance. Other p o s s i b i l i t i e s such as bands due 
to the hydrogen residing i n d i f f e r i n g p otential wells were 
postulated. 

Howard et al (6) l a t e r assigned bands at 1680 and 
-1 -1 

875cm and 1520 and,1022cm to the antisymmetric and 
symmetric stretches respectively in the Et̂ N"*" and Pĥ P"̂  
salts of (HW2(C0)^Q)~. The antisymmetric stretches were 
found to be more prominent i n the IE and the symmetric stetches 
more prominent i n the Raman. The study by Cooper et al (4) 
f a i l e d to mention the p o s s i b i l i t y of a symmetric stretch in 

—1 
the 600-1100cm region and the Howard et al study (6) made 
no mention of deformation bands in the same region. 
(b) Results 

Table 5»1 l i s t s the data from t h s study of m^(eO)^m. 

Figures (5.2, 5-3, 5.4) show the 4H5, IK1B and BFDDIDO spectra 
respectively. The 4H5 spectra i n t h i s chapter are of F(i3)* 
9^a,i3)/a vs. energy transfer (cm" ) . A t i r a e - o f - f l i g h t spectrum 
measures the i n t e n s i t y of scattered neutrons both as a 
function of <i) and Q and so i t i s not suitable for direct 
comparison with optical spectra thus one can extrapolate 
S(a,/5)/a (where a = hQ2/2MT and /3= hc^/KT) to zero a ( i e zero 
momentum t r a n s f e r ) . This function has the advantage of using 
the data from a l l the angles of detection. 
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(c) Discussion 
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With Cg symmetry W^iCO^^^HO i s expected to have vibrations 
that involve hydrogen motion of the following character 
(Table 5.2). 

Table 5.2: C„ Vibrational Analysis 

Vibration Symmetry Ac t i v i t y 

WHW stretch 2A' J ™ 
WW stretch A ) and 
WHW deformation A 1 Earn an 

( i ) Tungsten-Tungsten Stretch Begion 

The WW stretching vibration i s both IE and Eaman active, 
—1 

This stretch i s observed at lOOcra i n the 4H5 spectrum, at 
-1 -1 

103cm i n the IE and 107cm i n the Eaman spectrum. The 
perturbing influence of the hydrogen can be assessed by 
comparing the series (W2(C0)^Q)"-", (HW2(C0)^Q)" and HW2(C0)<̂ N0. 
Onaka et al (7) found the WW stretch at llOcra™'̂  in (^^(00)^^" 
i n t h e i r Eaman study of (M2(C0)^Q?~ ions, Harris and Gray 

—1 
(3) assigned a Eaman band at 109cra"° to the WW stretch in 
(W2(C0)^Q)2- and at lOlcm"'^ i n (H¥2(C0)^Q)" and (DW2(C0)^Q)"". 
Harris and Gray indicated that the stretch did not involve 
H or D motion. However, t h i s i s f e l t impossible since a 
deformation of the WH(D)W angle must take place. Further, 
since the W-W mode i s observed i n the IINS spectrum there 
must be associated hydrogen motion since the band i s too 
strong t o be due to tungsten atom motion alone ( ^̂ ^̂ ^̂ ^ = 
2.8 whereas ^Ay^r,(•^) = 79.7) There i s a small lowering 

11.J o 
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i n frequency on protonation and a similar effect on 
deuteration. This i s expected since the s h i f t on deuteration 
and protonation would be dependent on the masses of the 
atoms involved and the geometrical structure of the molecule. 
Since the mass of the W atom, compared with H and D, i s so 
large, the e f f e c t of replacing anH atom with a D atom would 

— 1 

be minimal. The band at 101cm i n the IINS spectrum i n 
HW2(C0)gN0 i s i d e n t i c a l to that found i n the Raman spectrum 
of (HW2(C0)^Q)" and, therefore, there i s l i t t l e effect on 
changing an axial carbonyl group f o r the n i t r o s y l group in 
HW2(C0)^N0. 

—1 
The IINS band at 83cm i s assigned to a CWC deformation 

mode, which i s neutron active due to associated hydrogen 
—1 

motion. The medium broad IINS band at 175cm in Figure 5.2 
i s more int r i g u e i n g due to i t s strong intensity and large 
FWHH. I t may be due to a number of components such as a 
combination band (100 -f 83 = 183cm ), l a t t i c e mode or a 
WWC deformation. There are features at lower frequencies 

— 1 

i n the IINS spectrum at 60 and 42cm . These are probably 
due to l a t t i c e modes. The frequencies at which they occur 
and t h e i r IINS i n t e n s i t y vary from spectrum to spectrum i n 
the P(a:,A) data ie they are angle and therefore momentum 
transfer dependent. IINS spectra involve appreciable momen­
tum transfers which vary with the angle of detection. The 
variation depends on the angle of detection and the dispersion 
curve f o r the material being studied. I f a mode i s dispersive, 
the gradient changes from point to point so that the IINS 
in t e n s i t y varies. When the gradient i s very nearly zero 
then the i n t e n s i t y i s strongest. Lattice modes show a greater 



146 
degree of dispersion than internal modes and can thus be 
i d e n t i f i e d i n the IINS spectrum by t h e i r variations i n 
in t e n s i t y and peak position. 

i i ) WHW Vibrations (>200cm"^) 
With Cg symmetry, HW2(CO)(̂ N0 i s expected to have 2A 

WHW stretching modes (the symmetric and antisymmetric 
stretches) and a single A WHW deformation mode. However, 
such a simple spectrum was not found with at least 4 IINS 
bands found above 200cm of s u f f i c i e n t i n t e n s i t y to imply 
they were fundamentals. The complexity of IE and Eaman 
spectra of compounds with (("2"^) species has been discussed 
by Cooper et al (5) i n the 800-1100cra~^ region. From our 
IINS spectra i t would appear that the complexity i s found 
i n a l l parts of the spectrum. One postulate (5) was that 
the complexity could be caused by hydrogen residing i n 
d i f f e r e n t p o t e n t i a l wells. D i f f e r i n g bonding positions have 
been ascertained to exist i n (H(D)M2(C0)^Q)"" species (eg ( 8 ) ) , 
HW2(C0)gN0 i s isoelectronic with (HM2(C0)^Q)" but has a 
distorted backbone with the separate COW and NOW axial 
vectors crossing at an angle of 159° rather than 180° found 
i n , say, (HCr2(C0)^Q)'~. With the distorted backbone only 
one p o t e n t i a l well would be envisaged i f the hydrogen resided 
at the cross-over point. However, the hydrogen resides 
beyond t h i s point producing a WHW angle of 125.5°, The 
hydrogen, i n t h i s case, may not be constrained by the 
disposition of the \^^iCO)^liiO backbone and could possibly 
exist i n other positions. Four positions were found i n the 
(DCr2(C0)^Q)" ion (8) though i t is d i f f i c u l t to envisage that 
a l l the possible 8 positions available to the hydrogen i n 
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HW2(C0)gN0 are a l l equally of the same potential well 
depth. However, i n other similar compounds with bent 
MHM bonds the movement of the hydrogen atom from one 
po t e n t i a l well to another takes place without v i s i b l y 
perturbing the metal-carbonyl backbone ie there were no 
large thermal e l l i p s o i d s associated with the metal-carbonyl 
skeleton as there were with the hydrogen atom. The thermal 
associated with the hydrogen atoms i n HW2(C0)gN0 and 
HW2(C0)gN0(P0CH^)^) (9) were large, especial.ly around about 
the W-W bond, which indicated a combination of hindered 
r o t a t i o n a l motion about the WW bond and the packing disorder. 
I f the r o t a t i o n a l motion i s hindered only to a small degree 
then Figure 5.5 w i l l indicate the l i k e l y positions available 
to the hydrogen. Position A i s the actual position inferred 
from the centre of the thermal ellipsoids from the neutron 
d i f f r a c t i o n data, positions B,C and D are symmetric pairs 
of positions where the ba r r i e r to sit e occupation i s l i k e l y 
to increase along the group to position E, the least l i k e l y 
occupied s i t e . Thus the eight positions are formed by the 
staggered nature of the carbonyl ligands whereas the eclipsed 
nature of the ligands i n (H(D)Cr2(C0)^Q)"" can only i n f e r four 
positions, a l l of equal p o t e n t i a l . Thus the complexity of 
the spectral s i t u a t i o n may be caused by a certain number of 
hydrogen atoms residing f o r short lengths of time in the 
alternative positions. 

However, the normal mode, description, which allows the 
large number of fundamental vibrations, i s an intrigueing 
problem. Three and recently four vibrations have been 
reported. The IINS spectra show at least 5 bands in 
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HW2(C0)gN0 and HRe^(GO)^^, which are worthy of a fundamental 
d e s c r i p t i o n on i n t e n s i t y grounds alone. The f o l l o w i n g 
normal mode arguments are r e l e v a n t t o t h i s discussion. 

(a) Herzberg (10) described the v i b r a t i o n s of the species 
as:-

X 

X—* 

\ — - / / 

Symmetric In-plane Antisymmetric 
S t r e t c h Deformation s t r e t c h 

(b) Cooper et a l ( 4 ) s t a r t e d from a d e s c r i p t i o n of the 
l i n e a r MHM group as shown i n Figure 4. . On bending the 
MHM u n i t the s e l e c t i o n r u l e s were relaxed and the form of 
the normal modes changed. The authors then described the 
modes as an antisymmetric s t r e t c h , a deformation and the MM 
s t r e t c h . 

( c ) Howard et a l ( 5 ) described the s t r e t c h i n g v i b r a t i o n s 
as shown i n Figure 4.2-
(d) Katovic and McGarley (11) described three v i b r a t i o n s 
as the MHM symmetric and antisymmetric stretches and a 
f u r t h e r mode which was e i t h e r an MHM bend or an MM s t r e t c h . 
(e) Andrews et a l (12) postulated the f o l l o w i n g normal 
modes. 

t 
H ,H H-> /\ /\ 

M -M <— M-» 
Symmetric Metal-Metal Antisymmetric 

s t r e t c h s t r e t c h s t r e t c h 

( f ) Cooper et a l (5) l a t e r described the v i b r a t i o n s of t the 
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(HM2(C0)^Q)'" species as a low frequency M-M s t r e t c h , a 
high frequency antisymmetric s t r e t c h and two v i b r a t i o n s 
derived from the double degenerate deformation of the 
l i n e a r MHM system. These would form the symmetric s t r e t c h 
and an out-of-plane deformation, which was derived from 
a r o t a t i o n of the i s o l a t e d MHM group. 

The previous d e s c r i p t i o n s lack consistency hut the 
f i n a l argument by Cooper et a l (5) i s thought t o be nearer 
the t r u t h . The regions of the IINS spectra i n which the 
strong bands occur are (a) 1400-1750 (b) 800-1300 (c) 480-650 
(d)300-450 and (e) 50-200cm'"^. From the observed frequency 
of the bands i n the IINS spectra of the (M2-H) moieties, none 
of these can be due t o a f i r s t overtone of any other band. 
Thus the problem must f i n d an a l t e r n a t i v e explanation. 

On p r o t o n a t i n g a species such as ̂ ^^^^^m ^° 2̂̂ '̂ '̂ '̂ m 
one produces three new v i b r a t i o n s . Two of these w i l l be 
the symmetric and antisymmetric stretches and, i f the masses 
of the M atoms i s low, i e not too d i s i m i l a r t o t h a t of 
hydrogen, then one should also get an in-plane deformation. 
The form of the modes w i l l be s i m i l a r t o those of the r i n g 
system X^, developed by Herzberg (10). However, as the 
masses of the metal atoms increases, the form of the i n -
plane deformation w i l l change. The vectors describing the 
metal motion w i l l move very close t o the vector describing 
the M-M bond and thus describe, to a f i r s t approximation,an 
M~M s t r e t c h . I t i s known t h a t M-M stretches occur i n M^CCO)^-
type systems. On pr o t o n a t i o n of the MM bond, the M-M s t r e t c h 
s t i l l takes place but the frequency can s h i f t i n the spectrum. 
This w i l l be due t o a d d i t i o n a l hydrogen motion and the 
e f f e c t of the b r i d g i n g hydrogen i n pe r t u r b i n g the MM bond 



. 1 5 0 

(eg. increasing the bond l e n g t h ) . Now the hydrogen must 
take p a r t i n t h i s M^H motion and w i l l not be decoupled from 
i t . Since the v i b r a t i o n a l amplitudes of the metal atoms 
involved i n these motions i s small, due t o t h e i r heavy 
masses, then i t may be possible t h a t the v i b r a t i o n a l ampli­
tude of the b r i d g i n g hydrogen w i l l not be very large e i t h e r , 
at l e a s t not t o the same extent as found i n , say, the s t r e t c h i n g 

modes. Thus the M-M s t r e t c h s t i l l occurs at low frequency, 
—1 

'-100-200cm , but involves hydrogen motion ( and i s thus 
neutron a c t i v e ) and must therefore be described as an in-plane 
deformations. 

The two MHM s t r e t c h i n g v i b r a t i o n s occur at high frequency 
(eg. 6 ) , the M-M s t r e t c h ( w i t h a d d i t i o n a l H motion) occurs 
at low frequency but two f u r t h e r bands must be assigned i n 
the 300-700cm r e g i o n . The form of one i s t h a t described 
by Cooper et a l ( 5 ) .as 'a possible out-of-plane deformation'. 
This i s produced by a r o t a t i o n of the i s o l a t e d MHM moiety 
about the centre of g r a v i t y of the molecule, transformed i n t o 
a v i b r a t i o n by the e x t e r n a l ligands. This treatment of the 
(M2H) core separately from t h a t of the bulk molecule may 
be possible. For example, i t w i l l be seen t h a t the carbonyl 
and the M-M v i b r a t i o n s can be desribed i n terms of the p o i n t 
group symmetry of the the c l u s t e r i n questions eg. (D2d 
H^Ru^(C0)^2' ^2v H20Sj(C0)^Q and T^ i n H^Re^(C0)^2) whereas 
the MHM v i b r a t i o n s (excluding the M-M s t r e t c h ) can be quite 
convincingly described i n terms of the ' l o c a l ' symmetry of the 
hydrogen atom, ( ^ 2 ^ i n H^Ru^(C0)^2i ^2^^ i n H20S^(C0)^Q and 
^ 3 v H^Re^(C0)^2)- ™^ study then places the out~of-
plane deformation at ~ 300-450cm .. This leaves, however. 
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the band at 480-650cm s t i l l t o be assigned. Prom the 
frequency alone i t must be a deformation mode, and in-plane 
since the out-of-plane mode has already been assigned. The 
in-plane mode must then be r e l a t e d t o the M-M s t r e t c h i n 
form. One a l t e r n a t i v e explanation of the mode arises from 
a framework '^2^'^'^'^ m ' ^^^^^''^i'^"- Perhaps there are s k e l e t a l 
v i b r a t i o n s i n v o l v i n g the hydrogen, due t o some e l e c t r o n i c 
p e r t u r b a t i o n t o the M̂ H u n i t . The IINS bands l i e i n the 
M-C s t r e t c h and M-C-O deformation regions though the forms 
of these v i b r a t i o n s are complex since they are known t o mix 
h e a v i l y ( 1 3 ) • ^ ^ i ^ fraipework mode t h a t would produce 
such an IINS band of medium-strong i n t e n s i t y i s unknown 
in form though i t produces an 'in-plane' - type deformation. 

Now the M-C s t r e t c h e s are observed i n the 300-500cm range 
- 1 

while the M-C~0 deformations dominate the 500~800cm range 
according t o Johnson et a l ( 1 3 ) while Adams et a l (14) describe 

—1 

the ranges as 300-450 and 450-700cm r e s p e c t i v e l y . So the 
in-plane deformation must ar i s e from a s k e l e t a l motion 
which i s more l i k e l y t o be an M-C-O deformation than an MC 
s t r e t c h . F urther, as noted by other studies ( 1 3 , 1 ^ ) of 
metal carbonyls, the M-C-O deformations are strong I n the 
IR and weak i n the Raman spectra. So i f there are IR analogues 
of the TINS bands t h i s may i n d i c a t e t h a t the IINS bands arise 
from s k e l e t a l M-C-O deformations i n v o l v i n g associated hydrogen 
motion. 

Table 5»3 l i s t s the TINS bands of i n t e r e s t i n the 
480-640cm" region and possible IR analogues f o r the ()"2~^I) 

, t r a n s i t i o n metal hydridocarbonyls studied. 



Table 3.3: TINS and IR Analogues i n 48Q-640cm 
—1 

Region (cm ) 

-1 
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Compound TINS IR 

HW2(C0)^N0 480 498(vs) 
HRej(CO)^^ / 631 

\ 546 
537(ni), 580(vsb) 

H^Re^(C0)^2 531 515(m), 560(ra) 

H^Mn3(C0)^2 606 605(m) 

H^Ru^(C0)^2 619 621(vs) 
H2leRUj(C0)^^ 639 j 614(sh),625(ms), 

j 639(sh) 

From the above arguments we propose t h a t the forms of 
the modes which b r i n g about the bands i n the IINS spectra 
are shown i n Figure 5.6 . 

F igure 3«6: V i b r a t i o n a l Modes of (/Ur^-E) Species 

Modes of the M2H U n i t 

t H 

M: 
Symmetric 
S t r e t c h 

Antisymmetric 
S t r e t c h 

Metal-Metal S t r e t c h 
( i n v o l v i n g deformation 
of MHM bond angle) 

A d d i t i o n a l modes derived from s k e l e t a l modes of parent carbonyl 
e 

M e 
"in-plane deformation" out-of-plane deformation 
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Cooper et a l (5) and others had only evidence t h a t 

metal-hydrogen v i b r a t i o n s existed i n the 1400-1750, 800-
—1 

1300 and 50-300cra regions when they c a r r i e d out t h e i r 
assignments. Early IINS work by White and Wright (15,15,17) 
seemed t o go unoticed because they found very strong bands 

—1 
at 300 and 600cm i n t h e i r studies. No evidence 

—1 
pointed t o the deformation mode (s) l y i n g i n the 900cm~ 
region as p r e v i o u s l y stated by Cooper et a l (5)» 

Prom a comparison w i t h the studied (H¥2(C0)^Q)"" species 
the assignments of the antisymmetric and symmetric stretches 

—1 
can be made t o the IINS bands 1595 and 1056cm respect-

_ / ] 

i v e l y . These bands are the most intense above 500cm i n 
Figure 5.3. These values are J'ustified by comparing the 
calculated WH¥ bond angle using the l a t e r methods (secti o n 
5 .4.1.) w i t h the known WHW angle. As expected, both bands 
are also seen i n the IR, at 1500(iiib) and 1042(w)cffl'"'^, and 
i n the Raman at 1620(vwb) and 1080(wb)Gm"^. The antisym-
metric s t r e t c h has a low frequency component at 1404cm . 
This band may be due t o the hydrogen r e s i d i n g i n the stable 
environments of p o s i t i o n s such as B, Figure 5'5° However, 
i t could be a l t e r n a t i v e l y be assigned t o a combination band 
such as the combination of the two strong IINS bands at 
313 and 1056cm''^, t o t a l = 1369cm"''« 

The symmetric s t r e t c h region i n the IR and Raman i s 
very complex w i t h more bands appearing i n the Raman above 

—1 
1000cm and more bands appearing i n the IR at less than 

—1 
1000cm . The reason f o r t h i s anomaly may be th a t the 
higher frequency v i b r a t i o n s are of hydrogen r e s i d i n g i n 
symmetric p o s i t i o n s ( n e a r l y D/̂.̂ )̂ where the A symmetric s t r e t c h 
i s l i k e l y t o be only Raman a c t i v e . At lower frequencies 
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the v i b r a t i o n s are of hydrogen i n less symmetric p o s i t i o n s 
(more l i k e l y C ) where the bands become IR active and much 

s 
less intense i n the Raman spectrum. 

—1 
The low frequency IINS spectrum below 750cm i s complex 

w i t h f o u r strong bands found where one or two WHW deformations 
-1 

would be expected. The two dominating bands at 313 and 480cm 
are assigned t o the pr e v i o u s l y discussed out-of-plane and 

—1 
in-plane deformation modes. The 611cm band, of weaker 
i n t e n s i t y i s assigned t o the second harmonic of the313cm 
band, the strongest band i n the spectrum. Further, the band 

—1 
at 927cm may w e l l be a f u r t h e r overtone of the strong 
313cm"^ band. The three bands at 313, 611 and 929cm~^ can 
be compared w i t h the IINS bands found f o r CSHCI2 and CsHClBr 
(18) (The fundamental bending v i b r a t i o n of the hydrogen bond 
i n CSHCI2 l a y at 656cm , s i m i l a r l y of very strong i n t e n s i t y . 
Three overtones, w i t h diminishing IINS i n t e n s i t y were assigned 
t o bands at 1250, 1810 and 2480cm"'^). The IINS band at 

—1 
780cm can be r e a d i l y assigned t o the combination of the 
two strong deformation modes i n t h i s low symmetry molecule 
( i e 313 + 480 = 793cm~^). The weak band at 389cm"'' may be 
an overtone of the strong IINS band at 175cm'' ( i f t h i s 
band i s due t o a s i n g l e component). I t may also be due t o 
a ¥C s t r e t c h w i t h IINS a c t i v i t y caused by associated hydrogen 

—1 
motion. F i n a l l y , t h e very broad IINS band at 2025cm i s 
assigned t o e i t h e r a second harmonic of the symmetric s t r e t c h 
or t o an IINS-activated CO s t r e t c h i n g mode. 
5.2.2. HRe^(CQ)^,| 
(a) Previous Results 

Various' studies have been c a r r i e d out on protonated and 
deuterated analogues of HRej(CO)^^ (12,19). I n the IR 
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spectrum, a band at 1035cra~'^ i n HRe^(CO)^^ 734cm"'' i n 
DRe^(CO)^^ was assumed t o in v o l v e hydrogen motion. Bands 
were also reported i n the Raman spectra of HRej(CO)^^ at 
I265(vwb), 1049(mb), 965(wb) and 9lO(vwb) which s h i f t e d 
t o 1110(vwb), 820(wb) and 740(sb)cra"'' i n DRe^(CO)^^ (19). 
I t was postulated t h a t the 1035cm"^ (IR) and 1049cm"'' 
(Raman) bands were analogous and were assigned t o the ReHRe 
s t r e t c h . Further K i r t l e y reported bands i n an improved 
Raman spectrum at I258(wb), 1184(wb), I097(wsh), 1041(mb), 
952(mb), 904(mb) and 850(wb)cm~'' i n HRej(CO)^^ and at 1122(wb), 
825(mb) and 7^2(m) i n DRe^(CO)^^ (2,4). Parts of t h i s 
Raman output were depicted by Kaesz and S a i l l a n t (20) and 
a band of i n t e r e s t occurred at 1130cm"''(m) i n DRej(CO)^^, 
though t h i s may be the 1122(wb) band reported e a r l i e r . 
Using the H/ D r a t i o of 1.414 t h i s would i n d i c a t e the 
p o s s i b i l i t y of a band at ~ 1600cm"'' i n HRe^(CO)^^. Unfortu­
n a t e l y t h i s r e g i o n was not depicted nor was a band reported 
here. This may be a prime example of the a b i l i t y to see 
deuterated bands more e a s i l y than protonated bands i n the 
IR and Raman. The l a t t e r are usually broader due t o the 
grea t e r amplitude of v i b r a t i o n of hydrogen (10). 

(b) Results 
Table 5»'̂  i n d i c a t e s those features and assignments from 

t h i s v i b r a t i o n a l study of HRej(CG)^^ and Figixpes 5'7;5»8,5»9 
show the 4H5, BFDDIDO and IN1B spectra r e s p e c t i v e l y . 

( c ) Discussion 
HRej(CO)^^ has Cg symmetry i f the H atom resides i n the 

Re^ plane and Ĉ  symmetry i f i t resides out of the aforesaid 
plane. Table 5»5 i n d i c a t e s the a c t i v i t y of the v i b r a t i o n s 



156 

0) 

w 
•H 
W 
M < 

a;-H. 

o 

I 
as 
S o 

00 OJ r-l OJ 
II 

o •p 

m 
o 
•H 

0) -P 

M 
• r i 

I Q) 
U 
M ix; 

O 0 

s o 

II 

^^\ 

+ 
H 

g 
O •H 
-P 

•H 

I 

o p" 

m 
o 
•H 
U 
-P 
0) 
B 

I 

-p 
0) 
0) 

B •H 
-P 

•H 

o o 

% •H 
P 

53 

p 
p 
(D • 

o 
0) 
(Q 

O 

O 

'S 
fl 
•H 

o 
•H 
P 

o 

0) 

H 

ft <H 
I ' 

O 

P 
X 
0) 

P 

(P 
0) ^ 
03 rH 
(U O 
W ^ 
«i H 

ft 
I 

0 H 1 X 
P CM 

O 

• O O 

% •H 
-P 

P 
ft pi 
O (D 

CH ft 
0) P> 

§ •H 
P 

o 
CH 
(1) 'd 

O 
0 

o o 
p> 
0 0 ft -d 
P' o 
w E 
0 0 

CE; O 

ffi -P w 4J 
0 ^ 

W 
0 

o 
0 
o 
•H 
P 

3 

t-H 

•H 

O •H 
P" 

m 
:̂  
•H 
-d 
0 
pi cd •H 
o o 
m 
w 

< 

m 

I 

0 
H 

1 

g OJ 

cd EH 

H D-

0 0 ^ H moo ô  ^ OJ H o o 
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of the HRe^ moiety, 

Table 5.5: C_. and C. V i b r a t i o n a l A c t i v i t y 

V i b r a t i o n 
C System s Ĉ  System 

V i b r a t i o n 
Number and 
Symmetry 

A c t i v i t y Number and 
Symmetry 

A c t i v i t y 

ReHRe s t r e t c h 2A' 2A 
IR IR 

ReHRe deformation A A 
and and 

nonbridge' Re-Re A A 
s t r e t c h 

Raman Raman 
'bridged' Re-Re A' A 
s t r e t c h 

( i ) Re-Re S t r e t c h Region 
There are two Re-Re stretches (IR and Raman act i v e ) 

and one mode may be described f o r the non-bridged and one 
f o r the bridged Re-Re bonds though t h i s d e s c r i p t i o n i s a 
crude approximation ( i e t h a t the two fragments are decoupled) 
The Re-Re s t r e t c h i n Re2(C0)^Q has been disputed. The 
arguments, from Raman studies, have favoured e i t h e r a band 
at 129cm" from i n t e n s i t y grounds (eg. 22) or at I07cra" ' 
from p o l a r i s a t i o n measurements (eg. 14). I n the IR and 
Raman spectra, bands were observed at approx. 85, 100 and 

—1 
125cm whereas t i m e - o f - f l i g h t IINS bands were observed at 
96 (I07cra"'' i n the BFDDIDO spectrum) and 80cm~'^. 

—1 
From the above evidence the IR/Raman band at 125cm 

i s assigned t o a CReC deformation band since i t i s not 
—1 

observed i n the IIWS spectrum. This allows the 96cm IINS 
band t o be assigned t o the non-bridged Re-Re s t r e t c h w i t h 
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analogy t o the parent carbonyl, Re2(C0)^Q. The IINS band 

-1 
at 80cm i n the t i m e - o f - f l i g h t spectrum i s assigned t o 
the hydrogen-bridged Re-Re s t r e t c h . This reduction i n 
frequency from the non-bridged t o the bridged e n t i t i e s i s 
consistent w i t h the increase i n the M-M bond length seen 
on b r i d g i n g w i t h hydrogen. The frequency r a t i o of the two 

—1 
bands at 95 and 80cm i s 1.2:1 and t h i s i s l a r g e r than 
the average r a t i o of l.1:1f or the two non-bridged M-M stretches 
found i n s i m i l a r bent t r i m e t a l compounds (22). 

-1 
The lower frequency•IINS bands, ~ 70cm , are no doubt 

l a t t i c e v i b r a t i o n s w i t h the t r a n s l a t o r y modes t o be found 
at lower frequencies than the l i b r a t o r y l a t t i c e modes (14). 
The very weak band at 230cm may be due t o a combination 
or a CReC deformation a c t i v a t e d t o some degree i n the neutron 
spectrum i n the same manner as the M-M stretches. 

The IINS assignments of the ReRe s t r e t c h t o the band 
at 95cm"^(IINS)/l00cm"''(R) and 105cm"^(IR), the Re(H)Re 
s t r e t c h at 80cm"'' (IINS) and the CReC deformation t o the 

-1 
IINS band at 125cm favours the assignments of Adams et a l 
(14) on Re2(C0)^Q f o r the ReRe s t r e t c h at l07cm"''(R). I t 
does not favour the Hyams et a l (21) assignment at 129cm~'''(R). ( i i ) ReHRe V i b r a t i o n s 

With a s i n g l e H atom, three ReHRe v i b r a t i o n s are 
expected. One, the Re(H)Re s t r e t c h has already been assigned. 
They are a l l expected t o be IR and Raman a c t i v e . As depicted 
i n Figures (5.8,5.9), the s i t u a t i o n i s more complex as seen 
w i t h HW2(C0)gN0. The IINS spectra of fi^- and ( g-H) 
compounds are much less complicated than the (jn^-B.) compounds. 
Table 5.6 i n d i c a t e s the possible number of hydrogen p o s i t i o n s 
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t h a t can be held i n the (/Ug-H) compounds studied (from 
symmetry c o n s i d e r a t i o n s ) . 

Table 5-6: H P o s i t i o n s i n (^^^^-E) Compounds 

Species 
No. of hydrogen p o s i t i o n s 
about the M-M bond 

(HM2(C0)^Q)- 4 
HW2(C0)^N0 up t o 8 
HRe^(CO)^^ 2 
H2FeRUj(C0)^^ 1 
H^Re^(C0)^2 1 

HjMn^(C0)^2 1 
H^Ru^(C0)^2 1 

I t i s believed t h a t the hydrogen i n HRej(CO)^^ resides 
i n a s i m i l a r p o s i t i o n t o t h a t of hydrogen i n HRe2Mn(C0)^^. 
the l a t t e r compound (23) the M-M bands are nearly perpendicular 
t o each other and the CO groups are eclipsed and l i e i n the 
Re2Mn plane or perpendicular t o i t . F urther, the carbonyls 
are not 'splayed' out as i n (H2Rej(C0)^2) ~ ( 2 4 ) , which i n 
the l a t t e r compound allows the br i d g i n g hydrogen t o reside 
i n the Re^ atom plane. Since i t has been proven t h a t such 
MHM bridges are i n h e r e n t l y bent, two p o s i t i o n s only would 
appear favourable t o hydrogen b r i d g i n g i n HRe^(CO)^^, w i t h 
analogy t o HRe2Mn(C0)^^. Figure 5.10 shows these two 
p o s i t i o n s t o be '^45^ above and below the Re^ plane and bent 
away from the Re-Re bond. In the i s o l a t e d molecule these 
two p o s i t i o n s would be i d e n t i c a l but i n the c r y s t a l they 
may not be. The angle between these two ava i l a b l e p o s i t i o n s 
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i s very s i m i l a r t o those occupied by the b r i d g i n g hydrogen 
atoms i n H20S^(C0)^Q, I t i s i n t r i g u e i n g ' t o see t h a t the 

-1 low frequency spectra, < 800cm" ', i s s i m i l a r i n these 
compounds. The hydrogen, at the temperature of the study, 
may res i d e i n e i t h e r of these two p o s i t i o n s (or p o t e n t i a l 
w e l l s ) . Some kind of t u n n e l l i n g would be ta k i n g place or 
a 50:50 mixture would e x i s t i f the b a r r i e r t o the s i t e 
exchange were too l a r g e . 

Figure 5.10: Two I d e n t i c a l Postions Available to Hydrogen 

Thus any s p l i t t i n g of the band-s i n the IINS spectrum 
may be due t o some ex t e r n a l f o r c e , i f these two p o s i t i o n s 
were i d e n t i c a l . This s p l i t t i n g would then be s i m i l a r t o 
the s p l i t t i n g due t o a s o l i d state e f f e c t , such as s i t e symmetry 
where unrelated s i t e s produce c h a r a c t e r i s t i c v i b r a t i o n s . 
Such s p l i t t i n g , as seen i n the IINS spectrum of HRej(CO)^^, 
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may be explained i n t h i s way. 

The assignment of the antisymmetric s t r e t c h t o the 
—1 

IINS band at 1504cm i s based on evidence t h a t the band 
i s the most intense above l200cm and t h a t a Raman band — 

was found at 1130cm i n DRe^(CO)^^. The assignment of the 
symmetric s t r e t c h i s more d i f f i c u l t since three IINS bands 
are present i n the 900~1300cm region. Again the symmetric 
s t r e t c h i s expected t o be Raman active and the most intense 

—^ 

Raman band l i e s at 1041cm w i t h other bands at 1258,1184, 
1097,952,904 and 850cm~^. The strongest IINS f e a t u r e would 
appear, at f i r s t glance, t o l i e at 1064cm i n the region 

—1 
between 9OO-I300cm . A shoulder of some i n t e n s i t y i s seen 
t o l i e on each side of the c e n t r a l band. Since the Raman and 
IR spectra ( 2 , 19 and t h i s work) have the strongest band at 
~1050cm"'' i t i s f e l t t h a t the c e n t r a l IIWS band at 1064cm"'' 
should be assigned t o the symmetric s t r e t c h . Indeed, using 
the curve r e s o l v e r , t h i s band i s by f a r the stronger i f 
peaks are f i t t e d at a l l of the Raman frequencies found by 
E i r t l e y ( 2 ) . The 1054cm"'' IINS band i s therefore assigned 
t o the symmetric s t r e t c h . The other components on e i t h e r 
side of the 1054cm band i n the IMS spectrum l i e at 919 

—1 
and 1209cm . These bands may be assigned t o combination 
and overtone bands. However,the p o s s i b i l i t i e s are more 
complex i n HRej(CO)^^ due to the s p l i t t i n g of the lower 
frequency deformations. I f the lower frequency s p l i t bands 
are averaged ( i e (324+365)/2 = ~3^5cm~'' and (546+63l)/2 = 

— I N —1 
~588cm ) t h i s may a s s i s t i n the analy s i s . The 1209cm 
shoulder may be due t o the f i r s t overtone of the strongest 
IINS bands i e 2 x 588 = 1l76cm~''. The combination of the 

—1 
two averaged deformations could be assigned t o the 9l9cm 
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sho-ulder i e 3^5+588=:933cm~^. 

The other p o s t u l a t e by Cooper et a l ( 5 ) f o r the 
complexity found i n these spectra i s t h a t f a c t o r group 
coupling i s causing the fundamental hands t o s p l i t by e i t h e r 
the e f f e c t of the surrounding lattice»producing a frequency 
s h i f t i n non-degenerate hands and a s p l i t in•degenerate 
v i b r a t i o n s of the i n t e r n a l and external modes or/and the 
e f f e c t s of the i n t e r n a l v i b r a t i o n s of other molecules. In 
the l a t t e r event a non-degenerate fundamental can be s p l i t 
i n t o a number of bands equivalent to the number of molecules 
i n the u n i t c e l l ( 2 5 ) . This s p l i t t i n g i s caused by the i n -
and out-of-phase v i b r a t i o n s of the u n i t c e l l contents. The 
spread of the symmetric s t r e t c h i n g v i b r a t i o n s appears t o be 
too l a r g e f o r t h i s e f f e c t but the low frequency region 
two bands which are, again i n an analogy w i t h HW2(C0)^N0, 
assigned t o the in-plane and out-of-plane EeHRe deformations. 
The bands at approximately 350 and 600cm are each s p l i t 
i n t o two bands of nearly equal i n t e n s i t y . The lower frequency 
out-of-plane deformation i s s p l i t by ^1cm i n t o two bands 

at 324 and 365cm , and the higher frequency in-plane 
- 1 

deformation i s s p l i t i n t o two bands at 631 and 5^5cm 

separated by 85cm . This s p l i t t i n g may w e l l be caused by 
a s o l i d s t a t e e f f e c t such as f a c t o r group coupling or, 
probably more s p e c i f i c a l l y , c o r r e l a t i o n f i e l d coupling. Only 
studies i n v o l v i n g p o l a r i s a t i o n measurements and s i n g l e c r y s t a l 
experiments w i l l ensure the correct analysis of the v i b r a t i o n s 
of such compounds w i t h regards t o interraolecular coupling. 
The s p l i t t i n g s are q u i t e l a r g e f o r such an e f f e c t but such 
coupling has greater consequence i n v i b r a t i o n s i n v o l v i n g 
hydrogen, such as hydrogen bonded species ( 2 6 ) . 
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Other f e a t u r e s found i n the IHTS spectra are 445(w) 
and at 240cm"'^ (w) . The l a t t e r i s very probably a weak 
combination or second harraonic band i n v o l v i n g the M-M 
v i b r a t i o n s and/or the CMC deformations. The 445(w)cm"'^ band 
may be a very s l i g h t l y a c t i v a t e d ReC s t r e t c h i n g mode.caused 
by associated hydrogen motion. The broad band a t ~ 2110cm 
i s found i n a l l the hydridocarbonyls studied and t h i s i s 
very i n t r i g u e i n g because i t i s f e l t many are j u s t second 
harmonics of the very strong symmetric s t r e t c h i n g v i b r a t i o n s 
( f o r example see CsHCOg(CO)^^). However, i n others there are 
no bands i n the lOOOcra"'̂  region e.g. HjEej(C0)^2' HjMnj(C0)^2 
and H^Ru^(C0)^2' Though second harmonic bands are seen i n 
some of the compounds studied there appears to be a weak broad 
band at 2000-2200cm'"^ implying that the carbonyl s t r e t c h i n g 
v i b r a t i o n s are being seen i n the neutron spectrum t o some 
degree caused by associated hydrogen motion associated w i t h 
the very strong IR active carbonyl s t r e t c h i n g v i b r a t i o n s . 

5 . 2 . 3 . H^Re^(CO)^^ 

(a) Previous Results 

IR bands at room temperature have been reported f o r 

H^Re^(C0)^2 ^^^^7,^^^\2 ^^-^^' '^^^^^ appeared t o be very 
weak fea t u r e s i n the protonated spectrum, which s h i f t e d on 
deuteration and these changes were r e v e r s i b l e . These bands 
were at 625(sh) and 539(w)cm"'^ i n H^Re^CCO)^^- ^ Raman 
study of the compounds (2?),showed only one major d i f f e r e n c e 
i n t h a t a broad band at 1100cm"^ s h i f t e d t o 787cm"'^ i n 
D^Re^(C0)^2- Later studies by Fontal ( 1 9 ) and K i r t l e y (2) 
l i s t e d ReHRe s t r e t c h i n g v i b r a t i o n s i n the Raman spectrum at 
1098(wb) and 1170(wb)cm"^ and I076(rab) and 1172(mb)cm"'^ 
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r e s p e c t i v e l y . Kaesz and S a i l l a n t (20) reported Raman bands 
at 1000(vw), I 0 7 6(vw) and 1100(vw)cm"''^. White and Wright 
looked at the low frequency r e g i o n , using IINS, ( 1 5 ) and 
found a peak at 83cm"^, assigned to the Re(H)Re s t r e t c h of 
E symmetry, and weaker bands at 101 and 151cm . They could 
not decide which of these f e a t u r e s was due t o the Re(H)Re 
s t r e t c h of symmetry. I t was postulated t h a t a band at 
320cm"^ was e i t h e r an in-plane or out-of-plane ReHRe deformation, 

(b) Results 

Table 5 . 7 indicates, those features and assignments from 

the v i b r a t i o n a l study of HjRe^(C0)^2 ^Figures 5'11 '.5'12, 

5.1^ show the 4H5, BE'DDIDO and INIB spectra. 

( c ) Discussion 

HjRe^(C0)^2 has probably D^-^ symmetry and thus w i l l 
I I I II II It 

have v i b r a t i o n s of 10A^ + + 17E +4A^ + 7A2 + 11E symmetry 
of which the f o l l o w i n g , i n Table 5 . 8 , involve hydrogen motion. 

Table 5 . 8 : D̂ ^̂  V i b r a t i o n a l Analysis 

V i b r a t i o n Symmetry Opt i c a l A c t i v i t y 

ReHRe s t r e t c h Raman 
In a c t i v e 

SB IR/Raman 

ReHRe deformation Raman 
1 

E IR/Raman 

ReRe s t r e t c h A; Raman 
1 

E IR/Raman 
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( i ) Re-Re S t r e t c h Region 

H^Re^(CO)^25 l i k e H^Mnj(C0)^2i ^^is D̂ ^̂  symmetry and thus 
two ReRe stretches are expected t o be 'neutron a c t i v e ' , 
' ' ' ' r-^ 

Â  + E . The pre d i c t e d frequency r a t i o i s A^:E = J2:1 
from the assumption of a s i n g l e valence f o r c e f i e l d ( 2 2 ) . 
Figure 5«1'1 i s dominated by three features, a strong IINS 

~1 —1 
band at 156cm w i t h weaker bands at 94 and 78cm . The 
r a t i o of the band p o s i t i o n s of the former p a i r , 156/94, i s 
1.65:1 while t h a t of the l a t t e r p a i r , 94/78, i s 1-21:1. 
These r a t i o s l i e on each side of the expected i^atio 1.41:1. 
Raman bands are also abserved at 148 and 106cm . There i s 
only a s i n g l e IR band of weak i n t e n s i t y i n .this region at 
I43cm""^. Perhaps the ReHRe bond i s s i m i l a r i n HjRej(C0)^2 
and HRe^(CO)^^. Thus the IIEQ bands at 94 and 78cm"^ could 
be compared w i t h the ReRe and Re(H)Re assignments at 96 and 
80cm"^ i n HRe^(CO)^^. The i n t e n s i t y of the two IIWS bands 
i n HjRej(G0)^2 i s somewhat low and t h i s may be due t o heavy 
mixing w i t h other modes i n the same reg i o n . The IINS band 

—1 
at 156cm may be a group of 'neutron-active' CReC deformations. 

I n the IINS spectrum the i n t e n s i t y of the E mode could 
I 

be crudely r e l a t e d t o the i n t e n s i t y of the Â  mode by the 
f o l l o w i n g c o n s i d e r a t i o n . 

I n t e n s i t y of E mode 2 
• , ^ — • 

I n t e n s i t y of A ^ mode 1 
/ I 

On t h i s basis the assignment of the 156 cm band t o 
the Â  v i b r a t i o n would be inc o n s i s t e n t since i t i s more 
intense than the lower frequency p a i r at 94 and 78cm"'^ even 
i f they have l o s t some i n t e n s i t y due t o t h e i r p r o x i m i t y t o 
other modes. However, the i n t e n s i t y comparison of the 94 
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and 78cm bands i s not good since they appear of s i m i l a r 
i n t e n s i t y . These three TINS bands at 156, 9^ and 78cm can 
be compared w i t h those of White and Wright ( 1 5 ) who found 

. ' I 

s i m i l a r bands at 1 5 1 , 101 and 83cm and who also had 
d i f f i c u l t y i n assigning the M-M stret c h e s . From purely 

—1 
i n t e n s i t y considerations the 155cm i n our IINS spectra 

—1 

cannot be an Re-Re s t r e t c h and thus the 78 and 9^cm bands 
are assigned t o the E and Re-Re stretches r e s p e c t i v e l y . 
These assignments are of a t e n t a t i v e nature due t o the poor 
r e s o l u t i o n of the 4H5 spectrum and t o the obvious poor 
A^:E i n t e n s i t y r a t i o . 
( i i ) ReHRe V i b r a t i o n s ( > 2 0 0 c m " ^ ) 

The v i b r a t i o n s which i n v o l v e hydrogen motion ( >200cm~ ) 

cannot be desribed i n terms of the H^Rej(C0)^2 D^]^ Point 
group because of the f o l l o w i n g pieces of evidence: 

( i ) The INIP spectra, i n p a r t i c u l a r , of those compounds 
w i t h a sin g l e hydrogen atom per c l u s t e r , i e W^iGO)^^^ 

. Figure 5 . 4 , and HRe^(CO)^^^Figure ^ . 9 , a r e very s i m i l a r t o 

t h a t of HjRej(C0)^2' ^iP^ure 5 » 1 2 . Bands are found i n the 
f i v e regions once again: i e < 2 0 0 , ~ 3 2 0 , " 5 3 0 , " 1150 and 

—1 —1 

1675cm . A medium intense band also e x i s t s at 8A-5cm 

but i t may be a l t e r n a t i v e l y assigned. 
( i i ) Work by K e t t l e and S t a n g h e l l i n i (28) on Os- and Ru-
carbonyls has shown t h a t i n t e r and intra-molecular coupling 
may be neglected t o a f i r s t approximation ( w i t h the 
exception of the u(CO) r e g i o n ) . Though it.was unreasonable 
t o accept a complete decoupling, possible a p p l i c a b i l i t y of 
an i s o l a t e d M(CO)^ group model was a p o s s i b i l i t y . The 
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assumption t h a t a mechanical coupling between v i b r a t i o n s 
led t o the p r e d i c t e d frequency r a t i o Â  t o E of J2* : 1 . 
Experimentally t h i s was so i n Mj(C0)^2 species but i n 
0s^_^Ru^(C0)^2 species the i n d i v i d u a l v i b r a t i o n s could 
be separated. This i n d i c a t e d l i t t l e e l e c t r o n i c i n t e r a c t i o n 
between the M-M bonds. Perhaps t h i s i s also the case when 
the b r i d g i n g takes place. Thus the ReHRe v i b r a t i o n s could 
be described i n 02^ r a t h e r than D̂ ^ symmetry. 
( i i i ) Not only do the HW2(C0)gN0, Figure 5.4 , and 

HjRe^(C0)^2 5 Figure 5.12, IINS spectra look s i m i l a r but 
under D̂ -̂  symmetry f o u r ReHRe s t r e t c h i n g v i b r a t i o n s would 
have been expected. Clearly i n Figure 5.12 there are not 

—1 

f o u r bands of strong i n t e n s i t y above ~ 800cm t h a t would merit 
such a d e s c r i p t i o n . 

The IN"1B spectrum i s dominated at high frequency by a 
—1 

strong band at 1675cm . Weak features are found i n the IE 
and Raman spectra and t h i s p o i n t s to the band being the a n t i ­
symmetric s t r e t c h . This value i s consistent w i t h other 
t r a n s i t i o n metal hydridocarbonyls. The assignment of the 
ReHRe symmetric s t r e t c h was made by K i r t l e y (2) to a number 

—1 
of bands, from Raman data, i n the 1000-1172cm region. The 

_ - i 

band at 1159cm i n the IINS spectrum i s thus assigned i n 
t h i s manner. Our Raman spectrum found s i m i l a r weak bands i n 
the 980-1170cm"'^ r e g i o n . 

HjRe^(C0)^2 "̂'̂  H^^n^(C0)^2 ^ i f f e i " ^Vilte d r a s t i c a l l y 
i n the assignment of the symmetric s t r e t c h . Bands appear 
i n both IN1B spectra. Figures 5.12 ,3.17, i n the 800-1400cm"^ 

—1 

region but the symmetric s t r e t c h i s found at 875cm i n the 

l a t t e r compound t o 1159cm i n the former. I t may have been 

possible t o assign the symmetric s t r e t c h of HjRej(C0)^2 '̂̂  
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—1 845 cm i n Figure 5 » 1 2 , which would have compared quite 

w e l l w i t h the manganese c l u s t e r data. However, t h i s did not 
—1 

agree w i t h the o p t i c a l data. The lOfS band at 845cm has 
a non-guassion shape and thus must contain a number of 
components. P o s s i b i l i t i e s f o r d i f f e r e n c e , combinations and 
overtones i n t h i s region are:-

(a) The second overtone of the strongest IINS band at 

324cm~^ would l i e at ~ 3 x 324cm"'̂  = 972cm~^ 

(b) The combination of the two very strong IINS bands at 

531 and 324cm"^ = 855cm"^ 

( c ) Another p o s s i b i l i t y l i e s i n the assignment of a 
d i f f e r e n c e band e.g. 1159-324 = 835cm~^. With regards 

the symmetric s t r e t c h assignment i n HjRej(C0)^2 and 
HjMn^(C0)^2 i't may be worth noting t h a t i n section 5.6 i t 
i s shown t h a t the MHM bond angle estimating techniques are 

at variance w i t h H^Re^(C0)^2' However, i t can be shown t h a t 
i t i s the r a t i o of the antisymmetric s t r e t c h t o the symmetric 
s t r e t c h which i s the important f a c t o r and t h a t the i n d i v i d u a l 

frequencies cannot be used accurately. So t h a t even though 

the antisymmetric stretches are s i m i l a r i n H^Mnj(C0)^2 '̂̂ ^ 
HjRe^(CO)^25 "this i s no guide t o indicate t h a t the symmetric 
stretches should also be so i n such s i m i l a r compounds. 

The low frequency deformation region i s quite complex 
but can be very e a s i l y r e l a t e d t o the spectrum of HW2(C0)^N0. 

—1 

The strong bands at 531 and 324cm are assigned t o the 
deformation modes. The former being less intense and 
described as an 'in-plane' mode. This band i s l i k e l y t o be 

—1 
symmetric i n nature and a weak Raman band was found at 556cm 
No IR analogue was observed. The out-of-plane deformation 

—1 
i s IR active and an IR band was found at 342cm , though i t 
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may have been an ReC s t r e t c h . The other weak bands i n 
the IINS spectra are at 242,, 400 and 1991cm"' ' . The former 

m ay be an overtone of the Re(H)Re stretches or a CReC 
deformation. The 400cm bond i s assigned t o a ReC s t r e t c h 
a c t i v a t e d i n the IINS spectra due to associated hydrogen 

—1 
motion while the 1991 cm broad band may involve a number 
of combinations/overtones and, pos s i b l y , a CO s t r e t c h . One 
f u r t h e r p o i n t t o note i s t h a t since the IINS spectra of 
HW2(C0)^N0 and H^Re^(C0)^2 so comparable perhaps they 
can be compared more c l o s e l y . They are v i r t u a l l y i d e n t i c a l 

—1 
below 700cm . However, above t h i s frequency an 'extra' 
band would appear t o be found i n HW2(C0)gN0 at " 1400cm"'^ 
as a weaker lower frequency component of the antisymmetric 
s t r e t c h at 1595cm~'^. A study of H^Rej(C0)^2i sit f i r s t glance, 
does not show such a f e a t u r e . However, i f the band at 
1675cra~'' i n H^Re^(C0)^2 were raised i n i n t e n s i t y so t h a t 
the spectra became continuous w i t h increasing energy t r a n s f e r 
( i e one did not change plane) and there was a f l a t background 
running from ~ 800 t o ~ 1800cm then there i s a p o s s i b i l i t y 

—1 
t h a t a f u r t h e r broad band could be resolved at ~ 1450cm 
of medium i n t e n s i t y which would be at a s i m i l a r frequency 
t o the I406cm~'^ band i n HW2(C0)gN0. Figure 5.14 shows the 
s i m i l a r i t i e s between these compounds i n t h i s energy range. 
The t r u e IINS i n t e n s i t y of these bands and, of course, a l l 
others depends on the chosen background, an unknown f a c t o r . 

-1 
How the band at 1447cm arises may be due t o a combination 

band i n v o l v i n g the out-of-plane deformation and the symmetric 

s t r e t c h . The band occurs, w i t h vax-ying i n t e n s i t y , i n most 

compounds 
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1056 
HW_(CO) NO 

1159 H3Re3lCO)^2 

Figure(5 U ) Comparison between HW (̂CO)gNO & H^RejGO)^^ 

IN1B Spectrg in the 700-1800cm-^ region 
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e.g. Band Frequency Combination 
HW2(C0)gN0 1404 1050+313 

H^Rej(C0)^2 1159+324 

H^Mn^(C0)^2 ^^98 875+336 

In HjMnj(C0)^2 'the band i s at much lower frequency because 

one component, the symmetric s t r e t c h , l i e s at lower frequency. 
I t can also be noted t h a t two IE bands were observed, 

—1 

of weak i n t e n s i t y , at 1640 and 1700cm . This i s probably 
a s o l i d s tate e f f e c t which may also explain the s p l i t Eaman 
bands i n the region of the symmetric s t r e t c h . In f a c t , 
s i m i l a r s p l i t t i n g of the IR bands around 1600cm and the 

- 1 

Raman bands around 875cm , i n d i c a t i v e of the antisymmetric 
and symmetric stretches r e s p e c t i v e l y , occurred i n HjMnj(C0)^2' 
A l e s s favoured explanation of the s p l i t t i n g i s tha t there 
would appear t o be some asymmetry (apparent) i n the H 
p o s i t i o n s i n the r e l a t e d H^Mnj(C0)^2 ^29) w i t h one hydrogen 
appearing to occupy more volume than the other two producing 
a d i s t o r t e d ^7^-^-~~—'^2v s t r u c t u r e . This asymmetry was 
believed t o be an a r t i f a c t since no chemical reason could 
be advanced f o r b e l i e v i n g anything but a D̂ ^̂  symmetrically 
bridged s t r u c t u r e . I f any asymmetry i s found then s l i g h t l y 
d i f f e r e n t antisymmetric and symmetric stretches w i l l a r i s e 
due t o the d i f f e r e n t bonding geometries. 

5-2.4 H^Mn^(C0)^2 

(a) Previous Studies 

White and Wright ( 1 7 ) studied the 0-900cm~^ region, 

using IINS techniques,and compared the room temperature 

IINS spectrum of HjMnj(C0)^2 w i t h the IR and Raman spectra 
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of H^Rej(C0)^i2 '^^^ same frequency range. There was 
d i f f i c u l t y i n f i n d i n g the hydrogen modes using the l a t t e r 
techniques whereas two strong bands i n the IINS spectrum 

—1 

were found at 608 and 312cm which were assigned t o 
MnHMn v i b r a t i o n s . An IINS t i m e - o f - f l i g h t spectrum of 
H^Mn^(C0)^2 ( 1 5 ) was found t o contain two bands at 96(m) 
and 145(m)cm which were assigned to the Mn(H)Mn s t r e t c h i n g 
v i b r a t i o n s of E and Â  symmetry r e s p e c t i v e l y . They postu-
l a t e d t h a t bands at 608 and 3'12cm were due to the i n -
and out-of-plane MnHMn deformation. A l a t e r BFDDIDO spectrum 
of H^Mnj(C0)^2 was shown t o have a marked s i m i l a r i t y t o 
th a t of H2Fe(C0)^ ( 1 7 ) i n the manner and i n t e n s i t y of the 
s p e c t r a l f e a t u r e s , which were found at 5 7 0(sh), 6l0(ms), 
5 5 0(sh), 4 7 0(w), 4l0(w) and 320(vs)cm~'^. The bands i n the 
600cm" region were assigned to MnHMn deformations but a 
study of the i n t e n s i t y d i s t r i b u t i o n led t o a j u s t i f i c a t i o n 
t h a t the 320cm band was not an i n - or out-of-plane MnHMn 
deformation. They went on t o ind i c a t e t h a t since there was 
a resemblance between the spectra of H2Fe(C0)^ and HjMnj(C0)^2 
then the hydrogen p o s i t i o n , i n each case, must be s i m i l a r . 
Howard et a l (6) assigned Raman bands at 1660cm"'^ (average 
value) and 888cm''(average value) t o the antisymmetric and 
symmetric MnHMn stretches r e s p e c t i v e l y . 
(b) Results 

Table 5 . 9 i n d i c a t e s those features from the v i b r a t i o n a l 
of H^Mn^(C0)^2 Figures 5.15 ,5.16 ,5-17 show the 4H5, 
BFDDIDO and IN1B spectra. 
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Figure (5.15) H3Mn3(C0),2 (4H5n 
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(c) Discussion 

( i ) Mn-Mn S t r e t c h Region 

H^Mn^(C0)^2' li^® H^Re^(C0)^2' D̂ ^̂  symmetry. The 
and E Mn-Mn stretches are expected to he neutron active 

and the p r e d i c t e d frequency r a t i o , using the simple valence 
f o r c e f i e l d p r i n c i p l e , i s A^:E' = (22). The 4H5 
spectrum, Figure ^ . 1 ^ i s dominated hy two broad peaks at 
156 and I00cm"^ (frequency r a t i o i s 1.36:1). Unfortunately, 
no Raman data i s a v a i l a b l e on t h i s compound since i t 
decomposed very e a s i l y i n a Raman beam. The IR spectrum 
at room temperature has a medium intense band at 146cm 
which, at 90K, was resolved i n t o a doublet at 1̂ 44 and 150cm , 
i s near the MnMn s t r e t c h i n Mn2(C0)^Q at 157cm"̂  (22). I f 
the 146cm~^ IR band i s the MnMn s t r e t c h then i t i s l i k e l y 
t o be the E' IR act i v e band. I f ̂ the 156cm~'^ IINS band i s 
th e r e f o r e assigned t o the E mode then the A mode would be, 
expected at ( ^ x 136)cra"^ i e I92cm"\ No IINS fe a t u r e 

was found i n t h i s r e g i o n . I t i s f e l t t h a t the IR band at 
'1 

146cm" i s a CMnC deformation mode and, i n f a c t , a Raman 
band i s observed at I48cm~ i n Mn2(C0)^Q and has been 
assigned t o such a deformation (30). This band i n Mn2(C0)^Q 
i s an Eg mode and Raman ac t i v e i n D̂ ^ symmetry (Mn2(C0)^Q) 
but IR ac t i v e i n D̂ ^̂  symmetry (HjMnj(C0)^2) • '̂ ^̂  presence 
of t h i s band probably leads t o much mixing w i t h the Mn-Mn 
s t r e t c h i n g bands and reduces t h e i r i n t e n s i t y somewhat. 

—1 
Thus the two IHTS bands at 136 and 100cm are assigned t o 
the Mn-Mn stretches of A and E^ symmetry r e s p e c t i v e l y . 
This assignment has been c a r r i e d out on the basis of the 
frequency r a t i o r a t h e r than from any IR/Raman. supporting 
evidence. 
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— i S'inally the IINS band at 45cm i s assigned to a 

l a t t i c e mode because of the bands peak frequency v a r i a b i l -
i t y w i t h s c a t t e r i n g angle, whereas the 58cm shoulder i s 
assigned t o another CMnC deformation. 

( i i ) Manganese-Hydrogen Deformation and S t r e t c h Region 
I f t 

With symmetry, f o u r MnHMn stretches (A^, and 2E ) 
and two MnHMn deformations (A^ and E ) are a n t i c i p a t e d . The 
IINS spectra f o r H^Re^(C0)^2 m̂d HjMn^(C0)^2' ^^^y 
s i m i l a r , except i n the assignment of the symmetric s t r e t c h . 
This inconsistency arises from the s l i g h t l y d i f f e r e n t MHM 
geometries. Since the I1T1B spectra i n d i c a t e s convincingly 
t h a t only two bands of major i n t e n s i t y are found i n the 
s t r e t c h i n g r e g i o n , l i k e the previous compounds, the v i b r a t i o n s 
i n v o l v i n g hydrogen are described i n terms of t h e i r l o c a l 
C^^ symmetry r a t h e r than the D̂ ^̂  p oint group. The very 
strong broad IIITS band at 1661cm i s assigned t o the a n t i ­
symmetric s t r e t c h . The IR of t h i s compound shows two bands 
at 1605 and I660cm~'' i n much the same fashion as HjRej(C0)^2* 
The same p o s t u l a t e , as f o r HjRej(C0)^25 put forward t h a t 
some asymmetry i n the hydrogen p o s i t i o n may e x i s t and t h i s 
i s confirmed i n the actual d i f f r a c t i o n analysis of HjMnj(C0)^2 
( 2 9 ) . The broad IINS band at I661cii!~^ indeed could hold a 
•weaker component i n i t s low frequency wing. The two IR bands 
could be caused by the s o l i d s tate e f f e c t . I f t h i s mode i s 
s p l i t then s i m i l a r s p l i t t i n g of other bands would be expected. 
I n f a c t , as Howard et a l (5) reported, the symmetric MnHMn 
s t r e t c h was s p l i t i n t o two Raman bands at 860 and 888cm 

— '1 

(average value = 875cm~ ) . No f u r t h e r s p l i t t i n g was found 
i n the IR/Raman spectra. I n accord w i t h the Howard et a l (6) 



Raman study, the IINS band centred at 875cm i s assigned 
to the symmetric MnHMn s t r e t c h . The broad band at 875cm~ 
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1 

contains a high frequency shoulder and a f u r t h e r band e x i s t s 
—1 

at 1l98cra . Using the du Pont curve r e s o l v e r , the shoulder 
component was observed at ~ 983cm . The i n t e n s i t y r a t i o 

—1 
of the three bands at 875: 983: 1198cm i s approximately 
2.6: 1.2: 1.0. As w i t h H^Re^(C0)^2' 983cm~'̂  f e a t u r e can 
be assigned t o the second overtone of the strongest IINS 
band at 336cra""' (3 x 336 = 1008cm"''). The f i r s t overtone 

—1 —1 
i s assigned at 660cm . The band at 1l98cra could be 
assigned t o the f i r s t overtone of the 'in-plane deformation' 
at 606cm (2 x 606 = I2l2cm~ ) , however, a pref e r r e d 
assignment i s a combination band of the out-of-plane deformation 
and the symmetric s t r e t c h (875 + 356 = 1211cm~'^). This i s 
pre f e r r e d since the combination can be r e a d i l y assigned 
w i t h greater confidence i n H^Re^(C0)^2 HW2(C0) NO i n the -1 ^ 1400-I500cm r e g i o n . Perhaps both combination and f i r s t 
overtone produce some of the experimental IINS i n t e n s i t y at 
.1l98cm~^. 

At lower frequency there are two very strong IINS bands 
which can be assigned t o the i n and out-of-plane deformations. 
The out-of-plane deformation i s observed i n the IR spectrum 

—1 
at 320-338cra . White and Wright t e n t a t i v e l y assigned a l l 
the bands at 670, 610 and 550cm~^ t o the MnHMn deformation 
v i b r a t i o n s but did not assign the bands at 4-70, 410 and 320cm 
(17 ) . From the IINS i n t e n s i t i e s i t would appear t h a t the 

—1 
320 and 606cm IINS bands are fundamental v i b r a t i o n s whereas pr e v i o u s l y t h i s could not be j u s t i f i e d . Further, the band 
at 660cm i s assigned t o the second harmonic of the out-of 
deformation (2 x 336 = 664) w i t h analogy t o most other 
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hydridocarbonyls. The bands at 480 and 435cin are 
assigned t o e i t h e r weak combinations or two MnC s t r e t c h i n g 
v i b r a t i o n s weakly a c t i v a t e d i n the IINS spectrum by 
associated hydrogen motion. The weak shoulder at 565cm 
could also be s i m i l a r l y assigned, "being due t o associated 
hydrogen motion involved i n an MOO deformation mode. An 
a l t e r n a t i v e i s t h a t i t i s due t o some s p l i t t i n g of the 
'in-plane deformation'. This may be due to the same e f f e c t 

—1 
which produc d the two IR bands at 1605 and 1650cm and, 

—1 
t h e r e f o r e , the broadening of the IINS band at 1651cm . 

~1 
The separation of the high frequency IR bands was 55cm 
whereas the separation between the two IINS bands at 565 and 
615cm~^ i s 50cm~'̂ . I t must be noted though t h a t i n HRej(CO)^^, 
the s p l i t t i n g produced doublets of equal i n t e n s i t y whereas 

—1 
i n H^Mnj(C0)^2 '̂'̂^ higher frequency band, at 6l6cra , i s of 
greater i n t e n s i t y . 

5.2.5. H^,Ru,,(C0)^2-

(a) Previous Work 
Johnson et a l (31) found bands i n the IR spectra of 

H^Eu^(C0)^2 and D^Ru^(C0)^2 '̂ ^̂ ^ and 902cm"^ r e s p e c t i v e l y 
and these were assigned t o the Ru-H(D)-Ru s t r e t c h i n g 
v i b r a t i o n s . I t was shown t h a t the RuHRu band was broader 
than the res p e c t i v e RuDRu band. I t was alsc reported t h a t 
the frequencies appeared higher than those found i n hydrides 
such as H^Re^(C0)^2* closer i n v e s t i g a t i o n of the IR 
spectra of H^Ru^(C0)^2 showed bands at 1605 and I272cm~'' 
(32,12). A Raman study of H^Ru^(C0)^2' H2D2Ru^(C0)^2 and 
^Ru^(C0)^2 

D.Ru.(CO) p showed bands at 1585 and l290cm"'^ (H^ form ) , 

1587, 1291, 1156 and 909cm~^ ^^2^2 ̂ ^̂ '̂ ^ and 1153 and 909cm"'̂  
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(D^ form) ( 3 2 ) . This study implied t h a t the spectrum of 
the H 2 D 2 analogue was an exact supposition of t h a t of the 

and species and from t h i s i t was postulated t h a t 
the various Ru-H(D)-Ru o s c i l l a t o r s were uncoupled ( 3 2 ) . 

Andrews et a l ( 3 2 ) went on t o discuss the possible number 
of fundamental v i b r a t i o n s expected i n such a system: (D2d^ 
Raman act i v e RuHRu s t r e t c h i n g modes (A^, , and 2 E ) and 
3 IR active modes ( B 2 and 2 E ) . However, the Raman consisted 
of two bands at 1585 and I 2 9 0 c m " ' ^ and the IR of two bands 

—1 
at I 6 O 5 and I272cra which appeared t o the authors t o be 
noncoincident. I f the Ru-H(D)Ru e n t i t i e s were completely 
uncoupled then 3 RuHRu modes were predicted ( 2 A ^ + B^) w i t h 
one Â  band at low frequency. The authors ( 3 2 ) suggested 
the form of these v i b r a t i o n s as shown i n Figure 5«18. 

Figure 5'18: V i b r a t i o n a l Description of Andrews et al ( 3 1 ) 

H 
jyi^:: — — ^ — — ' M — > *~-n' <—^M 

i i 
A^(R,IR) A^(E,IR) B^(R,IR) 

(b) Results 

Table 5 . 1 0 l i s t s the data co l l e c t e d from the 
v i b r a t i o n a l study of H^Ru^(C0)^2- ^ i ^ ^ r e s 5 . 1 9 , 3 . 2 0 , 5 . 2 1 

show the 4H5, BFDIDO and INIB spectra of the compound. 

(c ) Discussion 

H^Ru^(C0)^2 "belongs t o the D 2 ^ p o i n t group and has 
v i b r a t i o n s of 13A^ + I O A 2 + lOB^ + 1 3 B 2 - f 2 2 E symmetry. The 
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v i b r a t i o n s i n v o l v i n g hydrogen motion may be crudely 
described as shown i n Table.5.11• 

Table 5.11 D̂ .̂  V i b r a t i o n a l Analysis 

V i b r a t i o n Symmetry A c t i v i t y 

RuHRu s t r e t c h Raman 
In a c t i v e 

Raman 

^ 2 
IR/Raman 

2 E IR/Raraan 

RuHRu deformation I n a c t i v e 

^2 IR/Raman 
E IR/Raman 

'Bridged' RuRu s t r e t c h Raman 
Raman 

E IR/Raraan 

'nonbridged' RuRu A, Raman 
s t r e t c h 

1*2 IR/Raman 

( i ) Ruthenium-Ruthenium S t r e t c h Region 

H^Ru^(C0)^2 lias D 2 ^ symmetry and thus 3 Ru(H)Ru (A^+B^+E) 
and 2 RuRu ( A ^ + B 2 ) s t r e t c h i n g v i b r a t i o n s are expected. 
However, only those metal-metal s t r e t c h i n g v i b r a t i o n s of the 
same symmetry as the RuHRu deformation v i b r a t i o n s , i n the 
same low frequency (<; 7 0 0 c m ~ ' ^ ) region, are activated i n the 
IINS spectrum. The expected deformations have A 2 + B 2 + E 

symmetry and thus only the Ru(H)Ru s t r e t c h of E symmetry and 



1 9 0 

the RuRu s t r e t c h of B2 symmetry w i l l be a n t i c i p a t e d and, 
f u r t h e r , both bands are IR and Raman a c t i v e . The band 
frequencies should also be r e l a t i v e l y close t o one another 
and only separated by the e f f e c t of the hydrogen b r i d g i n g . 
This i s a r r i v e d at by considering, i n i t i a l l y , the parent 
"RU^(G0)^2" parent carbonyl of Td symmetry. I n t h i s 
h y p o t h e t i c a l compound the RuRu stretches w i l l of A^+T2+E (T^) 
symmetry. On degrading the molecular symmetry t o D2^ i n 
H^Ru^(C0)^2 "the A^ mode transforms i n t o another A^ mode, 
the E mode i n t o A^+B^ and the T2 mode i n t o B2+E, by r e l a x a t i o n 
of the symmetry r u l e s . Of these only the and E symmetry 
v i b r a t i o n s are expected t o be activated i n the neutron 
spectrum of H^Ru^(C0)^2* These bands are probably s p l i t 
t o some degree because of the bridging/non-bridging s i t u a t i o n . 
The 'bridging' E mode should probably be of lower frequency 
than the B2 mode and of greater i n t e n s i t y i n the IINS spectrum 
since there are twice as many Ru(H)Ru bonds but the l i k e i h o o d 
of i t mixing t o a greater degree with CRuC deformations w i l l 
work against t h i s and reduce the IINS i n t e n s i t y w i t h respect 
to the B2 mode. The RuRu stretches of Euj(C0)^2 found 
at I5lcm"'^ ( E ' mode) and I87cm"'^ (A^ mode) (28 ) . White and 
Wright found s i m i l a r bands i n ERu^(CO)^^'F^, at 145 and I80cm~'^ 
( 1 5 ) . From Figure 5 . 1 9 i t can be seen t h a t the metal-metal 
s t r e t c h i n g frequencies are probably found at lower values 
i n H^Ru^(G0)^2 ^^^n in- e i t h e r Ru^(C0)^2 HRu^(C0)^2^Fg. 

RUj(C0)^2 l i ^ s very strong Raman active CRuC deformations at 
—1 —^ 48 and 85Gm" (28) and a band at 57cm" i s assigned as such 

i n the IINS spectrum of H^Ru^(C0)^2- These bands are IINS 
a c t i v e due t o associated hydrogen motion. I t would also 

appear reasonable t o assign the strongest IINS band at 
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—1 ,l02cra t o a RuRu s t r e t c h and the higher frequency broad 
~1 

band at 140cm t o the other s t r e t c h . There are no 
—1 

f e a t u r e s above 140cm , except the very weak band observed 
—1 

at ~ 170~l80cm , t o i n d i c a t e the RuRu s t r e t c h v i b r a t i o n s 
are s i m i l a r t o those found i n Ruj(C0)^2 and HRuj(C0)^2P^5* 
Furth e r , from crude i n t e n s i t y considerations the E mode 
would be expected t o be stronger i n the IINS than the 
mode. This i s , i n f a c t , the case, i n Figure 5°19 where 

—1 -1 
the 102cm band i s much stronger than t h a t at 140cm 

The very low frequency shoulders at 23 and 3'̂ Gm are 
assigned as l a t t i c e modes. The RuRu stretches should be 
v i s i b l e i n both the IR and Raman spectrao There are 

-1 
coincident IR bands at 101 and I54cra • 
( i i ) Ruthenium-Hydrogen V i b r a t i o n Region 

Andrews et a l (32) could not ascertain whether the 
(RuHRu) species were t o t a l l y uncoupled from the molecular 
symmetry of ̂ 2^^ forming separate G^^ u n i t s w i t h i n the whole 
H^Ru^(C0)_^2 u n i t , from observations of weak IR and Raman . 
f e a t u r e s . They said t h a t there were no.n-_coincident peaks 
i n the IR and Raman spectra at 1505/1585 and 1272/l290cm"^. 
This was based on the Raman spectra shown i n reference (12) 

and on unpublished IR work. The temperature of the studies 
was not sta t e d . However, i t can be shown t h a t they are 
coincide n t and t h a t they probably arise from the same 
v i b r a t i o n s . This i s done by looking i n d e t a i l at the areas 
of i n t e r e s t i n the IR (our work) and Raman spectra ( l 2 ) . 
One can t e n t a t i v e l y say l ) there i s more Raman i n t e n s i t y i n 
the I585cm~'^ band r a t h e r than the I605cm~^, 2) t h a t there 

-1 -1 i s more Raman i n t e n s i t y at I290cm r a t h e r than the 1272cm 
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band 3 ) "the IR band at 1605cm ^ i s more intense than the 
I585cm~'^ band and 4) there i s a broad f e a t u r e at 1 2 8 7 -

1 2 9 2 i n the IR, a weak band at 1260cm but no f e a t u r e at 
1 2 7 2 c m " , which i s contrary t o tha t stated i n ( 2 9 ) i f the 
temperature of study i s the same. These weak features from 
the actual spectra are enlarged i n Figure 5 . 2 2 . 

Figure 5.22 (cm-l) 

Raman 
Features 
r e f . (12) 

I 
1610 

I 
1585 

e I 
1320 1290 

Unknown sample 
temperature 

I n f r a - r e d 
Features 
(This work) 
(9OK) 

12921 
1287 

I t can f u r t h e r be noted t h a t the IR spectrum contains 
weak t o medium intense f e a t u r e s which are coincident w i t h 
a l l the IINS bands. I n the Raman spectra displayed by 
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Kaesz and S a i l l a n t ( l 2 , 3 2 ) , only the features i n the 1600 
and 1300cm regions are observed and the peaks at 1217, 
936 and 673 are not v i s i b l e (under the conditions of the 
experiment). From t h i s evidence i t would appear t h a t since 
a l l the modes were successfully observed i n the IR spectrum 
then the symmetry r u l e s must be being relaxed from the D2^ 
s t r u c t u r e . D i s t o r t i o n of H^Ru^(C0)^2 ^® ta k i n g place 
lowering the D^^ symmetry though there i s no c r y s t a l l o g r a p h i c 
evidence of t h i s . Certain H^Ru^(C0)^2 d e r i v a t i v e s have been 
studied showing t h a t various s t r u c t u r a l isomers are formed, 
which are convertable. For example two isomers, one of 
C2 or and one of Ĉ ^ symmetry are known w i t h ((Cg^H^)^As) 
(Ru^Hj(00)^2 ) (32) and two isomers of C2 and Ĉ ^ are known 

w i t h ((Ph^P)2N)(H^Ru^(C0)^2) ^^3) . 

For a D2^ d e s c r i p t i o n of the H^Ru^(C0)^2 molecule,6 
fundamental s t r e t c h i n g v i b r a t i o n s should be found above, say, 

—1 
700cm and 3 fundamental deformation v i b r a t i o n s should be 
found below t h i s value f o r motions i n v o l v i n g hydrogen. From 
Figure 5.20,5.21 i t can be seen tha t t h i s i s not the case. 
Some IINS bands are broad and may be s p l i t t o a degree due 
t o s o l i d state, e f f e c t s but the spectra only show i n t o t a l 
two fundamental v i b r a t i o n s i n the deformation region and 2 
v i b r a t i o n s i n the s t r e t c h i n g region, i e f i v e short of the 
D2^ d e s c r i p t i o n . I f the v i b r a t i o n s were t o t a l l y uncoupled 
perhaps the (lu^-E)}'!^ d e s c r i p t i o n s i t u a t i o n could be used 
where i t was shown t h a t two deformations and two stretches 
can be i n d e n t i f i e d 

—1 
The IINS band at 1600cm i s assigned t o the antisymmetric 

s t r e t c h . From the IR and Raman studies i t would appear t h a t , 
p o s s i b l y due t o a s o l i d s t a t e e f f e c t , t h a t t h i s s i n g l y 
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degenerate band has been s p l i t . One component a f t e r s p l i t t i n g 
appears t o be more Raman a c t i v e , the other more IR a c t i v e . 
The e f f e c t may occur because a number of d i f f e r i n g s i t e s may 
e x i s t f o r i n d i v i d u a l molecules w i t h i n the c r y s t a l . The 
symmetric s t r e t c h region contains three bands of i n t e n s i t y 
at 9̂ 4-2, 1201 and 1294cm . The symmetric s t r e t c h i s assigned 
t o the strongest band at 1294cm from IINS i n t e n s i t y 
considerations and from the IR and Raman data a v a i l a b l e . Again, 
t h i s mode may be s p l i t t o some degree as shown i n the IR and 
Raman spectra i n Figure 5.22. An i n t r i g u e i n g p a r t of the IINS 
spectrum of H^Ru^(C0)^2 i s the region containing the two 
bands at 1201 and 942cm . These are observed i n the IR 
spectrum at 77K but not i n the Raman spectrum (31 ) ' - There 
are p o s s i b l y various explanations of the p a i r . They could be 
the second and t h i r d overtones of the strongest band i n the 
spectrum Figure 5.20 at 345cm . However, they would appear 

—1 
t o be more intense than the 573cni band which i s assigned 
t o the f i r s t overtone. This i s therefore dismissed. The 
band at 1201 cm" may be the f i r s t overtone of the strong IINS 
band at 523cm~^ (2 x 523 = l246cm~ ^ ) o The i n t e n s i t y of the 

—1 
942cm IINS band i n d i c a t e s t h a t i t may be due to a funda­mental mode i n v o l v i n g hydrogen motion. An explanation may 
l i e i n the f o l l o w i n g . H^Ru^(C0)^2 has an IINS band at 1935cm 

of unusual i n t e n s i t y , compared w i t h other hydridocarbonyls. 
Perhaps, there could be a p o s s i b i l i t y t h a t v i b r a t i o n s of 
t e r m i n a l l y bonded hydrogen could be seen i n t h i s neutron 

s c a t t e r i n g experiment. N.M.R. spectra of the r e l a t e d 
H^Ru^(C0)^Q(Ph2PCH2CH2PPh2) (35) are consistent w i t h an edge-
terminal-edge hydrogen scrambling pathway. Perhaps, i f the 
hydrogen resides long enough at the t e r m i n a l p o s i t i o n , a t 

-1 
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the temperature of the experiment, then the f a s t e r 
11 8 (~ 10 Hz as against ~10 Hz i n n.ra.r.) neutron s c a t t e r i n g 

technique may have measured i t s v i b r a t i o n a l spectrum. 
Terminal RuH s t r e t c h i n g frequencies are usually found i n 

—'I 

the l900-200cm region (36) and terminal RuH deformations 
occur i n the 700-950cm"^ region (37) . Peaks i n the TIES 
spectra at 942 and I935cra~'̂  i n H^Ru^(C0)^2 "i^y be i n d i c a t i v e 
of t h i s e f f e c t . A less e x c i t i n g p o s s i b i l i t y of the cause 

—1 
of the 942cm IHTS band may be th a t i t i s a combination 
band of the two deformation modes, which l i e at 346 and 6l9cm 
( t o t a l = 965cm~^). 

The r e g i o n below 700cm. i n the I I N S spectrum contains 
two strong bands at 346 and 6l9cm" and, w i t h analogy to the 
previous carbonyls, they are assigned t o the in-plane and 
out-of-plane deformations r e s p e c t i v e l y . The weak band at 
673cra i s probably the second harmonic of the strongest 
s p e c t r a l band at 346cm . There i s l i t t l e f i n e s t r u c t u r e 
i n t h i s region and no s p l i t t i n g of the major bands as 
found i n HRe^(CO)^^ and B.^Os-^iGO)The weaker 
fe a t u r e s at 370, 452 and 542cm" are e i t h e r (1) weak 
combination bands i n v o l v i n g the strongest I I N S fundamental 

—1 —1 
at 346cm and the RuRu stretches i n the 50-200cm region 
or (2) weakly neutron a c t i v a t e d RuCO deformations and RuC 
s t r e t c h i n g bands due t o associated hydrogen motion on the 
the mixing of RuHRu deformation bands,at 346 and 6l9cm , 
of h i gh i n t e n s i t y i n the I I N S spectrum w i t h RuCO bands, of 
the same symmetry. This associated hydrogen motion could 
w e l l be v i a b l e since the thermal e l l i p s o i d s of the hydrogen 
atoms are large i n t h i s molecule and' the a b i l i t y f o r the 
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hydrogen t o move from, say, (fi2~^^ (/"̂ -H) or (/"̂ -H) 
p o s i t i o n s i s known t o be easy. Thus, one can envisage 
the l i g h t hydrogen atoms being r e l a t i v e l y f r e e t o move and, 
when l y i n g i n an environment where there i s a dense carbonyl 
p o p u l a t i o n , one could envisage some association of behaviour. 

Thus, i n conclusion, the spectra would seem to i n d i c a t e 
t h a t there i s a decoupling of the hydrogen motions i n 
H^Ru^^(C0)^2 forming f o u r separate G^^ type systems. There 
are c e r t a i n l y not enough fundamental v i b r a t i o n s i n the TINS 
spectra t o i n d i c a t e t h a t the v i b r a t i o n s i n v o l v i n g hydrogen 
m e r i t a symmetry d e s c r i p t i o n . Once again there are 
s t i l l too many v i b r a t i o n s t o imply a s i n g l e Ĉ ^ symmetry as 
i n d i c a t e d by Andrews et a l (32) but, from the TINS studies 
of the (fi^-'S.) compounds a simple C2^-type spectrum i s not 
found i n the s o l i d s t a t e . The TINS bands at 1600, 129^, 619 
and 3'4-6cm are i n d i c a t i v e of symmetric and antisymmetric 
stretches and in-plane and out~of-plane deformations. Various 
p o s s i b i l i t i e s f o r an explanation e x i s t f o r the assignment 

—1 
of the 9^2cm v i b r a t i o n of which the combination band i s 
more l i k e l y . The form of the v i b r a t i o n s are the same as 
found i n HRe^CCO)^^ and HW2(C0)gN0. All the s t r e t c h i n g and 
deformation modes are seen i n the IR at 90K and t h i s i s 
i n d i c a t i v e of a s o l i d s t a t e e f f e c t . 
5-2.6. H^MUvCCO)^-. 

(a) Previous Work 

The IR spectrum of the compound has been reported (38) 
y e t no f e a t u r e , i n d i c a t i n g a possible hydrogen mode, was 
found between the MCO deformation v i b r a t i o n s ( < 550cm~ ) 
and the CO s t r e t c h i n g v i b r a t i o n s ( > I850cm~'^). 
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(b) Results 

Table 3.12 l i s t s the data c o l l e c t e d from the v i b r a t i o n a l 
study of E^^eRu^(GO)gigjures 3.23, 3.24, 3-23 show the 
4H5, BFDDIDO and IN1B spectra of the compound. 

(c) Discussion 

H^PeRu-,(CO) has C symmetry and, thus, the f o l l o w i n g 
v i b r a t i o n s : 47A^ + 43A2. Those v i b r a t i o n s i n v o l v i n g hydrogen 
are summarized i n Table 3'13« However, i t i s f e l t t h a t the 
v i b r a t i o n s i n v o l v i n g hydrogen can be discussed i n terms of 

symmetry. 

Table 3.13; C V i b r a t i o n a l Analysis 

V i b r a t i o n Number and Symmetry A c t i v i t y 

EuHRu s t r e t c h 
RuHRu deformation 
• 'bridged' RuRu 

s t r e t c h 

Â  + Ap 
Â  + Ap 

IR . 
and 

'non-bridged' RuRu 
s t r e t c h ^-^ 

Raman 

'non-bridged' FeRu 
s t r e t c h 

2A^ + 

( i ) Metal-Metal S t r e t c h 

Since the RuHRu deformations are of Â  and Ap symmetry 
then a l l the M-M stretches are expected to be neutron a c t i v e , 
though the degree of a c t i v i t y must bo unc e r t a i n . The 
d e s c r i p t i o n of the M-M v i b r a t i o n s as being due to s p e c i f i c 
p a r t s of the molecule, e.g. an Â  mode due t o an Ru(H)Ru 
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Table 5 .12; Bands Associa ted Wi th H Motion i n H^FeRu,,(CO)^^ 

INIB 
(77K) 

BFDDIDO 
(77K) 

4H5 
(13OK) 

IR 
(77K) 

FIR 
(77K) 

Assignment 

2177(vw) 
2009(vw) 

(Combination bands and/ 
f o r CO s t r e t c h 

1471(msh) 

1322(vs) 

1465 (wb) 
1395 (wiri 

RuHRu antisymmetric 
s t r e t c h 

RuHRu symmetric s t r e t c h 
1104(wta) 2nd overtone , 

(3 X 362 = 1086cm" ) 

999(m) 996(w) Combination (362+639-lOOacm'^) 

732(sh) 732(sh) Overtone (2x362=724cm"-^) 

646(vs) 639(s) RuHRu in -p lane def . 

538(vw) 
405(sh) 

525(vw) 
427(sh) 

385(sh) 360 (^) 

^RuCO deformations 
(and RuC s t re tches 

362(s) 348(s) 

208 (wsh) 

370(sb) 

l60(wm) 

212(m) 

164(wm; 

I52(w) 

RuHRu ou t -o f -p l ane def . 

Pe(CO)Ru s t r e t c h 

PeRu s t r e t c h 

CRuC deformat ion 

153(m) 130(m) 

lOO(m) 

70(w) 

143(m) 

100(wb] 

RuRu s t r e t c h 

RU(H)RU s t r e t c h 

CRuC deformat ion 



199 

Figure 523) H2^3(C0H3l4H5) 

100 300 
ENERGY TRANSFER / cm-i 

Figure (5.24) HgPeRuJCOU BFDDIDO ^3'rr'i3 

95 400 725 
INCIDMT NEUTRON ENERGY / cm-i 
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s t r e t c h , i s an approximation which becomes less v i a b l e as 
the f o r c e constants and masses involved converge. Therefore 
the normal mode d e s c r i p t i o n i s very approximate. The actual 
t i m e - o f - f l i g h t spectrum, Eigure 3'23, consists of a broad band i n 

-1 

the 50-200cm re g i o n I t would be coDsistent t o assume 
the band at I00cm~ i s the Ru(H)Ru s t r e t c h , as found i n 
H^Ru^(C0)^2* This assignment implies t h a t the Ru(H)Ru bond 
i s unaffected by the p e r t u r b a t i o n caused by the s u b s t i t u t i o n 
of the api c a l Ru atom f o r an Ee atom and by the removal of 
two other hydrogens from H^Ru^(C0)^2' r e l a t e d problem has 
been discussed by K e t t l e and S t a n g h e l l i n i (28) i n connection 
w i t h Ru20s(C0)^2 â ^̂  Ru0s2(C0)^2 where i t i s thought t h a t 

t I 

the e f f e c t of the odd atom, M, on the M -M s t r e t c h i s not 
e l e c t r o n i c but only mechanical and l i t t l e changes are found 
i e . the Os-Os s t r e t c h i n 0s^(C0)^2 '̂̂ ^ 0s2Ru(C0)^2 i s 
i d e n t i c a l . Since there i s l i t t l e perturbation-on replacement 
of the Ru atom f o r an Ee atom then the non-bridged RuRu 
s t r e t c h found at " I40cm~'^ i n H^Ru^(C0)^2 would not be s h i f t e d 
t o any degree i n H2EeRuj(C0)^^. However, the spectrum of 
E^^eRvXy^iCO)is poor l y resolved though there may be some 

—1 1 

i n t e n s i t y at 130cm . A l t e r n a t i v e l y the i n t e n s i t y at leOcra" 
could be due t o t h i s RuRu s t r e t c h . I t may be expected t h a t 
the EeRu s t r e t c h i n g v i b r a t i o n s may be weakly neutron a c t i v e . 
The carbonyl-bridged Ee-Ee s t r e t c h i n ( t] ^ - C ^ H ^ )Ee2(C0)^ and —1 

Eej(CO)g l i e s above 200cm and the carbonyl - bridged 
s t r e t c h (e.g. i n (i^-C^H^)2Ru2(C0)^) l i e s at 221cm"'' (39) . 

I t would appear reasonable t h a t the carbonyl-bridged Ee-Ru 
s t r e t c h would then l i e at such a high frequ,ency. The weak 
i n t e n s i t y at - 208cm"^ i n the BEDDIDO spectrum Eigiare 3.24 

RuRu 
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i s assigned t o t h i s p a r t i c u l a r v i b r a t i o n . 

( i i ) Ruthenium-Hydrogen S t r e t c h i n g Region 

In comparing the IINS spectra of HpFeRu^CCO)^^ and 

H^Ru^(C0)^2 » giP:^res 3.24, 3.23, 3.20, 3.21 , i t i s 
immediately seen t h a t the antisymmetric s t r e t c h must l i e 
at a lower and the symmetric s t r e t c h at a higher frequency 
i n HpI'eRujCCO)^J. This, taken w i t h the f a c t t h a t the 
bridged RuRu dis t a n c e s i n HpPeRu^CCO)^^ are shorter than those' 
t h a t e x i s t i n H^Ru^(C0)^2i i s i n d i c a t i v e of the possible 
d i f f e r i n g bridging geometry t h a t may e x i s t i n both. The 
TINS spectrum i s dominated by the double peak i n the 1400cm 

—1 
region comprising of a strong feature at 1322cm and a 
shoulder at 1471 cm . Since these are the two strongest 

—1 
f e a t u r e s above 650cm they are assigned t o the antisymmetric 
and symmetric s t r e t c h e s . Two features were found i n the IR 
(77K) at 1395 and I465cm~ . These were not reported by 
Yawney and Stone ( 3 8 ) . Unfortunately, no Raman data was 
c o l l e c t e d on t h i s deep red compound since i t decomposed very 
r e a d i l y l e a v i n g a Ru/Pe deposit even under very low laser 

—1 
power. The antisymmetric s t r e t c h was assigned t o the 1471cm 
band because i f i t had been assigned t o the 1322cra band a 
very odd b r i d g i n g geometry would be impliedjWhich would have 
created a very small RuHRu bond angle and, thus, an unaccept-
ably short RuHRu bond, i f the RuH bond distance was s i m i l a r 
t o t h a t found i n other (^2"H) complexes. 

Both the bands at high frequency have very strong 
- i n t e n s i t y . The use of the curve resolver i n t h i s region i s , 
u n f o r t u n a t e l y , ambiguous due t o the change i n monochromator 

— 1 •• 
plane at ~ 1600cm . The background l e v e l i s d i f f i c u l t t o 
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set i n the best of circumstances and i t cannot be set 
w i t h confidence i n t h i s case. However, using the curve 

-1 r e s o l v e r j t h e i n t e n s i t y of these bands at 14-71 and 1322cm 

i s approximately the same though the FWHH of the 1471 cm 
shoulder i s much l a r g e r than t h a t of the 1322cm band. No 
reason can be of f e r e d t o explain t h i s phenomenon. 

I f the hydrogen motions are decoupled, which i s very 
l i k e l y i n a comparison w i t h the spectra of H^Ru^(C0)^2i 

then a t y p i c a l (;̂ 2~H) type spectrum would be expected. The 
lower frequency region i s c e r t a i n l y very much l i k e t h a t of 
H^Ru^(C0)^2 shown i n Table 3.14 and the assignments are 
c a r r i e d out as f o r H^Ru^(C0)^2' 

Table 3.14; IINS Comparison i n 3O0-8O0cm"'̂  Range 

H2EeRu^(C0)^^ H^Ru^(C0)^2 Assignment 

732 704 Overtone (2x362=724cm"'') 

639 619 in-plane deformation 

525 542 \ EuC stretches or/ 

427 452 ] RuCO deformations 

385 370 / 
362 336 out-of-plane deformation 

I t i s i n t e r e s t i n g t o see such a close comparison between 
the two deformation regions especially since the s t r e t c h i n g 
regions of both compounds are so d i f f e r e n t . ^Thus i t appears 
t h a t the bonding geometry has only a profound e f f e c t upon 
the MHM s t r e t c h i n g v i b r a t i o n s and not upon the MHM deformations. 
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—1 I n the 1000cm . region there i s a weaker band made up 

• 1 
of two components, the stronger l y i n g at 999cm , the 
weaker at 1104cm"'^. Unlike the 942cm"^ band i n H^Ru^(C0)^2 

which- was seen prominently i n the IR, n e i t h e r of these 

bands were observed i n the IR. Unfortunately no convincing 
•argument can be postulated to explain these peaks. The 

1 

999cm'' band i s assigned to a combination band of the two 

deformations which are of the same A symmetry. The 1104cm 

band may.be a weak second overtone of the strong 362cm 

deformation band. 
5 . 3 . H20s^(C0l^0 

( a ) P r e v i o u s R e s u l t s 

Howard et a l (6) assigned IR bands at 1228(av)cm"'^ and 
—1 

1177(av)cm~ as the antisymmetric and symmetric 0s ( H 2)0s 

s t r e t c h e s r e s p e c t i v e l y . These values were used i n their-

a p p r a i s a l of a technique f o r estimating the MHM bond angle 

i n M^iin^-^) systems. 
(b) R e s u l t s 

Table 3 .13 shows the data c o l l e c t e d from t h i s study 

of .H20sj(C0)^Q and F i g u r e s 3.26, 3.27, 3.28 show the 4H5, 

EFDDIDO, and IN1B s p e c t r a . 

( c ) . D i s c u s s i o n 

iB20s^(C0)^Q has a symmetry of 02^ and v i b r a t i o n s are 

thus 22A^, + 13^2 + 16B^ and I 8 B 2 . Those i n v o l v i n g hydrogen 

motion are shown i n Table 3.16. I f the OS2H2 u n i t i n 

H20s^(C0)^Q could be uncoupled from the r e s t of the molecule 

i t may have a 'D^j^' ( d i s t o r t e d ) symmetry s i m i l a r to the 

Be2H2'unit.in H2Re2(C0)g. The v i b r a t i o n s of t h i s u n i t are 
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Figure (5.26) 
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also shown i n Table 3°17. 

Table 3.16: C^„ V i b r a t i o n a l Analysis 

V i b r a t i o n Number and 
Symmetry A c t i v i t y 

OSH2OS s t r e t c h IR/Raman 
Raman 
IR/Raman 
IR/Raman 

OSH2OS deformation Â  IR/Raman 
IR/Raman 

'bridged' OsOs s t r e t c h IR/Raman 
'non-bridged' OsOs 
s t r e t c h 

IR/Raman 
IR/Raman 

Table 3.17: D^j^ V i b r a t i o n a l Analysis 

V i b r a t i o n Number and 
Symmetry A c t i v i t y 

OSH2OS s t r e t c h Ag Raman 
^ 2 g Raman 

^ 1 U IR 
B-, 3u IR 

OSH2OS deformation Ag Raman 
IR 

'bridged' OsOs 
s t r e t c h = 1 . IR 

( i ) Metal-Metal S t r e t c h 
H20s^(C0)^Q has 02^ symmetry and thus has 0s(H2)0s 

deformation modes of Â  aiad B^ character. The bridged 
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0s(H2)0s s t r e t c h i s of Â  character and the non-bridged 
OsOs stretches are of Â  and B2 character. Thus only the 
A^ symmetry modes are neutron a c t i v e . The IINS spectrum 
Eigure 5.26, i s dominated by a strong band at lOOcra 

—1 
which has shoulders of medium i n t e n s i t y at 70 and 120cm . 

Now H0s^(C0)^2^^5^ also of C2^ symmetry, gave two bands 
i n an IINS spectrum (15) at 160 and 1l2cm"^. Corresponding 
Raman bands were also found at 158 (A^) and 119cm" (E^) i n 
0s^(C0)^2 (28) which has D^^ symmetry. White and Wright (15) 

postulated from t h i s t h a t protonation of an OsOs band had 
a n e g l i g i b l e e f f e c t on the D̂ ^ symmetry d e s c r i p t i o n of the 
OsOs st r e t c h e s . However, i n H20S^(C0)^Q d i p r o t o n a t i o n of 
the s i n g l e OsOs band takes place and two carbonyls are l o s t 
changing the osmium carbonyl skeleton from 0sj(C0 ) ^ 2 t o 
Os^(CO)^Q. This more p e r t u r b i n g change i s r e f l e c t e d i n the 
IINS bands at 100 and I20cm~'^. I f the 120cra"'^ band i s the 
Â  non-bridged OsOs s t r e t c h i t has obviously been g r e a t l y 
perturbed from the 0sj(C0)^2 s i t u a t i o n , of Os(CO)^ - Os(CO)^, 
t o an Os(CO)^ - Os(CO)^ bond i n E^Os^iGO)^^. This cannot 
be accepted. A weak band l i e s at ~ 158cm~'^ i n the P(a:,/J) 
spectra- of H20SJ(C0)^Q and a band l i e s at 158cm~'^ of strong 
i n t e n s i t y i n the BEDDIDO spectrum Eigure 5.27. The band at 

-1 
158cm i s assigned t o the non-bridged OsOs s t r e t c h . The 

—1 
weaker 120cm shoulder could be an OsCOdeformation. The 

-1 
band at 100cm i s assigned t o the bridged OsOs s t r e t c h 
and i t has moved from 119(03^(00)^2) t o 112 (H0s^(C0)^2^) 

t o lOOcra"^ i n H20S^(C0)^Q. Thus the pro t o n a t i o n can be seen 
t o be having the e f f e c t of f o r c i n g the s t r e t c h t o lower 
frequencies. 
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The value of the IINS i n a c t i v e B2 symmetry OsOs s t r e t c h 

can be found by looking at the IR spectra of H20SJ(G0)^Q 
and other X20S^(G0)^Q (22) compounds (where = (OEe)^, 
(0Et)2 and (H(OBu)). The 2A^ and bands have been assigned 
t o the region of " 170cm"'^ ( A ^ ) , ̂  133cra~'^(B2) and « lOOcm""' 
(A^) using Raman spectroscopy, however, only the l a t t e r p a i r 
were observed i n the IR. The IR of H20SJ(C0)^Q has bands 
at 143(s) and three weak-medium intense features i n the 
92-108cm~^ area. With analogy t o XgOsjCCO)^^ the medium 
i n a c t i v e band (B2) i s assigned t o the 143cm"'^ feature i n the 
JR. The 158cm band i s seen i n the IINS spectrum but not 
i n IR. This i s because i t does not gain s u f f i c i e n t i n t e n s i t y 
because the p e r t u r b a t i o n from the D̂^̂  parent t o the 02̂ ^ 
symmetry i s obviously not great enough t o make the o r i g i n a l 
D j ^ 'breathing' mode s u f f i c i e n t l y IR a c t i v e . 

The lowest frequency bands i n the IINS spectrum at 
27 and 43cm are assigned t o l a t t i c e modes whereas the 

—1 
strong shoulder at 70cm i s assigned t o an COsC deformation, 
which has gained some IINS i n t e n s i t y by associated hydrogen 
motion. 
( i i ) Os-H V i b r a t i o n s ( >200cm"^) 

Howard et a l (6) re p o r t e d , from IR measurements, t h a t 
the average value of the antisymmetric s t r e t c h was 1228cm 

—1 
and t h a t the symmetric s t r e t c h l a y at 1177cm . f i g u r e 3.29 

-1 
shows the 1l00-1400cm region of our IR spectrum at 77K. 
At room temperature the peaks were reduced i n i n t e n s i t y byt 
no s h i f t s were found. 

-1 
The reported band at 1177<̂ ra does not e x i s t i n our 

spectrum. Perhaps i t has been replaced by the medium intense 
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Figure (5 29) 
IR bonds in the 
1200 cm-^ region 
of H^OsjCOl^Q 
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—1 iDand at 1l96crn . I f the hydrogen i s coupled w i t h the r e s t 

of the molecule, which may be approximated t o an Os^H^ 
fragment since both have symmetry, then the v i b r a t i o n a l 
modes may be crudely approximated t o the f o l l o w i n g : -

OsH stretches + + + 'Q^ 
OsOs stretches 2A^ + 
OsH deformations Â  + 

To t a l 9 
I f the hydrogen i s decoupled from the molecule then the 

0b^2 fragment need only be analysed ( i e the Os(CO)^ moiety 
i s i g nored). The OS2H2 fragment can be compared then w i t h 
H2^^e^(C0)3 which has D^i^ symmetry. The v i b r a t i o n a l modes 
may be crudely approximated t o the f o l l o w i n g : -

OsH stretches Ag + 'Q^^ 
OsOs stretches Ag 
OsH deformations B^^ + Bg^ + B^^ 

To t a l 6 
The number of v i b r a t i o n s i n the molecule obviously 

remains the same but the hydrogen i s involved i n 9 i n the 
case of symmetry and 6 i n the case of D̂ ^̂  ' l o c a l ' symmetry^ 
I t has already been shown t h a t the OsOs s t r e t c h i n g v i b r a t i o n s 
probably i n v o l v e the whole Os^ t r i a n g l e and they were 
described by the Q,^-^ molecular p o i n t group. However, 6 OsH 
stretches and deformations are expected w i t h symmetry 
whereas 5 are expected w i t h Dg-̂  l o c a l symmetry. There are, 
i n f a c t , 5 IINS bands of strong i n t e n s i t y at 426, 672, 732, 
1241 and 1483cm~'^ (though a s i x t h may l i e at 1326cm~'^ as a 
shoulder). Howard et a l (6) have no r e a l evidence apart from 
two peaks, with, a separation of 51cm i n t h e i r IR spectrum 
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(a separation of 23om~^ i n t h i s study) f o r supporting t h e i r 
assignment of the s t r e t c h i n g v i b r a t i o n s . Such m u l t i p l e 
hands occur i n most hydridocarbonyls i n the symmetric s t r e t c h 

'1 
region (800-1500cm" ) and where these m u l t i p l e t s have been 
observed there has never been a separation and assignment 
of two fundamental modes. The Raman technique has been more 
successful i n l o c a t i n g symmetric stretches whereas the IR 
technigue has been more successful i n l o c a t i n g the antisymm­
e t r i c stretches i n bridged hydridocarbonyls, so the apparent 

—1 —1 
weaker i n t e n s i t y of t h e i r 1177cm and our 1196cm band may 
w e l l have i n d i c a t e d i t was a symmetric s t r e t c h and the 

—1 
stronger band at 1228(l225)cnr may w e l l have indicated an 
antisymmetric s t r e t c h . However, since two strong bands at 

-1 
1483 and 1245cm appear i n the neutron spectrum some doubt 
must be thrown onto these assignments. Further, on using 
a curve r e s o l v e r the shoulder seen between these two strong 
bands can be resolved i n t o a band at 1330cm . The r e l a t i v e 
i n t e n s i t i e s f o r the 1225, 133O and I483cm~'^ bands are 
approximately 2.5:1:2.5. On considering the possible D^-^ 
and symmetries, i t can be seen t h a t the symmetric s t r e t c h , 

• on i g band i n D2h' only Raman active whereas i n 
symmetry, as an band, i t i s IR and Raman a c t i v e . The 
antisymmetric s t r e t c h , i n T>2]:i symmetry, i s a mode which 
i s only Raman ac t i v e and on relaxationto 02^, degrades i n t o 
an I 2 mode which, again, i s only Raman a c t i v e . This i s over­
whelming proof t h a t whether under G^y decoupled 
symmetry of D^-^ t h a t the antisymmetric s t r e t c h i s Raman 
ac t i v e only. Further, the symmetric s t r e t c h i s only IR 
a c t i v e i n the 02^ symmetry. S o l i d s t a t e e f f e c t s could 
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provide the necessary e f f e c t t o make a l l the bands IR 

"1 
a c t i v e but i n t h i s case the 1483cm band would then be i n 
the IR spectrum. No band was seen i n t h i s region except a 

—1 
very weak broad f e a t u r e at 1515cm . This may be an 
i n d i c a t i o n t h a t the s i t e symmetry i s r-elaxed. 

—1 
Thus the IE bands at 1225 and 1196cm are assigned t o 

the symmetric s t r e t c h . The m u l t i p l e t seen cannot be due 
t o the hydrogen r e s i d i n g i n m u l t i p l e p o t e n t i a l w e l l s , as i n 
the s i n g l e hydrogen (̂ 2̂-̂ ) compounds. This small s p l i t t i n g 
(29cm~^) may be r e l a t e d t o the s l i g h t s p l i t t i n g (3cm~'^) i n 
the band at 732cm . This could be due t o hydrogen atoms 
r e s i d i n g i n s l i g h t l y d i f f e r e n t environments i n the c r y s t a l 
and, thus, each s p e c i f i c s i t e produces i t s own non-degenerate 
v i b r a t i o n . No degenerate species e x i s t .in or D^-^ symmetry. 
The antisymmetric s t r e t c h i s assigned t o the Raman active 

—1 
IINS band at 1483cm . Later, i n section__5^4^ i t w i l l be 
seen t h a t w i t h e i t h e r set of stretches the r e s u l t s achieved 
w i t h the bond angle estimation are poor i n d i c a t i v e t h a t the 
M2(;U2-H)2 u n i t s must be t r e a t e d separately from M20t2"-H) 
moieties. 

There are very few other features of note i n the 750-
-1 -1 2400cm r e g i o n . The bands at 1943 and 2024cm must again 

be combination bands w i t h p o s s i b l y some carbonyl s t r e t c h i n g 
motion w i t h associated hydrogen movement. The shoulder at 

—1 
1112cm may be a combination band, of the two B symmetry 

— I 
deformations at 672 + 430 = 1102cm but, again, i t may not 

—"1 

be s t a t i s t i c a l l y s i g n i f i c a n t . The band at 1330cm may only 
be an overtone of very strong lower frequency bands. ( I n 
f a c t 2 X 667cm""" = 1334cm"'^). 
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Looking at the spectra o v e r a l l i t may now be possible 

t o f i n d out whether a decoupled D̂ -̂  system i s found or 
whether a whole-molecule-symmetry remains t o c o n t r o l the 

v i b r a t i o n s i n v o l v i n g hydrogen. From the IINS data there 
—1 —1 

are 3 strong bands below 750cm at 732, 667 and 430cm 
i n d i c a t i n g t h a t there are 3 deformations and there are two 

-1 
strong high frequency bands at 1225 and 1483cm i n d i c a t i n g 
t h a t there are two s t r e t c h i n g modes. This seems overwhelming 
evidence t h a t the v i b r a t i o n s i n v o l v i n g hydrogen are decoupled 
from the r e s t of the molecule and can be explained i n terms 
of the D^j^ l o c a l symmetry. The form of the s t r e t c h i n g and 
deformation v i b r a t i o n s i n v o l v i n g hydrogen motion i n the D2-|̂  
symmetry are shown i n Figure 5'30. These modes were discussed 
by Andrews ê t a l (12) f o r the H2Re2(C0)g molecule. They 
also depicted the Re-Re s t r e t c h which must have involved 
hydrogen motion producing a deformed ReHRe bond angle. I n 
H20s^(C0)^Q the s i n g l e bridged 0s(H)0s s t r e t c h does not 
s t r i c t l y e x i s t since the Os-Os v i b r a t i o n s appeared coupled. 

At lower frequencies there are strong bands at 430, 672 
—1 —1 

and 732cm . The lowest frequency f e a t u r e at 430cm i s 
assigned t o the out-of-plane deformation of 62^ character. 
This band i s assigned t o the lowest frequency deformation 
because i t i s the most antisymmetric w i t h analogy t o the 
other hydridocarbonyls. This value i s at higher frequencies 
than the analogous (f^2~^^^2 °'̂ 't-of-plane deformations, which 
are found i n the 300-400cm regime. The higher frequency 
value may be due t o the d i f f e r e n t metal-metal bond, which 
has been described as a double bond (38) i n these M2(i"2'"-^)2 
species. Further, the hydrogens are already out of the 
plane which i s p e r p i n d i c u l a r to the osmium t r i a d . This 



216 
would p o s s i b l y make the motion, shown i n Figure 5«30, more 
d i f f i c u l t t o execute and since the i n t e n s i t y of t h i s band 
i s much lower than i n other n2(f^2~^^ species, t h i s explanation 
would seem t o be v i n d i c a t e d . The in-plane deformations w i l l 
be as intense as those found i n the M2(;W2~-^) system, i f 
regarded as a decoupled H^-j^ u n i t . The bands at 672 and 

—1 
732cm ai"© of great i n t e r e s t and they may be due to a 
s p l i t t i n g of the in-plane motion producing a doublet of equal 
i n t e n s i t y because of a c o r r e l a t i o n f i e l d coupling e f f e c t . 
With Z = 2 i n the u n i t c e l l t h i s s p l i t t i n g may have taken 

~1 
place. However, the separation of 59cra w i l l probably be 
too large f o r t h i s e f f e c t . An a l t e r n a t i v e explanation i s 
sought. Prom the s i m i l a r IINS i n t e n s i t y of the bands at 667 
and 732cm they must be due t o s i m i l a r fundamental v i b r a t i o n s 
and because of t h e i r low frequency they are obviously 
deformation modes, thus making up the 3 deformations/2 s t r e t c h 
"'̂ 2h '^^^ d e s c r i p t i o n . The deformations of B^^ and B^^ symmetry 

—1 
are assigned t o the bands at 732 and 667cm . The only 
d i f f e r e n c e between these bands i s tha t the 667cm band i s 
not as intense i n the IR spectrum as the 732cm band. 
Looking at t h e i r form i n Figure 5'30 one could say t h a t the 
B^^ v i b r a t i o n was r e l a t e d t o the B^^ antisymmetric s t r e t c h 
i n t h a t the hydrogen d i r e c t i o n of motion i s the same. Since 
the heavy Os atoms w i l l not move very f a r then t h i s comparison 
may be v a l i d . The B^^ deformation can be r e l a t e d t o the 
symmetric s t r e t c h of Ag symmetry. This would seem t o p o i n t 

—1 —1 
t o the B^^ band l y i n g at 732cm and the B^^ band at 667cm 
because the antisymmetric motion w i l l l i e at higher frequency 
and f u r t h e r , but less convincingly, the antisymmetric 
motions would be expected t o be, as i n other hydridocarbonyl 
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systems, more e a s i l y seen i n the IS than the symmetric motions 
though t h i s i s not the case f o r the s t r e t c h i n g v i b r a t i o n s 
i n H20s^(C0)^Q. 

5-^- (;»v-H)M̂  Species 

5.^-1. H,,Rê , (00)^2 

(a) Results 

No other v i b r a t i o n a l studies have been reported on 
t h i s compound. Table 5.18 shows the data and assignments 
from t h i s i n v e s t i g a t i o n . Figures 5'3'1^ 5*32, 5»33 depict 
the 4H5, BFDDIDO and IN1B spectra. 

(b) Discussion 

H^Re^(G0)^2 ̂ -̂S v i b r a t i o n s of the f o l l o w i n g type 
6A^ + 2A2 + 8E + 9T^ + 13T2 Table 5-19 shows the symmetry 
of the v i b r a t i o n s under T^ symmetry. 

Table 5.19: T^ V i b r a t i o n a l Analysis 

V i b r a t i o n 

CO s t r e t c h 
ReC s t r e t c h 
ReCO deformation 
Re^H^ s t r e t c h 
Re^H^ deformation 
CReC deformation 
Re(GO)^ Rock 
Re(CO)^ Torsion 

Symmetry T^ 

Â  + E + T^ + 2T2 
Â  + E + T^ + 2T2 
A + A2 + 2E + 3T^ + 3T2 
Â  + E + T^ + 2T2 

\2Â  + A2 + 3E + 3T^+3T2 

Tablg 5.20 shows the s i t u a t i o n i f the f o u r Re^H u n i t s 
are decoupled. The v i b r a t i o n s w i l l take place under Ĉ ^ 
symmetry. 
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Table 5.20: C^„ V i b r a t i o n a l Analysis 
220 

V i b r a t i o n Symmetry (0^^) A c t i v i t y 

Re^H s t r e t c h 3 
E V Re^H deformation ^1 / and 
E / Raman 

( i ) Re-Re Stretches 

H^Re^(C0)^2 approximates t o a r e g u l a r tetrahedron. I f 
the Re^ moiety can be tr e a t e d separately then v i b r a t i o n s of 
Â  + E + T2 symmetry are expected. The T2 mode i s IR acti^ve 
whereas they are a l l Raman a c t i v e . Unfortunately no Raman 
data was c o l l e c t e d successfully on t h i s deep red compound 
since i t was very e a s i l y reduced to rhenium metal. Further 
the 4H5 spectra i s poorly resolved. The predicted frequency 
r a t i o f o r the v i b r a t i o n s , assuming a simple valence f o r c e 
f i e l d are A^:T2:E = 2: S^: 1 (2 2 ) . There i s only a single 
band i n the IR spectra,at 148cm"^, below 300cm"^. IINS 
bands can be observed at 200cm" ( i e I.46T2) and 106cm~ 
(0 .77 T2). Thus the frequency r a t i o i s 2:1.37:1.06 which 
i s reasonably close t o the expected r a t i o . Unfortunately, 
the e f f e c t of the bonding of the 4 hydrogen atoms, t o the 
ReJ faces, on the ReRe stretches cannot be estimated since 
there has been no study of an Re^(T^ system without H bridges 
(e.g. Re^(CO)^g ) . The low frequency shoulder i n the IINS 

-1 
spectrum at 55-70cm i s assigned to a CReC deformation 
mode. 
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Table 5.18; Bands Associated With H Motion i n H,̂Rê^ (C0)^2 

IN1B 
(77K) 

BFDDIDO 
(77K) 

2201(mb) 
2092(mb) 

1127(ssh) 

1027(vs) 

853(ra) 
708(m) 

592(w) 

475(sh) 

3l9(tn) 

7^9(sb) 

627(m) 
546(ms) 
480(wm) 
426(m) 

244(vw) 
I94(sh) 
1 5 l ( v s ) 

4H5 
(130K) 

IR 
(77K) 

460(vs) 

320(w) 

200(w) 
137(m) 
106(mb) 
55/70 
(bsh) 

I620(wb) 
llOO(wb) 

FIR 
(77K) Assignment 

\ Overtones(2x1127=225-4 
] 2xt027=2054cm"1) and/ 

or CO s t r e t c h 

Re^H antisymmetric 
s t r e t c h (E) 
Re^H symmetric 
s t r e t c h (A^) 
See t e x t 

148(w1 

Re^H'symmetric' 
deformation (A^) 

ReCO deformations 
and ReC stretches 

Re^H'antisymmetric' 
deformation (E) 
Unknown 
ReRe s t r e t c h (A^) 
ReRe s t r e t c h (Tp) 
ReRe s t r e t c h (E) 
CReC deformation 

( i i ) ReH V i b r a t i o n s 
As shown i n Table 5-19 many v i b r a t i o n s w i l l be expected 

f o r H^Re^(C0)^2 which involve hydrogen motion. However, i f 
the HRe^ moieties are uncoupled then under Ĉ ^ symmetry 
Re^H stretches and deformations of Â  and E symmetry w i l l be 
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a n t i c i p a t e d ( i e . 6 v i b r a t i o n s t o t a l ) . The IINS spectrum 
Figure 5»33 i s dominated by the large p a r t i a l l y resolved 

-1 
doublet at '-1100cm . At lower frequencies there are medium 

—1 
intense bands at 708 and 319cm . From t h i s , i t would appear 
t h a t there are f o u r fundamentals i n d i c a t i v e of a Ĉ ^ system. 

—1 
Also there i s a band of weaker i n t e n s i t y at 852cm . 

The strong bands at 1027 and 1127cm"'^ are assigned t o 
the symmetric and antisymmetric stretches of the independent 
Re^H u n i t s . There i s a weak IR band at ~ 1100cm and t h i s 
i m p l i e s t h a t the 1127cm~^ IINS band i s IR a c t i v e . In the 
C j ^ system the Â  and E modes are both IR and Raman active 
but since, i n general, most symmetric stretches are more 
of t e n observed using the Raman technique and most antisymmetric 
stretches are observed w i t h the IR technique, i t appears 

-1 -1 
reasonable t o assign the 1100cm IR band and the 1127cm 

IINS band t o the antisymmetric s t r e t c h and the IINS band at 
1027cm t o the symmetric s t r e t c h . Further, i f the v i b r a t i o n s 
described i n Ĉ ^ l o c a l symmetry were derived from the o v e r a l l 
T^ symmetry then the Â  symmetric s t r e t c h would only be 
Raman act i v e whereas the antisymmetric s t r e t c h would be an 
IR and Raman active T2 mode. 

I t i s known t h a t the ReHRe angle i s 110.8° (40) and, i f 
a p u r e l y q u a l i t a t i v e comparison can be made w i t h (,U2-H)M2 
species ( 6 ) , such an angle would produce a higher frequency 
antisymmetric s t r e t c h than the symmetric s t r e t c h . To a 
f i r s t approximation from IINS band i n t e n s i t y considerations 
i t may be reasonable t o expect the i n t e n s i t y of the 1127cm 

E mode t o be twice t h a t of the 1027cm Â  mode. Using the 
du Pont curve r e s o l v e r t h i s i s found, as shown i n Figure 5»33^ 
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though once again the f i t t i n g i s t e n t a t i v e and not unique. 
The i n t e g r a t e d area r a t i o of the 1127 t o the 1027cm"'̂  band 
i s approximately 2 : 1 . 

""1 
At higher frequencies the bands at 2092 and 2201cm are 

—1 
second harmonics of the intense stretches, 2 x 1027 = 2054cm 

—1 
and 2 x 1127 = 2254cm . I f there i s some carbonyl s t r e t c h 
a c t i v i t y brought about by associated hydrogen motion, as 
implied by e a r l i e r studies t h i s w i l l also be seen i n the 
2000-2l00cm"^ r e g i o n . The two strong bands i n the IINS 

—1 
spectra, Figure 5.33, at 319 and 708cm are assigned t o 
the two deformations of E and Â  symmetry r e s p e c t i v e l y i n 
the Ĝ ^ symmetrical model. The Â  mode could possibly be 
described as a symmetric deformation whereas the E mode would 
be antisymmetric i n nature. The form of the f o u r assigned 
fundamentals i s shown i n Figure 5-34 

Figure (5.34 ) M^H (C^J Fundamental v ibrai ions 

antisymmetric stretch I E ) 
symmetric stretch 

lA-i) 

Re 

"antisymmetfic"deformation( E ) 

'I 
"symmetric" deformation 

(A^) 
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The g r e a t e r complexity at lower frequencies (3OO t o 
-1 900cm'' ') Figure 5.33 compared w i t h the other (fi^-E^H^ 

systems, HFeC0^(C0)^2» ^ i s u r e 5-36, and H2Rug(C0)^Q 
Figure 5.38, could be due t o some intramolecular hydrogen 
coupling motions which, i n such a high hydrogen density 

o 
may be q u i t e l i k e l y . The H Ĥ distances are 1.9A i n the 
H^Re^(C0)^2 molecule ( 4 0 ) . There i s only a sin g l e hydrogen 
on the FeCo^ tetrahedron i n HFeCOj(C0)^2 "two hydrogens 
i n H2RUg(C0)^g are found on the opposite sides of the Rug 
octahedron. U n f o r t u n a t e l y , the data acquired from the 
BFDDIDO spectrometer i s of poor q u a l i t y . This was due t o 
the small sample size and, thus, low hydrogen content. From 
the INIB spectrum, there are a f u r t h e r 3 features at 475? 

592 and 852cm of weak medium i n t e n s i t y . The bands at 475 

and 592cm are s i m i l a r t o such bands found i n other hydrido-
carbonyls and could be due t o ReC stretches and ReCO 
deformations a c t i v e i n the neutron spectrum due t o associated 
hydrogen motion. The band at 852cm i s i n an area where 
other l i g a n d v i b r a t i o n s do not take place and a comparison 

1 

of a l l band frequencies and i n t e n s i t i e s from 0-900cm 

implies t h a t i t could not be a combination v i b r a t i o n . Since 
the spectrum as a whole can be quite reasonably analysed 
except f o r t h i s weak-medium intense band at 852cm , i t i s 
f e l t t h a t an a l t e r n a t i v e explanation, outside the Ĉ ^ symmetry 
model of the Re^H moiety, may be found. I t may be a t t r a c t i v e 
t o assign the band t o some coupling motion of the independent 
Re^H u n i t s but the form of t h i s v i b r a t i o n cannot be envis-

3 
aged. The band occurs i n H^Re^(C0)^2 ^̂ '̂  not i n the other 
(^^-H) complexes and t h i s i s the only evidence f o r the 
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coupling motion. Perhaps the Re^ tetrahedron could be 
regarded as a metal p a r t i c l e and with the hydrogen coverage 
of the faces of the p a r t i c l e / c l u s t e r equal t o 1 monolayer then 
the hydrogen atoms may move i n phase i n a l a t t i c e - t y p e mode. 

5.4 .2 . HFeCo.,(C0)^2 

(a) Previous Results 

Mays and Simpson (41) found a broad weak IR band at 
—1 

1114cm f o r the t i t l e compound, which s h i f t e d on deuteration 
t o 813cm~^. Knight and Mays (42) l a t e r studied HMCo^(C0)^2 
complexes,where M = 0s,Fe and Ru,and reported the metal-
hydrogen s t r e t c h at 1118cm~^ f o r HFeCo^(C0)^2* White and 
Wright (15) c a r r i e d out a low frequency IINS study of t h i s 
compound and concluded t h a t i t had Ĉ ^ symmetry but t h a t the 
hydrogen l a y w i t h i n the FeCo^ tetrahedron. They found f o u r 

—1 
bands at 400, 173, 90 and 18̂ cm . The lowest frequency band 
was assigned t o a l a t t i c e v i b r a t i o n and the highest t o the 
hydrogen bending (E) v i b r a t i o n . They argued t h a t the 173 

and 90cm bands were due t o MM stretches IINS activated by 
mixing w i t h M-H deformations of the same symmetry. They 
compared hydrogen l y i n g i n positions where the molecule 
r e t a i n e d Ĉ ^ symmetry or Ĉ  symmetry, which produced 2 and 
3 neutron a c t i v e MM stretches r e s p e c t i v e l y . With two bands 
being found, i t implied the hydrogen l a y on the Ĉ  a xis. 
From calculated MM s t r e t c h i n g force constants they postulated 
t h a t the hydrogen must l i e w i t h i n the tetrahedron. 
(b) Results 

Table 5.21 shows the data from the v i b r a t i o n a l study 
of HFeCOj(C0)^2 Figures 5»35 , 5-36 show the EFDDIDO and 
In IB spectra. 
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Table 3.21; Bands Associated With H Motion i n HPeCo.^(CO)^^ 

IN1B 
(77K) 

BFDDIDO 
(77K) 

IR 
(77K) 

IR(42) 
M 

I INS 
( 1 5 ) * Assignment 

2400(sli) Overtone(2x1233= 
2466cin"^) 

2163(sb) Overtone(2x1096= 
2192cm"'') and/or 
CO s t r e t c h 

1 2 3 3(ssli) COjH symmetric 
s t r e t c h (A.) 

1 0 9 6(vs) 1112(mb) 1118(wb) 1 
COjH antisymmetric 
s t r e t c h ( E ) 511(m) (521(wsh) COjH symmetric 
deformation (A^) l472(rab) 
COjH symmetric 
deformation (A^) 

385(ra) 392(rab) 394(wni) 400 1 
Co^H antisymmetric 
deformation ( E ) 

1 
Co^H antisymmetric 
deformation ( E ) 331(w) MC s t r e t c h (?) 

2 6 l ( s ) 
2l0(m) 

173 
90 
18 

1 CoCo s t r e t c h 

|MM s t r e t c h 

L a t t i c e mode 

*Unknown Sample Temperature 

( c ) Discussion 

HFeCo^(CO)^2 Ĉ ^ symmetry. Therefore the v i b r a t i o n s 
can be described as 19A^ + 8A2 + 27E. Those i n v o l v i n g 
hydrogen motion i n the Co^H moiety are shown i n Table 3 . 2 0 , 

as f o r Re^H, 

The IMIB spectrum, Figure 5 « 3 6 , i s dominated by the very 
- 1 - 1 

strong band at 1096cm w i t h a strong shoulder at 1233cm . 
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These bands can be assigned to the two stretches of 
and E symmetry. The IR spectrum (77K) has a sin g l e broad 
band at 1112cra s i m i l a r t o t h a t reported by Mayset a l 
(41,42). Since the IR band i s l i k e l y t o be the antisym­
metric s t r e t c h then the symmetric s t r e t c h i s assigned to the 
higher freqijency IINS band at 1235cra . This r e v e r s a l 
of the s t r e t c h frequencies ( i e symmetric s t r e t c h at higher 
frequency) i s consistent w i t h q u a l i t a t i v e measurements of 
M-H bond angles w i t h the r a t i o s of the symmetric and 
antisymmetric stretches (5) because the CoHCo bond angle 
i s approximately 9 2 ° (4-3) . A broad shoulder was observed 
i n the IR spectrum at 1025cm at room temperature moiety. 
I t was not observed at 77K. This could be evidence t h a t at 
room temperature some hydrogen atoms can reside i n a 
s l i g h t l y d i f f e r e n t p o s i t i o n . T e l l e r et a l ( 4 3 ) reported i n 
t h e i r low temperature neutron d i f f r a c t i o n study of HFeCo^(CO)^ 
(P ( O C H j ) j ) j t h a t a room temperature study had been c a r r i e d 
out ( i n 1975) on the compound and the analysis had been 
severly hampered by weak data but t h a t the HFeCOj(C0)gP^ 
skeleton was w e l l defined. They concluded t h a t i n the s o l i d 
s t a t e between 90 and 3OOK, there was no evidence of a change 
i n p o s i t i o n of the metal bonded hydrogen atom. Thus, i f the 
peaks detected i n the room temperature IR study at - 1110 and 
^ 1025cm are r e a l , then the d i s t o r t i o n w i l l probably be 
only i n the height of the hydrogen above the cobalt face. 
This would a f f e c t the antisymmetric s t r e t c h frequencies 

because of the change i n the MHM bond angle. I f the a n t i -
—1 

symmetric s t r e t c h was at 1025, as w e l l as 1100cm , then 
t h i s must i n d i c a t e some m u l t i p l e s i t e occupancy w i t h some 
molecules l y i n g i n s i t e s s i m i l a r t o t h a t found at 77K and 
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some others i n s i t e s producing the 1025cm band. This lower 
antisymmetric s t r e t c h value i n d i c a t e s t h a t the GoHCo bond 
angle must be less than 92° i e . the hydrogen atom r e s i d i n g 
f u r t h e r away from the cobalt face. The assignments can 
be tested by using a curve r e s o l v e r t o determine the i n t e -
grated areas of the two TINS components at 1095 and 1233cm . 
As shown i n Figure 5.36 the most intense band i s centred 
at I096cm~'^ and the weaker at 1233cm"'^. The r a t i o of the 
areas i s 68:32 i e approximately 2:1. This confirms the 
assignment of the E mode and Â  modes. 

—1 
Above 1233cm i n the TINS spectrum there i s a strong 

—1 —1 
broad band at - 2163cm w i t h a broad shoulder at 2400cra . 
This l a t t e r band may be due t o an increasing background 
whereas the former i s probably an overtone of the very 
strong TINS band at 1096cm"''. Unlike H^Re^(C0)^2 region 

-1 
between 500 and 1100cm i s devoid of peaks i n the neutron 
spectrum. The BFDDIDO spectrum i s confusing i n the 400-
600cm region and the q u a l i t y must be questionable. Neverthe­
less the HiTlB spectrum shows two medium intense features at 
385 and 511cm"^ (392 and 472/521cm"^ i n BFDDIDO). These are 
assigned t o the 'antisymmetric' and 'symmetric' deformations 
of E and Â  symmetry r e s p e c t i v e l y . The former band i s seen 
i n the IR at 395cm . This IR band has weak i n t e n s i t y at 
room temperature, but at 77K i t i s much more intense and the 
increase i n i n t e n s i t y i s noticeably greater than the increase 
i n the MOO deformation and MC stretches found i n the same 

—1 —1 frequency r e g i o n . The 385cm deformation w i l l be the 400cm 
band detected by White and Wright i n t h e i r IINS study ( 1 5 ) , 
The BFDDIDO spectrum shows bands at 261 and 210cm which may 
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i n v o l v e metal-metal s t r e t c h e s . 5"or example, the Co-Co 
s t r e t c h i n CO2(C0)Q (CO- bridged) occurs at 229cm~'̂  and the 
Co-Co (co-bridged) s t r e t c h i n Co^(C0)^2 occurs at 250cm~'̂  
whereas the non-bridged s t r e t c h occurs at I85cm~ (39)' 

The White and Wright study of HPeCo^(CO)^2 ^^^^ 
—1 

any v i b r a t i o n s between 173 and 400cm~ (15). Unfortunately, 
the MM s t r e t c h region was not studied i n t h i s t h e s i s because 
of the lack of t i m e ~ o f - f l i g h t beam time. The form of the 
COjH v i b r a t i o n s are shown i n Figures 5«34 and are i d e n t i c a l 
t o the decoupled Re^H v i b r a t i o n s i n H^Re^(C0)^2* 

(a) Results 

No previous work has been car r i e d out on t h i s compound. 
Table 5.22 l i s t s the data and assignments from t h i s study. 
Figures 5-37, 5.38 show the BPDDIDO and IFIB spectra. 

(b) Discussion 

H2Rug(C0)^g has D̂ ^ symmetry and thus v i b r a t i o n s of the 
f o l l o w i n g type: 13A^g + 8A^ + 21Bg + 9Â '̂ + 12A2^ + 21Ey. 
I f the RujH moieties are t o t a l l y uncoupled then each w i l l 
have C j ^ symmetry and have v i b r a t i o n s of the type shown i n 
Table 5-20 f o r Re^H. 

H2Eug(C0)^g has a q u i t e complex spectrum. HPeCo^(C0)^2 
had Cj.^ symmetry and the (Co^H) moeity could be treated as 

a simple X I ^ e n t i t y . The spectrum due t o H^Re^(C0)^2 
i n d i c a t e d t h a t again the (Re^H) mbeities could be tr e a t e d as 
independent XY^ e n t i t i e s though some coupling may have taken 
place. H2Rug(C0)^g does not have any strong IINS bands 

—1 
between 550 and 1000cm and such coupling, across the Ru^ 



232 



233 



234 
octahedron would appear t o be i n c o n s i s t e n t . H2Rug(C0)^g 
has two medium intense IINS bands at 607 and 367cm"'' and 
these can be assigned t o the 'symmetric' and antisymmetric' 
deformations of A and E symmetry, analogous t o HFeCo^(CO)^2 
and H^Re^(C0)^2- weaker IINS band at 486cm~^ i s 

probably a RuC s t r e t c h i n g motion with associated hydrogen 
movement. The IINS band at 733cm i s assigned t o a 
second harmonic band of the strong deformation at 361cm 
(2 X 361 = 722cm"''). 

Table 3-22: Bands Associated With H Motion i n E^RVL^CCO) 

-1 

IN1B 
(77K) 

BFDDIDO 
(77K) 

IR 
(77K) 

Assignment 

2l33(wmb; 
2032(wmb, 

\ Overtone (2x1048=2096cm"'') 
/ and/or CO s t r e t c h 

1580(m) 
1330(w) 1 Unknown 

1 2 7 0(vs) 1238(w) 
1130(wb) 1 Ru^H antisymmetric s t r e t c h 

1048(s) 
895(w) 

1030(wb) RUjH Symmetric s t r e t c h 

724(w) 733 (vwb) RuCO deformation 
607(s) 635(ra) 612(w) RujH symmetric deformation 
460(w) 486(vwb) RuC s t r e t c h 
340(s) 

— . 

361(ms) 
269(w) 
223(w) 

125(m) 

RujH Antisymmetric deformation 

I Unknown 

RuRu s t r e t c h 

The assignment of the antisymmetric and symmetric stretches 

i s more d i f f i c u l t since the 1000-1600cm"'' region of the IINS 
spectrum. Figure 3.38, i s dominated by an intense band 
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w i t h a complex shape. Using the du Pont curve r e s o l v e r , 
a number of possible f i t s can be made which vary i n the 
p o s i t i o n and number of the weaker components. However, 
since two weak IR bands (77K) e x i s t at 1238 and 1030cm~^ 
the f i t t i n g procedure was i n i t i a t e d using two peaks centred 
at these frequencies and two very strong bands were f t t e d 
w i t h a number of weaker components t o form the complex 
band. The r e l a t i v e i n t e n s i t i e s of the bands at 1286, 1048 
895, 1330 and 1580cm"'^, shown i n Figure 5.38, are 51:25:2:3:15. 
Prom i n t e n s i t y considerations the antisymmetric s t r e t c h , an 
E mode, can be assigned t o the strongest IINS band at 1286cm 
whereas the s i n g l y degenerate Â  v i b r a t i o n i s assigned t o 

—1 
the IINS band at 1048cm . How the weaker components arise 
i s not^ apparent. A worthwhile task would be t o rerun the 
compound on INIB i n the 800-1700cm region t o check the 
exact band shape. The IINS bands at 2032 and 2133cra~'' are 
poss i b l y overtones of the s t r e t c h bands and, again, due t o 
CO s t r e t c h e s . 

Once again the v i b r a t i o n s of t h i s compound can be 
t e n t a t i v e l y assigned using the decoupled model i e the 
(/Uj-H)M^ treatment. . 
5.5. M^(M^-H) Systems: CsHCo^(CO)^^ 
(a) Previous V i b r a t i o n a l Studies 

No previous v i b r a t i o n a l work has been reported on the 
species (HCOg(CO)^^)", however, an IR study of the r e l a t e d 
(HRug(CO)^g)" system has been car r i e d out" ( 4 4 ) . At room 
temperature a strong broad IR doublet was detected at 
825cm , which at 95K was resolved i n t o bands at 806 and 
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-1 845cm . I t was thought t h a t only a si n g l e triply-degenerate 

mode would be observed. Thus the two equally intense bands 
seemed r a t h e r odd since any s i t e group e f f e c t would 
reasonably s p l i t band i n t o a doublet of 2:1 r e l a t i v e i n t e n ­
s i t y i f the di p o l e changes were equal. The authors postu­
l a t e d the s p l i t t i n g was due t o permi-resonance t a k i n g place, 
between a combination or overtone of a lower l y i n g Ru-C 
s t r e t c h or C-0 deformation, w i t h the Ru-H band. 

A comparison can be made between hydrogen l y i n g i n s i x -
coordinate holes w i t h i n metal clusters and hydrogen i n s i m i l a r 
p o s i t i o n s i n metal hydrides. IINS studies of the l a t t i c e 
dynamics of metal hydrides, containing s i x - f o l d hydrogen, 
have observed v i b r a t i o n a l bands, using the t i m e - o f - f l i g h t 
technique, i n the 400-650cm region. Por example a low 

-1 
concentration of hydrogen i n Pd produced a band at 495-528cm 

—1 
w i t h a possible overtone at 1080cm" ( 4 5 ) . At higher 
concentrations a s h i f t was seen to 448 and 896cm respec­
t i v e l y . CeD2 ^2 studied and found to have a wel l defined 
band at 424cm" (15) which compared w e l l w i t h the 592cm~ 
band i n CeH^.^g ( 4 7 ) . Considerable s c a t t e r i n g was observed 

—1 
peaking at approximately 760cra i n the deuterated sample 
though not explained. S p l i t t i n g of v i b r a t i o n a l bands 
i n v o l v i n g hydrogen motion i n such octahedral holes was found, 
using IINS and IR techniques, i n a l k a l i n e e a r t h hydrides. 
This was explained as due to the s l i g h t displacement of the 
hydrogen from a purely six-coordinate p o s i t i o n towards one 
i n v o l v i n g 1,2 or 3 nearest neighbours. Such asymmetry 
appeared t o produce broadening and band s p l i t t i n g i n the d i - .. 
hydrides CaHg, BaH2, SrH2 and IB.H2 ( 4 8 ) . S i m i l a r e f f e c t s 
were found i n asymmetrically positioned hydrogen i n t e t r a -
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hedral holes producing 3 nearest neighbours (49) . 

(b) Results 

Table 5.23 contains the data from t h i s v i b r a t i o n a l 
study of CsHCOg(CO)^^ and Figures 5 .39, 3.40 show the 
BFDDIDO and INIB spectra. 

( c ) Discussion 

From Figure 5.40 i t can be seen t h a t the spectrum i s 
-1 

dominated by the s i n g l e peak at 1056cm which shows no 
secondary components. 
Table 5o23: Bands Associated With H Motion i n CsHCo^(CO)^^ 

INIB 
(77K) 

BFDDIDO 
(77K) 

IR 
(77K) 

Assignment 

2129(mb) Overtone (2x1056=2112cm"'') 
I224(w) Instrument a r t i f a c t 
1056(ws ) 1038(vbw) COgH s t r e t c h (T^^+Tg^) 

864(w) 
727(w) 
506(w) 6l9(rash) 

725(vvw) 1 Instrument a r t i f a c t 

497(m) 
370(vw) 

500(sb) 
422Cw) 
380(m) 
305(wsh) 
250(w) 
143(sh) 
lOO(vs) 

430(vw) 
395(w) 1 Possibly CoC stretches 

1 CoCo stretches 

Unlike the (HRug(CO)^g)" e n t i t y which has p e r f e c t 
octahedral symmetry i n the s p a t i a l arrangement of the 18 
t e r m i n a l carbonyl groups ( 4 3 ) , (HCog(CO)^)", due to i t s 
p a r t i c u l a r bonding scheme which has terrai'nal and b r i d g i n g 
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carbonyls, has only C„ symmetry (50)* However, the carbonyl 
cloud i s probably not s t a t i c and the motions t h a t involve 
hydrogen are pos s i b l y uncoupled from the carbonyl v i b r a t i o n s . 
This w i l l be dependent on the r e l a t i v e timescales i n which 
these motions operate. The molecule may then be s p l i t i n t o 
p a r t s which independently v i b r a t e . I t i s postulated t h a t 
one need only consider the Co^H u n i t t o characterise the 
v i b r a t i o n s t h a t involve hydrogen. The t o t a l representations 
of the COgH moiety are A^^ + + ^2g ^ ^T^^ + 12^. Only 
the T^^ symmetry group contains v i b r a t i o n s t h a t involve 
hydrogen motion w i t h respect t o the metal octahedron. 
Dederichs e t a l (51) studied the v i b r a t i o n s of an i n t e r s t i t i a l 
atom w i t h an octahedral hole. Figure 5.41 depicts the T^^ 
v i b r a t i o n s which involve hydrogen motion i n Go^E. 

Figure 5.41: 2T^^ V i b r a t i o n i n Cô rH (31) 

1 T 1u 2 T 1u 

Oxton et a l (44) expected only a s i n g l e t r i p l y degenerate 
IR a c t i v e band but two should have been a n t i c i p a t e d using 
the d e s c r i p t i o n s of Dederichs et al ( 5 1 ) . However, i n 
CsHCOg(C0)^^,only one band i s found i n the IR spectrum at 77K 
whereas two were found by Oxton e t a l at 95K w i t h (HRug^(CO)^g)' 
Perhaps the two IR bands of (HRUg(CO)^g)~ are thoso T^^ bands. 
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Since the v i b r a t i o n s resemble each other then t h i s could 
explain t h e i r s i m i l a r i n t e n s i t y . I f t h i s i s the case then 
the bands must be s t r o n g l y temperature dependent and even 
more so i n CsHCOg(CO)^^ where no s p l i t t i n g was seen even 
at 77K. The s p l i t t i n g could be evidence f o r the hydrogen 
r e s i d i n g away from the centre of the octahedron of Ru atoms 
i n (HRug(CO)-j^g)" whereas pure Oh symmetry may s t i l l remain 
i n (HCOg(C0)-j^^)~. This asymmetry was r e f u t e d by Oxton et a l 
(44) who also r u l e d against a s i t e group e f f e c t or f a c t o r 
group coupling. They postulated Permi resonance but there 
i s evidence t h a t t h i s e f f e c t does not take place i n ̂ 2(^2'^) 
compounds whereas no evidence i s available t o support the 
p o s t u l a t e . There are s p l i t t i n g s of IINS and IR bands known 
f o r metal hydrides (48,49) and the explanation was put 
forward t h a t the hydrogen was r e s i d i n g f u r t h e r away from one 
of the metal atoms i n the octahedron producing e i t h e r a 
quasi- M^(/u^-H) species s i m i l a r to hydrogen r e s i d i n g i n an 
f o u r - f o l d symmetric hole on a metal surface or a quasi-
M^(/Uj-M) species s i m i l a r t o hydrogen r e s i d i n g over a three­
f o l d symmetric hole on a metal surface. I t would be i n t e r e s t i n g 
t o study the v i b r a t i o n a l spectra of the (Ni.^(CO)o/,H. ) " " 

(n = 2,3,4), which contain hydrogen considerably displaced 
from the octahedral hole centre (see Figure 4 . 1 7 ) . This 
i n d i c a t e s t h a t the hole a v a i l a b l e to the hydrogen i s bigger 
than necessary. I n (Ni^2('^0)2i^2'^ distances are 
2.22 and 1.72A from neutron d i f f r a c t i o n studies (52). The 
average NiH distance would be ~ 1. 

972 w i t h movement of 0.25i 
t o the I.72A p o s i t i o n . The MH distances are 2.03 and 1.82A i n the 
Ru and Co c l u s t e r s . This would appear t o i n d i c a t e t h a t the 
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hydrogen i n the Ru^ octahedron would have more room than 
necessary whereas i t would be more constrained i n the Cb^ 
octahedron. Therefore, there would be a greater l i k e l i h o o d . 
of band s p l i t t i n g i n (HRug(CO)^g)" than (HCOg(CO)^^)". 
Further arguments along these l i n e s are developed i n 
section 5* 8» I t would therefore appear t h a t i n the 
cobalt instance the two T̂ .̂  v i b r a t i o n s are coincident at 77K 
whereas they are coincident at 3OOK i n (HRug(CO)^g)" but not 
at 95K. The T^^ v i b r a t i o n s must be very s i m i l a r . As 
shown i n Figure 5*41 i t i s observed t h a t the metal atom 
movement i s s i m i l a r i n each case w i t h the hydrogen atom 
moving i n an opposite d i r e c t i o n to two and fo u r metal atoms. 
The distances t r a v e l l e d by the hydrogen w i l l be greater i n 
the IT^y v i b r a t i o n because i t moves against the greater 
number of Ru atoms. Therefore the 845cm"''' band i n 
(HRug(CO)-j^Q)" (44) can be t e n t a t i v e l y assigned t o 1T^^ 
v i b r a t i o n and the 806cm band t o the 2T^^ v i b r a t i o n . 

The r e s t of the IINS spectrum of CsHCOg(CO)^^ i s 
—1 

composed of weak f e a t u r e s . The band at 2129cm i s very 
probably the second harmonic of the s t r e t c h at 1056cm 
(2 X 1056 = 2112). Looking at the 400-l200cm"'' region i t 
may be possible t h a t the background l e v e l i n Figure 5.40 
has increased somewhat g i v i n g the impression of many bands 
at 497, 606, 727, 864 and 1224cm"'^, a l l of weak-medium 
i n t e n s i t y . I t i s f e l t t h i s was due t o an instrument of 

—1 
a r t i f a c t . For example,the 864 and 1224cm band could not 
in v o l v e any l i g a n d motions which have been activated through 
an associated hydrogen motion because there are no carbonyl 

1 —1 
v i b r a t i o n s between 600 and 1750cm . The bands below 300cm 
probably in v o l v e CoCo s t r e t c h i n g modes. 
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—1 I t can be seen t h a t the i n t e n s i t y i n the 400cm 

region compared w i t h the band at 500cm d i f f e r s i n the 
BFDDIDO and INIB spectra. The IN1B spectrum shows a 
decrease i n i n t e n s i t y below 500cm whereas the BPDDIDO 
spectrum shows a prominent peak at 380cm . This may be 
explained because i t was known tha t when the compound was 
run on BPDDIDO the q u a l i t y of spectra c o l l e c t e d were -Vrery 
poor. The instrument was not f u n c t i o n i n g as w e l l as could 
have been expected at t h a t time. 

5.5. The (1^2'^) System 

(a) I n t r o d u c t i o n 

Seven techniques, known t o have some value i n evaluating 
the hydrogen p o s i t i o n i n t r a n s i t i o n metal hydridocarbonyls, 
using v i b r a t i o n a l data,are used to estimate the hydrogen 
l o c a t i o n i n those compounds, i n the present study, on which 
t h i s i n f o r m a t i o n i s not a v a i l a b l e . These estimates are 
standardised by compounds on which s t r u c t u r a l and v i b r a t i o n a l 
data i s a v a i l a b l e . Table 5.24 . in d i c a t e s the methods of 
bond angle e v a l u a t i o n . 

Those compounds studied, i n t h i s , t h e s i s , on which 
s t r u c t u r a l i n f o r m a t i o n i s known are HW2(C0)gN0, HjMn^(C0)^2 
and H20s^(C0)^Q whereas H^Ru^(C0)^2' H2PeEu^(C0)^^, Hlte^(CO)^^ 
and H^Re^(C0)^2 '̂ o't bave t h e i r hydrogen p o s i t i o n s 
c h a r a c t e r i s e d . S t r u c t u r a l and v i b r a t i o n a l data on H20SJ(C0)^Q 
H20s^(C0)^CCH2, Ph^PHW2(C0)^Q, Et^NHW2(C0)^Q and Et^NHCr2(C0)^Q 
was also a v a i l a b l e t o c a l i b r a t e the various p l o t s ( 5 ) . 



Table 5.24; Methods of Bond Angle E v a l u a t i o n 
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Method P l o t Ref. 

1 (t;^/u^^)vs. (M^^+Mj;^^(l+cos 6 )) ̂(M^^+M^^ ( l - c o s 0)) ̂  11 

2 (v /v ) vs tan( 0/2) 
as s 

6 

3 V vs s i n ( 0 / 2 ) as 6 

4 2 
^as vs (1+cos 0 ) 2 

5 2 
V vs (1+COS0) 
s 

2 

6 f VS 0 4 6 as 
7 u vs 0 4 

s 

(b) R e s u l t s 

Table 5.25 c o n t a i n s a l l the information used i n the various 

p l o t s i n t h i s - study of the r e l a t i o n s h i p between the a n t i ­

symmetric and symmetric s t r e t c h e s and the hydrogen p o s i t i o n . 

F i g u r e s 5.42-5,47 show the various p l o t s used to estimate the 

hydrogen p o s i t i o n s i n HRe^CCO)^^, H^FeRu^ (C0)^2 j ^3^®3^^°^12 

and H^Ru^(C0)^2* Table 5.26 shows the information gained 

from each technique. I n the diagrams the curves drawn are 

the best for the experimental data. The f i t t e d l i n e s are not 

r e l a t e d to the p r e d i c t e d l i n e s , from a force f i e l d c a l c u l a t i o n , 

as i n the case of t h e o r e t i c a l l i n e of Howard et a l ( 6 ) . Thus 

the order of the polynomial i n each i s decided purely by the 

f i t . 

The d i f f e r e n t techniques can be compared and i t can be 

seen that they d i f f e r i n the complexity of the 0 f a c t o r . 

Cooper only p l o t s the v i b r a t i o n a l frequencies against $ whereas 
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Howard et a l and K i r t l e y use simple valence f o r c e f i e l d s to 
described the 'M2H e n t i t y ' with s u i t a b l e approximations. 
These were that the mass of the metal atoms were of i n f i n i t e 
value compared to the hydrogen atom mass and that the angle 
deformation f o r c e constant was much smal l e r t h a t the bond 

Table 3.26: MHM Angles Derived I'rom R e l a t i o n s h i p ( °) 

Method HRe^(CO)^^ HgMUjCCO)^^ H^Re^(C0)^2 H^Ru^(C0)^2 

1 120.6 103.8 118.7 113.6 

2 123.0 105.6 120.6 115.0 

3 127.0 109.8 14-1.2 126.4-

126 .1 108 . 0 140.4- 126.8 

5 119.4- 101.6 113.0 103.3 

6 126.3 110.0 139.5 126 .0 

7 17.7 102.0 111.0 103.0 

s t r e t c h i n g f o r c e constant. The method due to a Katovic and 

McCarley goes a l i t t l e f u r t h e r i n taking the mass of the 

metal atoms to be a f i n i t e v a l u e . I t can be seen from the 

p l o t s that the K a t o v i c technique, Figure 5.4-2 ^ would 

appear to r e f l e c t the angle s i t u a t i o n more r e a l i s t i c a l l y . 

There i s a g r e a t e r spread i n the points i n the p l o t s 3 "to 

7. The methods 1 and 2 ( a t small bond angles) w i l l be 

used i n the f o l l o w i n g s e c t i o n s i n the evaluation of the MHM 
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bond angles i n c l u s t e r s and of hydrogen on metal s u r f a c e s . 

I n p l o t 2, F i g u r e 5.4-3, at l a r g e r v a lues of e , the deviation 

from the t h e o r e t i c a l l i n e i n c r e a s e s r a p i d l y . I n a c e n t r a l 

f o r c e f i e l d model with 6= 180° then should be zero but 

i n the valence f o r c e f i e l d t h i s extreme s i t u a t i o n i s never 

met because the angle deformation constant, which was taken 

as much smaller than the s t r e t c h i n g f o r c e constant,becomes 

more important. Hence as d increases,the observed v /v 
' as s 

r a t i o tends to a value l e s s than that stated i n the equation 
which governs method 2. ( v /v = tan 0 A ) 

as s d. 

The equations of the curves i n p l o t s 1 - 7 are shown 

i n Table 5.27- These p o i n t s were f i t t e d using a curve f i t t i n g 

computer program. 
Table 5.27: Equations of Curves i n F i g u r e s 5.4-2-5.4-7 

F i g u r e Method Equation of Curve 

5.42 1 y = 0.463 - 0.205 X -1-0.958 

5-43 2 y = 0.203 + 0.622 X -fO.0968x^-0.0273.)C^ 
5.44 3 y = -768 + 3660 X- 1128 

5.4-5 4- y = -0.699 + 2.629 x-0.369 

5.4-6 5 y = 0.607 + 0.384 X- 1.172 

5.4-7 6 y = -509 +26.77X -0.0798 x^ 

5.47 7 y = 4565-46.71 x+ 0.145 x^ 

( c ) D i s c u s s i o n 

( i ) P o s i t i o n of H Atoms i n H2QS^(C0)^Q 

I t i s f e l t t h a t one cannot be j u s t i f i e d i n comparing 

the v i b r a t i o n a l data on HgOsjCOO)^^, which contains the 

M2(^2"-^^2 Mil that of ̂ 2^'^2~^'^ compounds. I t has 
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been shown t h a t t h e c h a r a c t e r of the (M2~^')2^2 system d i f f e r s 

f r om t h a t of t h e l^^(fi^-E) system. For examplej(//2-H)0s2 and 

(fi^-E) ̂ Os^ s p e c i e s d i f f e r i n t h e type of Os-Os "bonding and 

t h i s i s shown i n the d i f f e r i n g Os-Os bond l e n g t h s . 0s^(C0)^2 

has no b r i d g e d hydrogen and has an Os-Os bond l e n g t h of 
o 

2.877-A- (53) whereas t h e f o l l o w i n g compounds a l l have s i m i l a r 

non-bridged Os-Os d i s t a n c e s b u t s i n g l y - b r i d g e d bond l e n g t h s 

of 3-06lS i n H2Re20s^(CO)2o ( 5 ^ ) , 2.989A i n HgOs^CCO) . (55) 

and 2.9631 i n H^Os^(CO)^^CNMe ( 5 6 ) . H20S^(C0)^Q 

has a d o u b l y - b r i d g e d Os-Os d i s t a n c e of on l y 2.68A i n d i c a t i n g 

the Os«Os 'double-bond' c h a r a c t e r . Thus H20SJ(C0)^Q can only 

be compared w i t h l i k e - s p e c i e s such as H2Re2(G0)g and (H2W2(C0)g) 

The OsHOs bond angles e s t i m a t e d u s i n g the data from our 

work l i e i n t h e 106-111° range i e at l e a s t 12° h i g h e r than 

the a c t u a l v a l u e of 9^*3°. Using the v i b r a t i o n a l assignments 

of Howard e t a l ( 6 ) , which are thought i n c o r r e c t , one g e t s 

an OsHOs bond angle of between 88-111° ( u s i n g methods 1 and 2 

(average) u s i n g our d a t a OsHOs = 108.6°, u s i n g t h e i r d a ta 

OsHOs =100°.) 

( i i ) P o s i t i o n of hydrogen atoms i n t h e r e l a t e d p a i r 

H2geRu.^(C0)^^ and H,pu^^(CO)^2 

H^Ru^(C0)^2 s t u d i e d by x-ray d i f f r a c t i o n t e c h n i q u e s 

( 5 7 ) , however, due t o p a r t i a l molecular d i s o r d e r i n g , o n l y an 

i n c o n c l u s i v e hydrogen s i t e was found. The measured Ru-H 
o 

d i s t a n c e was 1.76A though no s i g n i f i c a n c e was placed on 

t h i s f i g u r e . T h i s d i s t a n c e i n d i c a t e d an RuHRu angle o f 116.7°. 

T h i s can be compared w i t h the average RuHRu bond angles of 

115.2° found i n H^Ru^(C0)^Q(Ph2PCH2CH2PPh2) by an X-ray 
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a n a l y s i s by Shapley e t a l ( 3 5 ) . I n Table 5.26 i t can be 

seen t h a t t h e bond angles d e r i v e d from t he seven methods 

v a r i e s from 105.0° t o 126.8°. However, as discussed e a r l i e r , 

methods 3,4 and 6 always g i v e t o o h i g h an e s t i m a t e whereas 

methods 5 and 7 always u n d e r e s t i m a t e (The average of the 7 

values i s 1 1 6 , 3 ° ) - Since more confidence can be placed on 

methods 1 and 2 i^an average of t h e two i s taken as a reasonable 

e s t i m a t e of t h e bond angle. T h i s i s c a l c u l a t e d t o be 114 . 3 ° 
o 

Now H2Ru^(C0)^ has b r i d g e d Ru-Ru d i s t a n c e s of 2.93A and 
0 

non-bridged Ru-Ru d i s t a n c e s of 2.78A (58) which can be 

compared w i t h 2.911A and 2 . 7 9 ! r e s p e c t i v e l y f o r H2RujFe(C0)^^ 

(59) - T h i s would appear t o i n d i c a t e t h a t t h e Ru^ t r i a d i n 

E^eRu-^iCO)^.^ i s not s e r i o u s l y p e r t u r b e d by the replacement 

of an Ru atom by an Fe atom. H^Ru^(C0)^2 b r i d g e d Ru-Ru 

bond l e n g t h s of 2.996A and unbridged d i s t a n c e s of 2.772^ ( 5 7 ) . 

Here the b r i d g i n g hydrogen lengthens t he Ru-Ru bond by 8.08% 

whereas an i n c r e a s e of on l y 4.30% was found i n H2FeRu^(C0)^^. 

Now i f the Ru-H d i s t a n c e i s comparable i n H2FeRuj(G0)^^ and 

H^Ru^(C0)^2? as i n d i c a t e d w i t h r e f e r e n c e t o H2Ru^(C0)^^, 

the n t h e expected RuHRu angle should be s m a l l e r than t h a t 

found i n H^Ru^(C0)^2 ^̂ ad i s c a l c u l a t e d t o be 104 . 9 ° . The 

average e s t i m a t e u s i n g a l l the methods i s 106.0° whereas the 

average between methods 1 and 2 i s 104.7°^ which i s e n t i r e l y 

r e asonable w i t h t h e above arguments. 
( i i i ) Hydrogen p o s i t i o n s i n HRe^(CQ)^^^ and H^Re^(C0)^2 

No s t r u c t u r a l work has been c a r r i e d out on HjRej(C0)^2* 

I t has been i n d i c a t e d t h a t Dahl c a r r i e d out an X-ray study 

of HRe^CCO)^^, eg ( 6 0 ) , and found the br i d g e d Re-Re d i s t a n c e 

was 3.295-A. An e s t i m a t e of 159° was made f o r t h e ReHRe bond 
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a n g l e . I t i s f e l t t h a t t h e v a l u e of 159° i n HRe^(GO)^^, u s i n g 

an ReH d i s t a n c e of I . 7 A ( a p p r o x ) i s much t o o l a r g e since 

Dahl bases h i s c o n c l u s i o n s on the o c t a h e d r a l a r r a y of 

l i g a n d s . However, now i t i s known t h a t , f o r a s i n g l e 

M2(^2~-^) system j t h e hydrogen p r e f e r s t o r e s i d e beyond the 

LReReL ' c r o s s i n g p o i n t ' . Thus, a l a r g e r Re-H d i s t a n c e would 

be expected. I t i s known t h a t the ReH d i s t a n c e i n H^Re^(G0)^2 

i s 1.772. (40) and i n HgRe2(PEt2Ph)^ i s 1.878^ ( 6 1 ) . 

U n f o r t u n a t e l y no o t h e r Re-H d i s t a n c e s are known. Using the 

more a p p r o p r i a t e (m^-^) Re d i s t a n c e s of 1.878A and the 
o 

3.295A Re-Re d i s t a n c e , t h e ReHRe angle i n HRe^(CO)^^ may be 

122.6°, which can be compared w i t h the v a l u e s d e r i v e d from 

t h e v i b r a t i o n a l f r e q u e n c i e s : average o f 7 methods = 1 2 2 . 9 ° 

whereas the more rea s o n a b l e average between methods 1 and 2 

= 121.8°. I t would appear t h e r e f o r e t h a t simple geometric 

c o n s i d e r a t i o n s can a l s o be used w i t h c a r e f u l choice of M-M 

( b r i d g e d ) and M-H d i s t a n c e s . Por example t h e X-ray study 

of HRe2Mn(C0)^^ (2 3 ) d i d not f i n d the hydrogen atom b u t 

u s i n g the measured Re-Re d i s t a n c e of 3.392i and the p o s s i b l e 
0 

ReH d i s t a n c e of 1.828A, the ReHRe bond angle can be shown 

t o be 1 2 9 - 1 ° . T h i s v a l u e d i f f e r s c o n s i d e r a b l y from the 

164-° e v a l u a t e d by Dahl's ' o c t a h e d r a l ' a r r a y ' t e c h n i q u e . T h i s 

f u r t h e r weakens the case f o r u s i n g the a x i a l MCO v e c t o r s i n 

e v a l u a t i n g a hydrogen p o s i t i o n . 

H^Re^(C0)^2 seems t o d i f f e r g r e a t l y from the above examples 

and i t can be seen from Table 5'26 t h a t the estimated bond 

angles d i f f e r f r o m t e c h n i q u e t o technique and form two 

d i s t i n c t groups. Those w i t h MHM values o f ' - 1 2 0 ° and those 

of * 14-0°. T h i s has a r i s e n because of th e evidence i n f a v o u r 

of t h e 1159cm bond as the symmetric s t r e t c h , i n s t e a d of the 
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—1 —1 
845cm band. I f t h e 845cm band had been taken as the 

symmetric s t r e t c h , a c o n s i s t e n t value of ̂ 142° would be 

f o u n d . However, t h e p r e f e r r e d assignment i n d i c a t e s t h a t 

t h e more c o r r e c t e s t i m a t i n g techniques are those i n v o l v i n g 

'̂ '̂ ^ J^atio of t h e a n t i s y m m e t r i c s t r e t c h t o t h e symmetric 

s t r e t c h and v i c e v e r s a r a t h e r t h a n t h e i n d i v i d u a l v a l u e s . 

The v a l u e of t h e ReHRe angle, as estimated by method 1 and 

2, i s 118 . 7 ° and I20.6°much more s i m i l a r t o ot h e r ReHRe angles 

than t h e h i g h e r v a l u e of ~ 145°. I f a v a l u e of ~1.88A i s taken f o r t h e ReH d i s t a n c e , one can calcula,te the Re-Re 

( b r i d g e d ) d i s t a n c e i n the case of the 140° value t o be 
.ap p r o x i m a t e l y 3.53^1 an u n b e l i e v a b l y l o n g d i s t a n c e , o s p e c i a l l y 

compared w i t h t h e hydrogen b r i d g e d d i s t a n c e s i n (H2Rej(C0)^2)~ 

(62) of 3 . l 8 i and i n (HRe (CO) 2 ) ^ " ( 2 ) of 3.14A. The value 
o 

c a l c u l a t e d u s i n g t h e ReHRe angle of 119.7 ( a v . ) i s 3.25A, 
a more re a s o n a b l e v a l u e . 
( 5 . 7 ) The (|i^-H) Systems 

An a t t e m p t w i l l be made t o compare t he s t r u c t u r a l and 

v i b r a t i o n a l d a t a f o r t h e t h r e e (//̂ -H) compounds and t o 

p r e s e n t a method by which p o s s i b l e (/̂ -̂H) species on t r a n s i t i o n 

m e t a l s u r f a c e s can be s t r u c t u r a l l y e v a l u a t e d from s u i t a b l e 

v i b r a t i o n a l d a t a . However, c a u t i o n must be expressed s i n c e 

o n l y 3 compounds were s t u d i e d , of which s t r u c t u r a l d a t a i s 

on l y a v a i l a b l e f o r two of them. The hydrogen p o s i t i o n has 

been found i n H^Re^(C0)^2 ^^^^ "̂̂ ^ HFeCOj(C0)^(P(0CH^)j)^ 

(43) and,though an X-ray a n a l y s i s has been c a r r i e d out on 

H2Rug(C0)^g,the e x a c t l o c a t i o n has yet t o be determined ( 6 4 ) . 

The ' e s t i m a t i n g ' t e c h n i q u e s have shown t h a t q u i t e reasonable 

MHM bond angles can be c a l c u l a t e d from c r e d i b l e MH d i s t a n c e s 
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and known MM d i s t a n c e s . I n t h e case of H2Rug(C0)^g, the 
Ru-Ru ( b r i d g e d ) d i s t a n c e i s known t o be 2 .95^ ( 6 4 ) . Fvw. 
t h e change i n Re-H bond l e n g t h s from Cn^-^) t o (/u^-H) 
e n t i t i e s , an e s t i m a t e of t h e Ru-H "bond d i s t a n c e can be 
o b t a i n e d f r o m known Ru-(/"2'''H) systems. T h i s v a l u e of 
1 .72A can t h u s g i v e an Ru-(«^-H)-Ru angle of 118°. T h i s 
v a l u e w i l l be used w i t h those of the o t h e r (/i^-H) compounds. 

The two p r e f e r a b l e t e c h n i q u e s ; methods 1 and 2, of 

e s t i m a t i n g t h e MHM bond angle w i l l be used. Once again i t 

must be s t a t e d t h a t t h e M^(wj-H) systems, l i k e H20SJ(C0)^Q, 

cannot be compared w i t h the (^2-^)^2 systems because of the 

e s s e n t i a l bonding d i f f e r e n c e s though t h e techniques may 

l e n d themselves t o the i n d i v i d u a l systems chosen. Table 5-28 

shows the d a t a used i n the p l o t s of (v /v ) vs. t a n ( 0 / 2 ) , 

F i g u r e 5.48, and ( ̂ ^g/^^s^ ^ VMjvi+1/Mjj(l + c o s 0 ) ) ^ ( l / M j ^ + 

1/Mjj(l-cos 0 ) ) ~ 2 , F i g u r e 5.49. 

Table 5.28; Data Used f o r M^(;»^-H) Study 

Compound V 
as "s 

0 
6 

•̂ as 
V 
s 

^s 
V 
as 

Tan(|) K a t o v i c 
No. 

HPeCo^(C0)^2 1102 1240 92 0.889 1.125 1.032 0.966 

H2Rug(C0)^g 1270 1048 118(qI 1.212 0.825 1.670 0.604 

H^Re^(C0)^2 1128 1032 110 . 8 1.093 0.915 1.450 0.692 

I t i s noted t h a t the b e s t l i n e drawn i n these f i g u r e s 

i s s t r a i g h t whose equations are: Pip;ure 5.48 y=0.8x-f0.35 and. 

F i g u r e 5*49 y = 0.49x + 0.385. Once again t h e same g e n e r a l 

t r e n d s are shown, i n each case, as those seen i n the M2(/^2~- '̂̂  

comparison. . From the data i t can be seen t h a t a t low MHM 

angles t h e v v a l u e i s g r e a t e r than the v v a l u e . T h i s s as 
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'cross-over' p o i n t occurs a t an MHM angle of ~100° which 

can be compared w i t h t h e (/u^-E)n^ data, F i g u r e 5.47, 

where a s i m i l a r 'cross-over' p o i n t was found a t 100°. Data 

fr o m t h i s (/x^-H) comparison w i l l be used i n s e c t i o n 5.5 

t o t e s t p o s s i b l e (^^-E) assignments on t r a n s i t i o n metal 

s u r f a c e s . I t can be noted t h a t t h e l a r g e RuHRu angle of 

118° means t h a t t he hydrogen i s r e s i d i n g q u i t e close t o the 
o 

Ru^ plane r e s u l t i n g i n an R u v ( s u r f a c e ) - H d i s t a n c e of 0.22A 
^ 0 

(The H t o R e j ( s u r f a c e ) i n H^Re^(C0)^2 0.3A) ( 4 0 ) . The 

maximum MHM angle i n such a s i t u a t i o n would be 120° when the 

hydrogen would r e s i d e i n t he metal t r i a d p l a n e . 
5.8. The (f^^-E) system 

U n f o r t u n a t e l y t h e r e o n l y v i b r a t i o n a l datjsHfi a v a i l a b l e 

on two'(/ig-H) t r a n s i t i o n metal c l u s t e r s , (HRug(C0)^g)~ (44) 

and (HCOg(CO)^^) though s t r u c t u r a l d a t a dX a v a i l a b l e on 

o t h e r c l u s t e r s which c o n t a i n hydrogen i n o c t a h e d r a l h o l e s , 

such as iEE±^^(CO)^^)^~ and (E^1^±^^(G0)^^)^~ (52) . One may 

compare t he s t r u c t u r a l and v i b r a t i o n a l d a t a a v a i l a b l e on 

these compounds w i t h m e t a l h y d r i d e s c o n t a i n i n g hydrogen. 

Table 5.29 c o n t a i n s d a t a on MH bond l e n g t h s ( d j ^ _ j ^ ) , M̂ H 

v i b r a t i o n a l f r e q u e n c i e s ("^jvjjj) and the r e s p e c t i v e metal and 

hydrogen e l e c t r o n e g a t i v i t i e s . F i g u r e 5.50 shows a p l o t of 

^M-H ^^i' ^ ^ " ' ^ ^M-H '̂̂ ^ F i g u r e 5.51 shows a p l o t of l o g 

(^]y[_jj) vs l o g (<̂ ]y[„H). "̂ti® equation of the curve drawn i n 
2 

F i g u r e 5.50 i s y = 5x - 0.0055x whereas i n F i g u r e 5.51^a 

s t r a i g h t l i n e was drawn whose e q u a t i o n i s y=—•1.931x+ 2.131. 

I t can be seen t h a t t h e r e i s a d e f i n i t e t r e n d i n the i n c r e a s e 

i n v i b r a t i o n a l f r e q u e n c y , ^ ]v[jj, w i t h a decrease i n the MH 

d i s t a n c e , There would a l s o appear t o be an inc r e a s e 
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i n t h e e l e c t r o n e g a t i v i t y o f t h e metal atom as the dj^^_-^ 

decreases and i']y[_g i n c r e a s e s . C h i n i (64) discussed v a r i o u s 

T able 5.29: Data For (/^^-H) Systems 

System 
-, 0 
°M-H(A) t^j^_jj(cm ^) Metal 

E l e c t r o n e g a t i v i t y 
" 

(HCOg(CO)^^)" 1.82 (50) 1056 1.70 

(HRug(CO)^g)" 2 .03 (44) * 825 (44) 1.42 

YbH2 2.30 ( 4 8 ) 720(48) 1.06 

CaHg 2,32 (48) 690 (48) 1.04 

SrHg 2.49 (48) 600 (48) 0.99 

BaH2 2 .67 (48) 560 (48) 0.97 

^^^2.97 
2.76 (64) 516 (65) 1.10 

CeH2_gQ • 2.78 (64) 524 ( 65) 1.06 

H — — > 2.10 

* 825cm"'^ i s an average v a l u e (44) 

f e a t u r e s of s i m p l e metal i n t e r s t i t i a l h y d r i d e s and i t would 

seem t h a t t h e lanthanum, and cerium h y d r i d e s are the most 

e l e c t r o n r i c h , i n t h i s s t u d y , and they g i v e up a l a r g e , 

b u t p a r t i a l n e g a t i v e charge i n f a v o u r of t h e more e l e c t r o ­

n e g a t i v e i n t e r s t i t i a l atom whereas t he much more e l e c t r o ­

n e g a t i v e c o b a l t atoms would r a t h e r h o l d onto the e l e c t r o n i c 

charge thus r e d u c i n g t he charge on the i n t e r s t i t i a l atom. 

V a r i o u s t h e o r e t i c a l c l u s t e r models of the e l e c t r o n i c s t r u c t u r e 

and bonding mechanisms of i n t e r s t i t i a l hydrogen have been 

developed by Adachi and Imoto (66) and Messmer e t a l (67) 

f o r t h e groups Sc-Cu and H i - P t r e s p e c t i v e l y . I n b o t h models 

e l e c t r o n t r a n s f e r t a k e s p l a c e , t o a c e r t a i n degree, between 
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the octahedron and the proton with the r e s u l t i n g formation 
of a bond between the H i s o r b i t a l and the M 'spd' o r b i t a l s 
of correct symmetry, i n t h i s case the symmetric A, o r b i t a l s . 
The r e s u l t i n g o r b i t a l i s q u i t e stable and l i e s well below 
the metal 'd' band. This band w i l l probably be more i o n i c 
i n the COgH species and more covalent i n the case of the 
rar e earth hydrides, f u r t h e r , the higher v i b r a t i o n a l frequency 
e x h i b i t e d by the CogH e n t i t y would appear t o in d i c a t e a 
stronger, more s t a b l e , bond than t h a t taking place i n the 
RUgH analogue. Further evidence f o r t h i s l i e s i n the f a c t 
t h a t a s t a b i l i s i n g e f f e c t i s known t o take place when brid g i n g 
ligands are found on the e x t e r i o r of the metal octahedron, 
f o r example, (/^^-I) species i n Mbgl^^. Pour b r i d g i n g 
(/̂2~Ĉ *-') species are found i n (HCOg^(CO)^^)~ whereas a l l the 
carbonyls i n (HRug(C!0)^g)" are t e r m i n a l . Also the v i b r a t i o n a l 
spectrum of (HCOg(C0)^^)~ contains only a single peak possibly 
i n d i c a t i n g an octahedral hydride whereas a more complex 
s i t u a t i o n perhaps i s found i n (HRug(CO)^g)~ i n d i c a t i v e of a 
less symmetric s t r u c t u r e . 

This trend i n and f o r M^H-systems. has been 
rairroi-ed i n t e t r a h e d r a l M^H moieties. jR ces et a l (4-7,69) 
measured u jyjg f o r hydrogen i n t e t r a h e d r a l holes i n metals and 
p l o t t e d the peak frequency against 6^-^. Figures 2,^,33) 

show the trend where there i s a f a l l i n peak frequency w i t h 
an increase i n (3]y[jj- Sakamoto ( 6 8 ) derived f o r such systems 
a p o t e n t i a l r e l a t i o n s h i p which q u a n t i f i e d t h i s trend where 
"mH' s i t e s of a given geometry (eg. Td or Oh), could be 

cor r e l a t e d w i t h dj^jg. The. Sakamoto l i n e i s shown i n Figure 
3.32, Ross et a l ( 6 9 ) postulated that deviations from the 
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general trend could be an i n d i c a t i o n of i n s t a b i l i t y . I t 
can be noted t h a t there i s a s i m i l a r trend i n Figures ^ .30 , 

).. As the frequency f a l l s , d^-^ moves f u r t h e r away from 
the Sakamoto l i n e which would appear t o be adhered t o at 
high frequencies and low M-H distances. Thus, i n Figure 3.30 

(frequency versus djyj f o r the octahedral species) i f the 
Sakamoto l i n e operates s i m i l a r l y then the data on the c l u s t e r 
compounds w i l l l i e nearer the l i n e whereas the r a r e - e a r t h 
i n t e r s t i t i a l systems w i l l move away from possible i d e a l i t y . 

As noted by Ross et a l (69) some datum points were 
found t o deviate from the main trend. This also occurs i n 
the octahedral systems. I f one considers the Pd-H system 
where v i b r a t i o n a l frequencies have been reported at 5^9cm , 

i n the a-phase, and 460cm"'^, i n the /5-phase (70) and the 
o 

Pd-H distance i s 2A ( 6 4 ) . No convincing argument can be 
advanced t o e x p l a i n t h i s . 
5 .9 . Hydridocarbonyls; Relationships between v i b r a t i o n s of 

hydrogen i n t r a n s i t i o n metal hydridocarbonyls and 
hydrogen chemisorbed on t r a n s i t i o n metal surfaces 

5 . 9 - 1 - I n t r o d u c t i o n 

As already discussed i n Chapter 4 there can be v i r t u e 
i n comparing characterised model compounds w i t h adsorbate/ 
adsorbent systems, e s p e c i a l l y i f the l a t t e r have been d i f f i c u l t 
to characterise or where c o n f l i c t i n g data has been found. 
The use of v i b r a t i o n a l data on model compounds, such as 
t r a n s i t i o n metal hydridocarbonyls, has been put t o use by 
Jayasooriya et a l (71) and W i l l i s (72) t o describe the arrange­
ment of atomic, hydi'ogen atoms bond(;d t o the (100) , (110) and 
(111) planes of tungsten. This was carTiod out by using the 



263 
MHM stretches of (^^2-^)1^2 systems which followed trends 
i n the v a r i a t i o n of the MHM bond angle. This section w i l l 
review p e r t i n e n t experimental work c a r r i e d out on the H/W, 
H/Ni and H/Pt systems. This w i l l be done on the basis t h a t 
not only i s more data a v a i l a b l e on other (lui^^-E)^^ systems, 
which have been f u r t h e r characterised, but now data i s 
ava i l a b l e on (^j--H)Mj species and, also, hydrogen i n octa­
hedral holes. These l a t t e r groups could not be used i n the 
analysis c a r r i e d out by Jayasooriya et a l ( 7 1) and W i l l i s 
(72) since no data was av a i l a b l e on such model compounds. 

5 9-2. Hydrogen and Nickel 
(a) Previous Work 

Renouprez et a l (73,7'^) c a r r i e d out studies of hydrogen 
adsorbed on Raney n i c k e l using TINS techniques. A low 
frequency t i m e - o f - f l i g h t spectrum (73) showed bands at 202, 
242cm~'^, assigned t o Ni l a t t i c e bands, 726, 1049 and 1170cm"^. 

The l a t t e r p a i r were i n t e r p r e t e d as a NiH v i b r a t i o n centred 
—1 

at 1121cm , whereas no explanation was offered f o r the 
—1 —1 726cm band. The 1l2lcm band was assigned as a hydrogen 

motion r e l a t i v e to the Ni surface and i t was postulated t h a t 
a (/i^-H)Ni^ group was formed. Later ( 7 ^ ) , the INIB instrument 
was used t o study the higher frequency region. At a coverage 
of 0.42^ bands were found at 950 and 1130cm"'^ which were 
repeated at a higher coverage of 19. At higher coverage,a 

—1 
weaker band appeared at 640cm . The spectra from t h i s paper 
are shown i n Figure 5-34. I t can be seen t h a t the arrow 
p o i n t i n g t o the 640cm band i n spectrum 2 i s , i n f a c t , p o i n t i n g 
at the minima between the weak peak and the 950cra band but 
t h i s i s an e r r o r as the weak peak i s at 640cm" (~ 79 meV) 
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using the frequency scale. Bands at higher frequency, 

-1 -1 
~2175cm , were also found. The band at 640cm was not 
i n t e r p r e t e d (This peak obviously has an analogue i n the tirae-
o f - f l i g h t spectrum at 726cm ) . I t was f e l t t h a t the 

—1 
v i b r a t i o n s at 950 and 1130cm were i n d i c a t i v e of hydrogen 
i n a m u l t i p l e bonded s i t u a t i o n , but the exact stoichiometry 
could not be decided upon. From i n t e n s i t y measurements»the 
bands at 1930 and 2175cra were assigned t o second harmonics 
and to a v i b r a t i o n due to t e r m i n a l l y bonded hydrogen as was 
postulated i n the lower frequency experiment. Wright (75) 

o f f e r e d an a l t e r n a t i v e explanation f o r the INIB data of 
Renouprez et a l (74) and i n s i s t e d t h a t the proposed m u l t i p l e 
bonding model did not explain the predicted experimental 
i n t e n s i t i e s . His a l t e r n a t i v e model reverted back t o the 
o r i g i n a l N i (//̂ -H) e n t i t y at a l l hydrogen coverages. 

Very r e c e n t l y a LEED study of hydrogen on the N i ( l 1 l ) 
plane showed t h a t (|U^-H)Ni^ species were formed and th a t the 

o 
hydrogen was estimated t o l i e 1.15A above the surface, w i t h 

o 
a NiH band l e n g t h of 1.84A ( 75 ) - Demuth (77) c a r r i e d out 
photoemission studies on hydrogen bonded to Ni ( i l l ) and 
concluded t h a t t h i s occurred p r i m a r i l y v i a the n i c k e l 's' 
o r b i t a l s w i t h some 'd' and 'p' o r b i t a l p a r t i c i p a t i o n . These 
r e s u l t s were e n t i r e l y consistent w i t h work by Messmer et a l 
on hydrogen i n t e t r a h e d r a l holes i n n i c k e l (67) which 
st r o n g l y suggested t h a t such cheraisorption of hydrogen could 
lead t o the ' i n c o r p o r a t i o n ' of the hydrogen i n t o the t e t r a ­
hedral i n t e r s t i c e s under ( I 1 l ) surfaces. 

The chemisorption of atomic hydrogen on large n i c k e l 
c l u s t e r s has been studied t h e o r e t i c a l l y , using Hartree-Fock 
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c a l c u l a t i o n s ( 7 8 ) . The c l u s t e r consisted of the low index 
(100), (110), (111) and (112) planes. The v i b r a t i o n a l 
frequencies of the hydrogen atoms r e l a t i v e t o the surface 
was found t o change w i t h respect t o the number of nearest 
neighbours. As n increased from 1 t o 4 i n Ni^(H)^ the 
calcu l a t e d frequencies were 2218, 1571, 1210 and 589cm"^. 
Bonding was shown t o be q u i t e unfavourable i n the Ei^(iU^-H) 
system since a more covalent bond was expected whereas the 
(iU^-H)Ni^ grouping was more probable than the ((U2-H)Ni2 group. 
Electron energy l o s s spectroscopy (EELS) has been u t i l i s e d 
by Andersson(79) i n an inspection of the H/Ni (100) i n t e r ­
a c t i o n . On t h i s plane 3 possible s i t e s could be expected 
f o r atomic hydrogen t o occupy: hydrogen i n one, two and four 
f o l d p o s i t i o n s . The EELS data showed a band at 597Grn which 
agreed w e l l w i t h the calculated frequency of 589cm~ , (78) 
f o r hydrogen r e s i d i n g i n a fou r f o l d s i t e . Further, an 
i n v e s t i g a t i o n by Reider et a l (80), using helium d i f f r a c t i o n , 
studied the H/Ni (110) system. On t h i s plane -̂ s i t e s , were 
possib l e : (/U^-H), (^2"-^) 2x(,u^-H) p o s i t i o n s . I f the n i c k e l 

surface d i d not r e c o n s t r u c t , the (f^^^^E) moiety was preferred 
o 

w i t h a NiH bond le n g t h of 1.65A whereas i f the n i c k e l surface 
was rumpled, on hydrogen adsorption the pr e f e r r e d s i t e s would 
be f o u r - f o l d . From previous LEED studies (77) i t was 
postulated t h a t adsorption had led t o l a t e r a l displacement 
of the n i c k e l atoms t o form p a i r s . 

F i n a l l y , recent EELS studies of hydrogen on N i ( l 1 1 ) were 
made by Ho et a l (81) at 17OK. Two peaks were shown i n the 
spectra, Figure 3-3^, at 710 and 1121cra at a l l coverages. 
The N i ( l 1 l ) plane contains three coordinate s i t e s d i s t i n g u i s h e d 
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by the presence or absence of a n i c k e l atom beneath the 
surface hole. The author suggested t h a t the 1121cm band 
was due t o hydrogen l y i n g above an 'open' hole, i e a ( f i ^ - E ) 

p o s i t i o n , and the 710cm" due t o hydrogen i n a near -(/U^-H) 
s i t e . However, since the s c a t t e r i n g i n t e n s i t y was so low 
i n both the specular and non-specular d i r e c t i o n s t h i s implied 
l i t t l e dipole moment i n the v i b r a t i o n s and t h a t the hydrogen 
atom was embedded i n the surface layer i n a screened p o s i t i o n . 
Another p o s t u l a t e was t h a t the hydrogen was embedded and t h a t 

-1 
the 710 and 1121cm bands were due t o the symmetric and 
antisymmetric stretches r e s p e c t i v e l y . 
5.5- Analysis of previous work 

The spectrum 'shape' of the data c o l l e c t e d by Renouprez 
et a l ( 7 ^ ) , from INIB, Figure 5•5'̂ , f o r hydrogen on Raney 
n i c k e l , at 0.42 and 1.0 monolayers, is remarkably s i m i l a r t o 
t h a t of the (//̂ -H) t r a n s i t i o n metal hydridocarbonyl complexes 
t h a t are studied i n t h i s t h e s i s . There i s a strong doublet 
i n the 1000-IIOOcm region w i t h a weaker band at lower 
frequencies and a broad f e a t u r e at 2l00cm . With the LEED 
data ( 7 6 ) , the t h e o r e t i c a l study (78) and the EELS (79) 
evidence favouring the hydrogen r e s i d i n g i n a hi g h l y c o - o r d i ­
nated p o s i t i o n , i t may be possible to show t h a t hydrogen holds 
such a p o s i t i o n on Raney nickel,as postulated by Renouprez, 
from t h i s study of (i^j-H)M^ complexes. The p o s s i b i l i t y t h a t 
hydrogen i s t e r m i n a l l y bonded t o n i c k e l can be r u l e d out since 

the spectrum i s much too complex and such a bonding mechanism 
—1 

could not explain the appearance of the 640cra band or the 
—1 

presence of a doublet around 1000cm . The existence of only 
—1 

two bands of any i n t e n s i t y , at 950 and 1130cm would tend 
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t o r u l e out the v i a b i l i t y of a (fi^-E) system e s p e c i a l l y 
since there i s a t o t a l lack of a v i b r a t i o n i n the 1200-

—1 
1700cm region i n d i c a t i v e of an antisymmetric NiHNi s t r e t c h . 
The weaker band at 640cm"'^ (INIB)/726cm"'' (IN4-) can be 
assigned by comparing the data wi t h the lower frequency 
regions of (/"̂ -H) compounds. I n H2Ru^(C0)^g the strong 

—1 
band at 607cm i s assigned t o the symmetric deformation. 
This band occurs at 511cm"'' i n HFeCo^(C0)^2 L̂t 708cm"'' 
i n H^Re^(G0)^2- Thus the 640cm~ band i s assigned t o the 
deformation of the Ni^H system. This w i l l be a symmetric 
v i b r a t i o n w i t h the -hydrogen atom v i b r a t i n g normal to the 
n i c k e l surface. The bands at 950 and 1130cm are assigned 
to the antisymmetric and symmetric stretches. The 
problem then l i e s i n which band i s which motion. From 
the study of the (A^-H) complexes and the f a c t t h a t the 

—1 —1 
950cm band on n i c k e l i s more intense than the llJOcra band 
i t can be i n f e r r e d , i n i t i a l l y , t h a t the 950cm band i s the 
antisymmetric s t r e t c h from i n t e n s i t y consideration where 
the i n t e n s i t y of the IINS band, of E symmetry ( i e the doubly 
degenerate antisymmetric s t r e t c h ) , w i l l be approximately 
twice the i n t e n s i t y of the A symmetric mode ( i e the symmetric 
s t r e t c h ) . This hypothesis can be tested by regarding the 
LEED data which showed a NiH bond l e n g t h of I.S^X and a NiNi 
bond l e n g t h of 2.492A. From t h i s a NiHNi bond angle of 
85-2° can be calc u l a t e d - From the (/i^-H) comparison t e s t 
( s e c t i o n 5«7 _ ) i t was shown that a 'cross-over' p o i n t i n 
the values of c and was possible i n the same was as »' 

as s as 
and 'cross-over' i n value i n M2(/X2-H) species ( 4 ) . Thus 
the assignment t o the 950cm band as the antisymmetric 
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s t r e t c h would seem e n t i r e l y consistent i f the bond angle 
i s of the same magnitude as 8 5 ° . Using methods ( l ) and (2), 
the NiHNi angle on the Raney n i c k e l can be evaluated using 
Figures 5-48, 5-49 w i t h { v ^ / v ) = 0.841 and { v / v ^ J = — — — ~ as s s as 
1.189. This gives bond angles of approximately 89-0° and 
84.4°. These bond angles are reasonably close to those 
calculated from the Christmann data (75). This has thus 
shown the l i k e l i h o o d t h a t the hydrogen was r e s i d i n g i n three­
f o l d s i t e s on the Raney-nickel, at high coverage. I t can 
also be noted t h a t H^Ni^Cp)^ has been studied by neutron 
d i f f r a c t i o n techniques by Koetzle et a l ( 8 2 ) . The three 
hydrogen atoms were found t o be t r i p l y b r i d g i n g three n i c k e l 

0 
faces and t h a t the NiH bond lengths were 1.69A and the NiHNi 
bond angle 93..9°. The HNi surface distance of 0.9A compares 
w e l l w i t h the I.15A determined by the LEED data (75), as do 
the other measurements, so t h a t the s t r u c t u r e s of the surface 
systems and the models can be seen t o be comparable. 

F i n a l l y , the data of hydrogen + N i ( l 1 l ) from Ho et a l 
(81) can be analyzed i n the same manner. Very poor data was 
c o l l e c t e d , as shown i n Figure 5.55« However, the band at 
"1391116̂  i n the lower spectrum i s quite broad and would appear 
to have a shoulder at lower frequency at ~l25meV. (At high 
coverage of deuterium i n the top spectrum the band at 89meV 
would appear t o have a strong component at'~104meV). Now 
these other weaker components could w e l l be due to motions 
p a r a l l e l t o the surface whereas the stronger bands at 88 and 
139meV are due to motions normal to the surface. This i s 
very reasonable f o r specular measurements. Thus the strongest 
band at 139nieV can be assigned t o the symmetric s t r e t c h , the 
88meV band t o the symmetric deformation and the weaker l25meV 
band t o the in-plane antisymmetric s t r e t c h f o r t r i p l y c o - o r d i -



270 

nated hydrogen. (The in-plane antisymmetric deformation w i l l 
be at too low a frequency f o r the EELS technique). With 

s 
—1 —1 

= 1121cm and = 1008cm the bond angle can be estimated 
as 

t o be 92.9° (method l ) and 88.6° (method 2) which f i t i n w i t h 
the general t r e n d . The argument by Ho et a l (81) t h a t the 
710 and 1121cm bands could be due t o two symmetric stretches 
of two (/x̂ -H) type species i s not convincing. The argument 
postul a t e s t h a t they are due t o the absence and presence of 
a n i c k e l atom below the t r i p l y co-ordinate p o s i t i o n . I n 
(/x̂ -H) t r a n s i t i o n r a e t a l hydridocarbonyls these s i t u a t i o n s can 
be compared w i t h (/i^-H) i n H2Rug(C0)^g, which has the absence 
of a lower metal atom (^Q = lO^Scra" ) , and i n H^Re^(C0)^2 
and HFeCOj(C0)^2 "bhere are present underlying metal atoms 
(u = 1032 and 1240cra~ r e s p e c t i v e l y ) . There i s no such 
d i f f e r e n c e i n frequency as suggested by Ho et a l . Table 5-30 
summarises the r e s u l t s f o r H + N i . 
Table 5-30: Summary of H/Ni studies 

System Technique 
Bond Angle 

( °) 
''s " as "̂ s 

(cm""^ 
H + Raney N i IINS (74) 8^.4,89.0 1130 950 6^0 
H + Ni(l11) LEED (76) 85.2 - _ _ 

H3Ni^(C.p)^ Neutron (82) 
D i f f r a c t i o n 93.9 - - -

H + N i ( l 1 l ) EELS (81) 92.9,88.6 1121 1008 710 

5.9 3- Hydrogen and Tungsten 
(a) Previous Work 

The W/H system has been thoroughly studied yet i t was 
not u n t i l r e c e n t l y t h a t concern was expressed over the random 
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assignments made f o r v i b r a t i o n s i n v o l v i n g hydrogen (71,72). 

The previous work f i r s t s t arted w i t h the H/W (100) system 
using EELS (83,84). Two energy loss peaks were observed 

—1 
at 560 and 1090cm . These were assigned t o motions of 
atomic hydrogen r e l a t i v e t o the surface, however, the i n s t r u -
mental r e s o l u t i o n was very poor ( ~ 400cm'' ) . Both r e p o r t s 
implied s i n g l e s i t e s were occupied at a l l coverages. This 
was r e f u t e d by Froitzheim et a l (85) who also used EEIiS. Two 

—1 
v i b r a t i o n s were found, one at low coverage, 1250cm , which 

—1 
w.as g r a d u a l l y replaced by a band at 1049cm at high coverage. 
This was postulated t o be due t o two s i t e s . At low coverage 
the 'on-top' (/ẑ ~H)W system was i n f e r r e d and t h i s was replaced 
I'y (("2"-^)^2 s ' ^ t i t i e s . 

Many t h e o r e t i c a l and experimental studies over the years 
of hydrogen on tungsten have postulated nearly every possible 
c o n f i g u r a t i o n of hydrogen upon the surface due t o one reason 
or another. For example:-
a) H+W(111): Tamm favoured W2H(80) from desorption measurements 
b) H+W(110): Blanchet favoured a bridge s i t e (88) from 

surface r e f l e c t a n c e expts. 
C o l l i n s favoured W2H (88) from emission micro­
scopy expts. 
Tamm favoured Ŵ H or Ŵ H (86) from desorption 
K i n e t i c s 

c) H+W(100): Estrup favoured W2H (89) on the basis, of LEED 
pat t e r n s 
C o l l i n s favoured W2H (89) from emission micro­
scopy expts. 
Tamm favoured Ŵ H (90) due t o LEED and desorption 
data 
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Weinberg favoured Ŵ H (91) from M.O. c a l ­
c u l a t i o n s 

Anders favoured Ŵ H (92) from M.O. c a l c u l a t i o n s 
Jaeger favoured Ŵ H (93) @ 1qw0 V electron 

> stimulated 
Jaeger favoured WpH (93) @ high^ ) desorption 

studies 
Madey favoured W.H (94) @ low0 1 electron 

> stimulated 
Madey favoured WgH (94) @ high^) desorption 

studies 
Viswanath favoured Ŵ H (95) from desorption 
studies. 

Some of these systems vary wi t h hydrogen coverage and 
some i n d i c a t e t h a t two species may e x i s t at once. I t appears 
c o n s i s t e n t l y t h a t p ossibly two states are present on the (110), 
(lOO) and (211) planes whereas more may be present on the 
more open ( i l l ) plane (96,97)-

Studies by Bactocet a l (98) on the HA ( i l l ) system, 
using EELS, found a single peak at I290cra and, w i t h analogy 
to F roitzheim, assigned i t to the 'on-top' hydrogen system, 
W^(^^-H). 

Richardson et a l used IR and EELS f o r the H/W (100) system 
(99)• They showed t h a t 3 v i b r a t i o n s were possible due t o the 
3 hindered t r a n s l a t i o n s of the adsorbate. The actual s i t e 
symmetry would i n d i c a t e the actual number of expected active 
v i b r a t i o n s . They discussed the v a r i a t i o n i n the frequency 
of the WH v i b r a t i o n s , due t o the t r a n s l a t i o n s i n the x,y and 
z planes, w i t h the p o s i t i o n i n g of the hydrogen atom i n three 
s i t e s w i t h respect t o the u n i t c e l l of the W(lOO) surface 
( i e i n W(//^-H), Wp(/Up-H) and Ŵ (/û -H) s i t u a t i o n s . ) V i b r a t i o n a l 

—1 

bands were discussed at 2097, 1290, 1048 and 645cra and were 
assigned t o an overtone, a W^(i'x^-H) s t r e t c h , a W2(/«2"-̂ ) 
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bridge s t r e t c h and t o a deformation mode of the W2(/U2""H) 
moiety r e s p e c t i v e l y . W i l l i s et al also studied the above 
system (100) using EELS and at sa t u r a t i o n coverage found a 
peak at 1049cm but they then carried out some out-of-plane 
specular beam s c a t t e r i n g and f u r t h e r f eatures were found at 
645, 1290 and 2097cm~'' (The same values as f o r (99)). However, 
they i n s i s t e d t h a t the assignments were a deformation mode 
(645cm" ) , a symmetric s t r e t c h (I049cm" ) , an antisymmetric 
s t r e t c h (I290cm~'^) and a second harmonic (2x1049) which 
were a l l i n d i c a t i v e of a W2(iU2-H) system, at monolayer 
coverage. ( I n specular d e t e c t i o n the dete c t i o n takes place 
at a r e f l e c t e d angle which i s the same as the incident angle. 
Those v i b r a t i o n a l bands which have a band i n t e n s i t y maximum 
at t h i s angle are those which have a perpendicular dipole 
such as the symmetric s t r e t c h . A f u r t h e r s c a t t e r i n g process-
Impact s c a t t e r i n g - can be detected at r e f l e c t e d angles at 
other than the i n c i d e n t angle. This allows those v i b r a t i o n a l 
processes i n v o l v i n g v i b r a t i o n s p a r a l l e l t o the surface t o 
be excited and detected. The consequence i s t h a t the l i m i ­
t a t i o n s imposed by the feurface s e l e c t i o n , r u l e ' are l i f t e d 
whereby only those v i b r a t i o n s i n v o l v i n g a p e r p i n d i c u l a r -

to-the-surface d i p o l e are observed). 

W i l l i s went on t o measure the v a r i a t i o n w i t h coverage 
(72,101) and found t h a t as a monolayer was b u i l t up, the 
symmetric s t r e t c h decreased i n value from 1250 t o 1049cm , 

—1 
the antisymmetric s t r e t c h increased from 968 t o 1291cm 
whereas the deformation mode increased from 440 t o 686cm . 
Using Howards example (6) i t appeared reasonable t h a t a 
W2(/«2-U) existed at a l l coverages but t h a t the WHW angle was 
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varying and recent LEED measurements (IO3) on tungsten 
surfaces had i n d i c a t e d t h a t r e c o n s t r u c t i o n of the surface 
tungsten atoms took place on adsorption of an adsorbate 
producing a s t a b l e 'puckered' surface. WHW angles were 
o r i g i n a l l y quoted as 89° and 108° f o r the low and high coverages 
(101) then quoted as 80° and 100° i n the l a t e r p u b l i c a t i o n 
(72) which seemed t o i n d i c a t e some u n c e r t a i n t y . 

Jayasooriya e t a l (71) reviewed t h i s pre-1979 data 
on WH v i b r a t i o n s and went on t o assign most bands to WHW 
v i b r a t i o n s i n W2(/"2~-̂ ) moieties wi t h v a r i a t i o n s i n the 
v i b r a t i o n a l frequencies due t o re c o n s t r u c t i o n of the W atoms 
producing v a r i a t i o n s i n the WHW angle. The 'on-top' 
v i b r a t i o n s reported e a r l i e r were dismissed since the 1200-

-1 
1300cm bands assigned as such, occurred at too low a 
frequency compared w i t h s i m i l a r terminal hydrides i n model 
complexes. F i n a l l y , Ho et a l (81) very r e c e n t l y published 
work on HA''(lOO) and found exactly the same, r e s u l t s as W i l l i s 
and others and analysed the data i n the same .vein. 
(b) A l t e r n a t i v e view of previous data 

The 'on-top' s i t e of Froitzheim e t a l (85) assigned at 
-1 

1250cm i s i n c o r r e c t because such a frequency i s too high 
t o be a deformation and too low to be s t r e t c h f o r a terminal 
hydride. Froitzheim q u i t e reasonably can say the 1056cm 
band i s due t o a s t r e t c h of the M^Cfi^-^) species at high 
coverage. The band at 1250cm must also be due t o t h i s 
species. The explanation due t o W i l l i s (72) and Jayasooriya 
et a l (71) i s v a l i d . The reason f o r the lack of an a n t i ­
symmetric s t r e t c h must be due'to the f a c t t h a t only an out-
of-specular beam study would have seen i t . I f the symmetric 
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stretches are at 1250 and then 1056cm then WHW angles of 
approximately 90° and 112° r e s p e c t i v e l y w i l l be found. 

Backset a l (98) studied hydrogen on tungsten (111) and 
-1 

assigned the band at 1290cm t o an 'on-top' system. This 
i s again unreasonable. The data i s very poor and the band 
at 1290cm could w e l l , w i t h b e t t e r r e s o l u t i o n , have been 
resolved i n t o more components. On the evidence given, e i t h e r 
a (/"2--U) or ( f j ^-B.) i s found w i t h the (/"̂ -H) moiety more 
favoured on t h i s p a r t i c u l a r plane. 

W i l l i s et a l ( l O l ) , again, studied hydrogen on tungsten 
(100) as did Froitzheim ( 8 5 ) . Froitzheim, i t must be noted, 

—1 

saw the I250cra band at low coverage using a specular beam 
measurement whereas at high coverage the 1056cm band was 
observed. W i l l i s , at high coverage, saw only a band at 1049cm 
w i t h a f u r t h e r band at 1290cm i n out-of-specular beam 
measurements. Obviously these bands are d i f f e r e n t . The 

—1 \ 
Froitzheim 1250cm band could well be the symmetric s t r e t c h 

- 1 

but i f W i l l i s has found the band at 1290cm then i t should 
be the antisymmetric s t r e t c h . Used i n conjunction w i t h 
methods (2) and ( 3 ) , a f t e r Howard et a l ( 6 ) , and method ( l ) , 
a f t e r Katovic and Macarley ( 1 1 ) , reasonably consistent WHW 
angles should be a t t a i n e d . This does not happen. The 
sin(0/2) p l o t gives WHW = 88°, the tan(0/2) p l o t gives 114.4° 
and the Katovic N°. p l o t gives 85.3°. Es p e c i a l l y since the 
l a t t e r two d i f f e r by so much, i t i s f e l t t h a t the W2(/̂ 2~-̂ ^ 
system cannot describe the moiety which, has produced v i b r a t i o n s 

—1 

at 1290 and 1056cm . The a l t e r n a t i v e s t o a (lu^-^) system 
on the W(100) plane are (1" ̂ -H), which has already been r e j e c t e d , 
and (;"^-H), a system favoured by many. Unfortunately no 
r e a l data i s a v a i l a b l e on compounds containing hydrogen i n 
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f o u r - f o l d positions. The (u^-E) system could be considered 
to prevail with the hydrogen l y i n g i n a near-four-fold s i t e 
but with the atom distorted towards two of the tungsten stoms 
and being bonded to them and the next tungsten atom in the 
layer below the surface. Methods ( 1 ( 2 ) and (3) give 
reasonably consistent WHW angles of 122.6°, 120 .5° and 122.6° 
but obviously the angle cannot be greater than 120°, a 
geometrically impossible s i t u a t i o n . Since (;Û -H), ( ,"2"^) and 
(/"̂ -H) cannot be acceptable then the (̂ -̂H)Ŵ  system must 
be favoured, on the basis of the above r e s u l t s . Thus the 
model of Tamra and Schmidt (86 , 9 0 ) i s further enhanced rather 
than that of Estrup and Anderson (89)• Figure 5»56 shows 
the two proposed models of Tamm and Schmidt, and Estrup and 
Anderson. At high coverage the Taram and Schmidt model has 
50% of sites occupied by H atoms and 50% of sites occupied 
by H2 molecules. Eigure 5 ' 57 depicts the (/x̂ -H) position. 

W i l l i s et al ( 7 2 ) i n the more detailed study then 
relates results which d i f f e r from those of Eroitzheim et al 
(85)• Eroitzheira et al showed that with increasing 0 , the 1250cm~ 

band slowly disappeared and the 1056cm grew whereas W i l l i s 
showed the 1250cm band moving down i n frequency, with 

—1 
coverage, to the 1049cm band. Indeed, these results are 
not compatible. However, W i l l i s (72) postulates at low 

—1 
coverage: the antisymmetric stretch i s at 968cm and the syrametr 

—1 
stretch at 1226cm , at high coverage: the antisymmetric stretch 

—1 —1 
i s at 1291cm and the symmetric stretch at 1008cm . 
Table 5«31 shows the results of a test of t h i s hypothesis. 
W i l l i s calculated at low coverage and high coverage that the 
WHW angle was 80° and 100° respectively. The table shows 
those results calculated f o r the system and the 
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possible Ŵ (/Uj-"H) system using Howards techniguas ( 6 ) , 2 
and 3 , and the Katovic and M*^Carley technique ( 1 1 ) , which 
has been shown to be r e l i a b l e . Once again a large spread 
in r e s u l t s i s found with the (u2-H)W2 system whereas the 
(;Uj-H)Ŵ  moiety gives more consistent r e s u l t s . Though once 
again at high coverage unacceptable WHW bond angles are found 
with the ¥̂ (;Û -H) system. 

Table 3 . 3 1 : Estimated Bond Angles in Ŵ Ĉ o"-̂ ^ ^"^ 
\i^(n^-E) Systems 

System, At Low Coverage 
( o) 

At High Coverage 
( o) 

Method 

6 8 . 8 9 4 . 6 1 
91 .6 116.4 2 
82 .4 113 .0 3 

7 8 . 1 131 .0 1 
7 5 . 4 127 .4 2 
7 6 . 9 129 .9 3 

I t i s therefore suggested that the evidence up to now 
is not conclusively in favour of any one system. The (;Û -H)¥̂  
moeity can be ruled out, as can the (/u^-E)\J^ u n i t at high 
coverage. Prom the spread i n WHW. angles attained from the 
W i l l i s values f o r the antisymmetric and symmetric stretches 
and the f a c t that the spectrum i s not en t i r e l y unlike the 
( / i j-H ) M j model compounds, one cannot contend that the 
W2(m2~H) i s present. At t h i s moment on the W(100) plane two 
models exist f o r the structure of atomic hydrogen: the Tamm 
and Schmidt (85 , 9 0 ) system of four-fold hydrogen and the 
Estrup and Anderson (89) model of two-fold hydrogen. Erom 



279 

the above evidence i t would appeai:- that the f o u r - f o l d situation 
i s favoured. However, since no data i s available on hydrogen 
cluster species containing ("^-H) moieties (they have yet 
to be prepared!), one must look forward to a LEED study i n 
the same vein as that f o r H/HidH) (76)» U n t i l then i t 
appears unsatisfactory that analyses are being presented of 
the HAidOO) s i t u a t i o n on the basis of v i b r a t i o n a l structura]. 
data available . on only û --and(//2-H) cloister compounds when other 
popular models f o r the surface structure are knovjn« 
5«9*''^« Hydrogen and Platinum 

Many studies have been carried out on the H/Pt system. 
D i f f i c u l t i e s abound i n the analysis of data where a number 
of 'states' ai^e found. .Arguments have been presented f o r 
the numbeif of states being caused by the same number of 
d i f f e r e n t sites f o r hydrogen whereas other have indicated 
that only one s i t e i s occupied by the adsorbate and that the 
number of states indicates the types of interactions between 
these i d e n t i c a l sites varying with coverage. LEED, Thermal 
desorption, EELS-and contact potential measurements have been 
xiseA (eg. I O 3 - I O 5 ) and, generally, two 'states' have been 
seen on the (IOO), ( I I I ) , ( 1 I O ) and ( 997 ) planes though some 
studies have found more complex results than others. TINS 
methods have been used by Howard et al (106, 107) to study 
hydrogen vibrations on Pt black. Low frequency data (106) 

—1 

found a band at 400cm which was assigned to a PtH motion. 
This value was lower than that of hydrogen on Raney-Ni ( 7 3 ) 

and i t was postulated that t h i s was a consequence of the 
increased density of 'd' electrons at the Pt surface leading 
to a metallic rather than a covalent bonding of the adsorbed 
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hydrogen. Higher frequency work (109) found, at low and 
high coverage, bands at 500, 522 and 812cm and, at higher 

—1 
coverage, new bands at 936 and 1296cm . The 3 bands at 
low coverage were assigned to the 5 d i s t i n c t hydrogen atom 
vibrations which arise from the 3 degrees of translational 
freedom of the proton. This implied a two-fold s i t e was 
held by the hydrogen atom upon the platinum surface. Only 
2 vibrations would have been expected f o r f^^- and (/̂ -̂H) 
species, the deformation and antisymmetric stretch being 
degenerate. Terminal hydrides were ruled out because a 
comparison with Pt(jti^-H) model compounds revealed bands at 

—1 
900 and ~ 2000cm . At greater coverage the existence of 

-1 -1 
the 936cm band and some in t e n s i t y i n the 2000-2300cra 
region were postulated as due to such terminal hydrogens. 
Candy et al (108) studied hydrogen on Pt, supported on MgO, 
and found similar r e s u l t s . A reversibly bound hydrogen species 
formed IE bands at 2100cm and an i r r e v e r s i b l y form gave 
a band at 950cm~'^. The former was assigned to a Pt^ (u^-H) 
group and the l a t t e r as a (//2-H)Pt2 group from a comparison 
with the v i b r a t i o n a l bands at ~1100cm i n HjRe^(C0)^2' 

Baro et al (109) studied hydrogen adsorbed on P ' t ( l l l ) 
using the i n - and out-of-specular beam techniques of EELS. 
In-the-beara spectra gave a broad peak at 550cm which increased 
i n i n t e n s i t y with coverage. Out-of-the-specular-beam spectra 

—1 
also gave a broad band at ~ 1230cra , which increased in 
int e n s i t y with coverage, and a weak band at 860cm . Since 
only two bands were seen, a(;/j-H)Ptj system was favoured at 

-1 
a l l coverages with the antisymmetric stretch at 1230cm and 
the symmetric stretch at 550cm" . The (/i^-H) species was 

—1 
not ruled out. ,Eurther, the 860ctn band was assigned to a 



281 
possible distorted (/x̂ -H) (ft ̂ ~E) intermediate. The Pt-H 

o 
bond length was calculated to be 1.76A giving a PtHPt angle 
of 104.3°. Baro et al (110) then studied adsorption on the 
stepped Pt(S) (6(111) x (111)) plane using HREELS. At low 
coverage bands at 500 and'1l30cra appeared, the l a t t e r 
strongly intense, implying e^arly saturation, and a weak 
feature at 1270cra was also seen. At high coverage the 

1 —1 
500cm band was saturated, the 1130 and 1270cm' bands 
were s t i l l observed. Using the out-of-specular-
beam technique the 1270cm band was found to be strong at 
a l l coverages. I t i s suggested that the new band found at 
1l30cm"'^ was due to hydrogen being adsorbed in Pt2(/X2-H) 
si t e s . This was presumed to take place at the steps and to 
happen at early coverages. Thus the 500cm band was 
assigned to the symmetric stretch and the 1270cm band to 
the antisymmetric stretch of t r i p l y bridging hydrogen and 
the 1130cm~'^ band to the symmetric stretch of the Pt(/^ 2"̂ )-̂ ''̂  
moiety. Since an out-of-specular beam measurement was 
undertaken they should have also observed the antisymmetric 
stretch of t h i s Pt(i«2-H)Pt moiety. I t i s possible that they 
did not observe i t because the dipole was not large enough 
but no reason was given by the authors. 
(b) Alternative views on previous results 

At low hydrogen coverage, i n the IINS.study by Howard 
et al (107), i t i s d i f f i c u l t to believe that the PtH stretches 
arising from 2 hindered translations of the hydrogen atom 

-1 
are i n the 500-800cm region since they are at too low : 
a frequency though the deformation mode could well be assigned 
to one. I f a large PtHPt angle was found then the symmetric 

—1 

stretch could be at 812cm , however, the technique should 
then have found the antisymmetric stretch i n the 15OO-
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1800cm region. This may have occurred because a band 
l a y at ~ 1750cm~ (22 0meV) i n the spectrum. The authors 
thought some water may have been co-adsorbed and t h i s 
band was removed when the spectrum was normalised to 
remove any feature due to water. Eigure 5.58 shows the 
spectrum (top) of the adsorbed hydrogen at low coverage. 
Features exist at 500, 622, 812 and 1715cm"'^. Erora the 
study by us of (^u^-E) metal hydridocarbonyls, using 
TINS spectroscopy, there were usually 4 strong bands found 
above ~ 200cm~^ (e.g. see Eigure ^ .21 f o r H^Eu^(C0)^2) 
which are indicative of the i n and out-of-plane deformations 
and symmetric and antisymmetric stretches. Table 5.32 
compares the assignments of these modes i n HjMnj(C0)^2 
(section 5.2.4) with the suggested assignments f o r Pt black 
and Hg at low coverage. 

Table 5-32: MHM Assignments i n H^Mn^(CO)^^ ^"^ Pt(black)lH2 

Mode HjMnj(C0)^2 PtBlack+H2(low9)(l07) 

Antisymmetric stretch 1561 ~ 1750 
Symmetric stretch 875 812 
Vin-plane deformation 506 622 
'out-of-plane 

deformation 
335 500 

These assignments are readily comparable with those by 
Howard et al (5) f o r Et^NHCr2(C0)^Q where the symmetric and 

-1 
antisymmetric stretches were assigned at 818 and 1750cm . 
In the l a t t e r complex a CrHCr bond angle of 158.9° has been 
found by X-ray d i f f r a c t i o n techniques. This implies that 
a large PtHPt angle exists at low coverage. The i n t e n s i t i e s 
of the IINS bands i n Eigure 5.58 can be compared with TINS 
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data on the hydridocarbonyls. No quantitative comparisons 
can be made due to the lack of a confident background level 
i n the spectra. However, as the frequency increases the 
bands tend to broaden and loose some i n t e n s i t y . Thus at 
low coverage there seems to be a chance that Pt2 (M2-H) 
species e x i s t , i f there was not a l o t of water present on 
the Sample, i n agreement with the conclusions of Howard et 
al (107) that hydrogen lay i n the bridged position. 

The new bands which appeared at higher hydrogen coverage 
Figure 5-58 were those at 936, 1296 and 2000-2250cm~^. 

The bands at 496, 616 and 848cm did not change very much 
from the values found at low coverage. The band at 1656cm 

-1 
may be the band at 1750cm which has shifted to lower 
frequencies with an increase i n coverage. The spectra at 
higher coverage are much better resolved from those at low 
coverage. Howard' et al (IO7) suggested that the new bands 
at 916 and 2000-2250cm were indicative of the production of a Pt(//^-H) species on t h ^ surface. However, i t i s f e l t 

- 1 
that the argument must involve the strong band at 1296cm 
which was not s a t i s f a c t o r i l y explained by Howard et a l . A 
strong IINS band at I296cm~ could be indicative of a (fi-^-E) 
species (symmetric or antisymmetric stretch) or indicative 
of a (/Xg-H) species (symmetric stretch). However the IINS 
spectra i n Eigure 5-59 can be readily compared with the 
of H^Ru^(C0)^2» Eigure 5.21. Table 5 « 3 3 shows the comparable 
features i n each. 

I t can be seen that the s i m i l a r i t i e s between the two' 
systems are extant. The intensity of the bands at 1656 and 
1296cm implies that these bands are due to the antisymmetric 
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Table 5 -33 : IINS Bands i n Ĥ R̂u;, (C0)^2 ^"^ Pt(black)+H2 

H^Ru^(C0)^2 Pt(black)+H2 ( I O 7 ) 

2274 (W) 2000-2250 (wb) 
1935 (m) 
1500 (m) 1655 

1294 (ms) 1295 

942 (m) 935 

848 
.523 (vs) 515 

359 (vs) 495 

and symmetric stretches respectively of (fi2-E) bridging 
moieties. Thus the PtHPt band would have appeared to have 
changed i n character with increased coverage. This 
argument i s the only one which can s a t i s f a c t o r i l y explain 
the frequency and in t e n s i t y of the 'new' band at I296cra 

_^ 

and the frequency s h i f t from 1750 to 1555cm . Using the 
estimating techniques (methods 1 and 2) the PtHPt bond 
angle can be gauged to be 111.2° (method I ) and 114° (method 
2)0 Therefore on increased coverage of hydrogen the PtHPt 
bond angle has been reduced from ~150° to 111-114°. The 
major point of discussion i s whether the other new bands at 

- 1 

935 and 2000-2250cm are indicative of the new species 
Pt(iU^-H) as directed by Howard et al ( 1 0 7 ) . In H^Ru^(C0)^2 

—1 

there were bands at 1935 and 2274cm which were probably 
due to combinations whereas the band, of medium intensity 
at 942cm could be described i n terms of combinations 
and overtones of the low frequency deformations. Such over-
tones and combinations of the bands at 516 and 496cm though 
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do not adequately describe the IIWS bands at 848 and 935cm 
in the spectra, Eigure 5.59. So therefore a Pt(/^^-H) may 
exist on the surface with the Pt2(^2~-^-^ species described 
e a r l i e r . ( I t i s further noted that an argument was given 
i" section (5.2.5) that the TIES bands in H^Ru^(C0)^2 '̂̂  942 
and I935cm"^ were possibly due to Ru(/i^-H) species). 

The EELS resul t s of Ibach et al (109) are i n contrast 
to the above where i t would appear a (//j-H)Pt^ species i s 
favoured on the ( i l l ) plane. The spectra, shown i n Eigures 
5.60,5.61 are poorly resolved, the band at 550cm , i s quite 

—'1 
broad whereas the 1230cm band has a lower frequency 

-1 -1 
component at ~1150cm - The symmetric stretch at 550cm 
does not compare at a l l with those found i n the (fx ̂ -H) model 
compounds. The symmetric stretch i s therefore assigned to 
the shoulder at 1150cm whereas the antisymmetric stretch, 
from the out-of-specular beam study, i s assigned to the band 

—1 —1 
at 1230cm . The band at 550cm was assigned to the 
symmetric stretch by Ibach et al because i t was so intense 
i n the in-beam study but the band.itself contains a strong 
component at ~ 480cm , shown i n Eigure 5.60, due to CO 
contamination. The , subtraction of t h i s component would 

—1 
remove some i n t e n s i t y from the band centred at 550cm . 

—1 
However, the remaining i n t e n s i t y at " 550cm after the CO 
contaminant had been subtracted would be due e n t i r e l y to the 
symmetric deformation mbde which would be detected i n the 
specular measurements since the hydrogen motion i n t h i s mode 
is very similar to the hydrogen motion i n the symmetric 
stretch,ie normal to the surface. At higher frequency a band 
in the specular measurements can be made out at ~ 1000cm 
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which i s very poorly resolved but could be assigned to 
the symmetric stretch. Eurther, at low coverage the band 

—1 
at 860cm" can be compared with the spectrum of H^Re^(C0)^2 

-1 
which has a band at 852cm due, possibly, to a coupling 
motion of the hydrogen atoms on the saturated surface. 
Since the band i s found at low coverage on platinum, t h i s 
must indicate that the hydrogen atoms, after the dissociation 
of the H2 molecules, are chemisorbed i n close proximity to 
each other and are, probably, bonded i n t r i p l y co-ordinated 
positions separated only by a Pt-Pt band ( i e i n H^Re^(G0)^2 
they are separated by an Re-Re bond). There appeared to be 
l i t t l e change i n the band positions with coverage implying 
l i t t l e change i n the position of the hydrogen above the 
surface with coverage increase. Baro et al (IO9) calculated 
the PtHPt angle to be 104.3°. The bond angle i s estimated 
using Eigure 5>49, (Katovic method) to be 108.2° whereas 
using, Eigure 5.48, (tan(0/2) method) i t i s 107.2°. Thus 
these estimations compare quite well with the value calculated ' 
by Baro et al (109). Unfortunately no Pt-H v i b r a t i o n a l / 
s t r u c t u r a l model compound data has been reported that could assist 
i n t h i s analysis. Eew hydrogen-bridged Pt compounds exist. 
The compound (PtH(/W2-H)(PCy^))2 was studied by Green et al 
(111) and the Pt-H stretch was assigned at 1550cm~'̂ . However, 
t h i s was a {i^2~^^•^'^2 c°™P°'̂ '̂ '̂  '̂̂ ^ cannot be compared with 
the in^-^)-^ systems. 

I t i s f e l t that the Baro et al (110) study on stepped 
platinum ( i l l ) surfaces i s oust a better resolved version of 
t h e i r e a r l i e r (46) study on Pt(111). Eurther, the appearence 
of (/i2"'H)Pt2 should have allowed the antisymmetric stretch, 
of such a system, to be observed in the out-of-specular beam 
mode. 
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5.10 Conclusion 
This TINS, IR and, where possible, Raman study of 

t r a n s i t i o n metal hydridocarbonyls has shown that the 
vibrations of hydrogen l y i n g i n /^2~' ^3"' "̂̂ ^ Positions 
can be quite adequately described i n terms of the 'local' 
metal-hydrogen symmetry e.g. 02^ i n H^Ru^(C0)^2? ^2h •'"'̂  
H20Sj(C0)^Q, Cj^ i n H^Re^(C0)^2 "̂'̂  °h CsHCOg(CO)^^. 
The (fi^-E) complexes, however, show a more complex IINS 
spectrum than the others and i t is suggested that the 
v i b r a t i o n a l description must take into account skeletal 
metal-carbonyl deformations which have associated hydrogen 
motion. 

The, v i b r a t i o n a l data from the 11 studied systems has 
been used to characterise the f^^-, /i^-and (//̂ -H) moieties 
so that one can predict str u c t u r a l and vi b r a t i o n a l data. 
The (/<2-H) systems have been studied i n greater depth using 
7 methods of estimating MHM bond angles. New bond angle 
estimates are given f o r H^Ru^(C0)^2i HjRe^(C0)^2i H^Mn^(C0)^2 
and H2EeRu^(C0)^^. A means i s also provided f o r estimating 
MHM bond angles i n (A^-H) moieties whereas a method fo r 
calculating the MH distance f o r hydrogen i n octahedral holes 
has been developed along similar lines to previous studies 
oM hydrogen i n teljiiahedral holes. 

The above work has been used e f f e c t i v e l y t o study, with 
more confidence, previous v i b r a t i o n a l data on hydrogen/ 
t r a n s i t i o n metal surface systems. Overwhelming evidence 
implies the existence of (̂ ^̂ -H) species on a l l Ni surfaces 
whereas (/<2~H) and (/i^-H) species have been confirmed on Pt 
black and P t ( 1 1 l ) surfaces. A more complex situation would 
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seem to prevail on tungsten surfaces. Previous studies 
have favoured either n^- or (̂ -̂H) sites f o r adsorbed 
hydrogen. I t i s f e l t that the (f^g-H) model does not 
confidently describe the vi b r a t i o n a l spectra and since 
the (n^-E) model has yet to be characterised then no 
f i r m descriptions of the H/W system can be made. 
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ORGANOMETALLICS 

( i ) T r o p y I l i u m 
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6.1 Methods of Synthesis 

A l l compounds i n t h i s study were prepared by l i t e r a t u r e 

methods. Mo(CO)^, W(CO)g, Cr(CO)g were suppl ied by,Strem 

Chemicals, Cr̂ Hg by Koch-Light Labs L td (and f r e s h l y d i s ­

t i l l e d be fore u se ) , CH^CN f r o m Pluka AG. The source of 

TaCl^ was unknown but was checked before use. (Chlor ine 

ana lys i s gave 49.9% ( T h e o r e t i c a l value = 49.51%)). Tr ipheny l 

c a r b i n o l was suppl ied by B . D . H . L t d . 

Cr;Hr,Mo(CO)jBP^ was prepared by r e a c t i n g Cr7Hg w i t h 

Mo(CO)g t o fo rm CyHgMo(CO)^, which on r e a c t i o n w i t h 

(CgH^)jCBP^ (prepared f rom t r i p h e n y l c a r b i n o l and f l u o r o b o r i c 

ac id ) p r e c i p i t a t e d the t r o p y I l i u m s a l t ( l ) . 

Ana lys i s (%) Ac tua l Theo re t i ca l 

C 34 .1 33.5 
H 2 .2 - 2.0 

Mo 26.8 26.8 

Cr,Er^CT(CO)-^BF^ was prepared by the same methods as 

above using Cr(CO)g ( 2 , 3 ) . 

Ar .a lysis (%) Ac tua l T h e o r e t i c a l 

' C 37.8 38.2 
H 1.9 2.2 

Cr 20 .1 20.2 

The tungsten analogue was made f rom W(CO)g v i a 

(CHjCN)^W(CO)^ and C^HgW(CO)^ and, again (CgH^)^CBP^ ( 4 , 5 ) . 

Ana lys i s (%) Ac tua l Theo re t i ca l 

C 26.6 26.9 
H 1.8 1.6 

C^H^M0(C0)2l was formed by r eac t ing Cr;H^Mo(C0)^BP^ 

w i t h Nal ( 6 ) . 

Ana lys i s (%) Ac tua l T h e o r e t i c a l 

C 28.6 29.2 
H 1.9 . 1 . 9 

Mo 25.3 26.9 
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(Cr;Hp,)2TaCl^ was prepared by the r e a c t i o n of TaCl^ 

w i t h Cr̂ Hg i n benzene, ( 7 ) . 

Analys i s (%) Actua l T h e o r e t i c a l 

C 3^.9 35.8 
H 3.6 3.0 

C I 22.6 22.5 

F i n a l l y , Cr^H^BP^ was prepared by r e a c t i n g Cr̂ Hg w i t h 

(CgH^)^CBP^ i n ace t i c anhydride ( 8 ) . 

Analys is (%) Ac tua l T h e o r e t i c a l 

c 45.9 47.2 
H 4 .0 5.9 
P 42 .6 42.7 

6>2. S t ruc tu re s of Complexes 

The t r o p y I l i u m complex CyH^^BF^ was s tudied so t h a t 

the i n t r a - m o l e c u l a r v i b r a t i o n a l modes could be i n d e n t i f i e d 

. i n t h i s T)r^ p lanar r egu l a r heptagon. The t r o p y l l i u m 

ca t ion , (C^Hr,)"*", has been known v a r i o u s l y as cyclohepta-

t r i e n y l i u m , t ropeny l ium and t ropenium. (9 ) This seven 

carbon s i x J t - e l ec t ron c y c l i c c a t i o n i c system was | ) redic ted 

by Huckel theory (10) t o be a planar r egu la r heptagon w i t h 

g rea te r resonance energy than benzene. The ca t ion i s 

s t a b i l i s e d by r e sona t ing between 7 s t r u c t u r e s which e x i s t 

as shown i n Pigure 6 .1 ( 1 1 ) . This s t r u c t u r e was found 

by va r ious X-ray c r y s t a l l o g r a p h i c s tudies of the (Cr^H^;)'^ 

i on ( 1 2 , 1 3 ) . 

The compounds (C,^H;-;)M(CO)^BP^ (where M = Mo, Cr, W) 

have a l l , p robab ly , the same s t r u c t u r e . An X-ray d i f f r a c t i o n 

i n v e s t i g a t i o n of the molybdenum analogue was ca r r i ed out 

at room temperature (14) and the (Cr;Hr^Mo(CO)j)"^ ca t ion 

has a 'p iano s t o o l ' arrangement as shown i n Pigure G . 2 . 
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O 
ground 
state 

resonating 
structure 

T H E TROPYQJOm I O N 

Figure (6.1 ) 

Figure (6.2 ) 

JC^H^lMojCOI^BF^ 

Figure (6.3 ) 

jG^H^)Mo{CO)^I 

Figure (6 .4) POSSIBLE FORM QF (C^H ĵ̂ ToHl̂  
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The s t r u c t u r e of Gn)Er^no(CO)can be i n f e r r e d from 

the c r y s t a l s t r u c t u r e de te rmina t ion by Z e i g l e r et a l 

(15) on the c h l o r i d e and bromide analogues. Again, a 

'piano s t o o l ' arrangement has been found t o e x i s t w i t h 

some asymmetry caused by the replacement of one carbonyl 

group w i t h the s i n g l e ha l i de atom, as shown i n |^guiie__6j_2,. 

A s t r u c t u r a l de te rmina t ion has not been c a r r i e d out on 

Ta.Ol^iCr-f'Er^')2 ^'^'^ i"*^ '̂̂ ^ i n f e r r e d f r o m a study of 

TaH^(C^H^)2 by Bau e t a l (16) which confirmed a bent 

C2^ s t r u c t u r e w i t h a p lanar TaH^ f ragment . Pigure 6.4 

shows the proposed s t r u c t u r e of TaCl^(Cr7Hr^)2. 

The l i g a n d cyc lohep ta t r i ene has also been studied 

by an e l e c t r o n d i f f r a c t i o n method by Traet teberg (17) 

who confirmed t h a t a ' boa t ' shape of C^ symmetry ex is ted 

i n the gas phase. 

6 - 3» Cyclohept a t r iene 

6 » 5 . 1 . Previous r e s u l t s 

Evans and Lord (18) s tudied cycloheptatr iene but, at 

the t ime , the s t r u c t u r e was i n doubt. The p o s i t i o n of the 

methylene CH2 group was unknown. Prom the I R and Raman 

data they pos tu l a t ed t h a t the molecule was Cg^ and was 

p lanar but t h a t the GH2 group may have been s l i g h t l y out 

of the CgHg p lane . La Lau and De Ruyter (19) re-examined 

the i n f r a - r e d spectrum of Cr̂ Hg and C^Dg and found t h a t 

a p lanar fo rm was not compatible w i t h the da ta . They 

suggested t h a t the CH2 group l a y out of the molecular 

plane w i t h the hydrogen atoms i n d i s s i m i l a r p o s i t i o n s 

g i v i n g the molecule C symmetry. They f u r t h e r reassigned 

the I R bands at 657 and 589 cm"""'', Tabl_e_6._l summarises 



Table 6 . 1 : V i b r a t i o n s and Assignments f o r CnHg 

3 0 1 

Raman IR IINS r 

Evans/ Evans/ 
Vib . 

Evans/ Evans/ La Lau 4H5 BPD 
Vib . 

Lord Lord No. Assignment 

(18) (18) (19) (18) 
RT RT 303K 128K 77K —J 

50(msh) L a t t i c e | 

60(ra) V i b , 

82(s) 

150(sh) 150(sh) 

223(m) _. 235(w) 230(s) 14 Ring de f . 

29l(m) - 282(w) 282(s) 20 Ring puck. 

355(m) 353(ms) 355(ra) 39 Ring puck. 

405(m)' 406(wb) - 17 CH o/p d e f . 

421(s) 410(s) 420(sb) 461(sb) 13 Ring def . 

428(s) 38 Ring puck. 

451(sh) „ 

2 ^ 14 
588(w) 590(s) 589(ms) 588(w) 37 CH o/p d e f „ 

657(vw) 656(s) 657(ws) 667(sh) 36 CHg rock . 

7 l2(vw) 705 ( w s ) 710(ws) 
l74 l (mb) 

35 CH o/p de f . 7 l2(vw) 
l74 l (mb) 

743(vw) 740(vs) 743(vs) 34 CH o/p de f . 

o/p = o u t - o f - p l a n e , de f . = deformat ion , puck, = puckering 

s = s t r o n g , ra = medium, w = weak, v = ve ry , b - broad 
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the r e s u l t s of Evans and Lord (18 ) , La Lau and De Ruyter 
(19) and the I I N S r e s u l t s obtained i n t h i s s tudy. 
The I I N S bands have been assigned w i t h reference to 
the above works, 

6 . 3 » 2 „ ^ s p l M 

Cyclohepta t r iene was run on the 4H5 spectrometer at 

1 2 8 E o I ' j ; : S ] i £ e . _ 6 ^ shows the Cr̂ Hg spectrum gathered at the 

s c a t t e r i n g angles of 82° and 90° , Pigure 5.6 dep ic t s the 

BPDDIDO spectrum of Cr;Hg at l i q u i d n i t rogen temperature. 

Table__^J__ shows r e l e v a n t f e a t u r e s f rom these spectra , 

6 o 3 • 3. i o n_ 

The bands below 150cm''"'' are assigned t o the l a t t i c e 

v i b r a t i o n s of Cr^Hg. Prom the BPDDIDO spectrum i t can be 

seen t h a t the f o u r s t rongest bands l i e i n the 230-420cm"'^ 

r e g i o n . These bands are the deformations and puckerings 

of the boat-shaped r i n g and, obvious ly , invo lve considerable 

hydrogen motion compared w i t h the ou t -o f -p l ane CH deformations 

found at h igher f r equency , 

6 » 4 , T r o p y l l i u m T e t r a f l u o r o b o r a t e 

^ • 4 , 1 , Previous r e s u l t s 

Pate ly e t a l (12) presented i n f r a - r e d and Raman 

spec t ra f o r Gr^Er^Bv and f rom the data pos tu la ted t h a t a D^jj^ 

p lanar form of the ca t i on must e x i s t . Aida (20) c a l c u ­

l a t e d the f r equenc ies of the i n a c t i v e v i b r a t i o n s of (Cr^Hr^)''", 

us ing f o r c e constants der ived f rom benzene da ta , Sourisseau 

and Herv3.eu (21) repor ted the v i b r a t i o n a l spectra and s t r u c t u r e 

of c r y s t a l l i n e C,^H-,PClg at lOOK, The i n f r a - r e d v i b r a t i o n s 

were qu i t e intense i n con t ras t t o the weak Raman data . 
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The authors thought t h a t the c r y s t a l l i n e s ta te would 
a l l ow a l l the bands t o be i n f r a - r e d ac t i ve but not a l l 
were observed. I n gene ra l , the i n a c t i v e v i b r a t i o n s were 
found to be qu i t e d i f f e r e n t i n value f rom those ca lcu la ted 
by Aida ( 2 0 ) , Sourisseauet a l (21) f e l t f rom the 
v i b r a t i o n a l f r e q u e n c i e s , compared to those of benzene, 
t h a t the (Cr^H^)"^ r i n g was much more d i f f i c u l t t o d i s t o r t 
than the C^Hg r i n g . The assignment of Sourisseau and 
Hervleualso d i f f e r e d f rom those of Pa te ly et a l ( 1 2 ) . Por 
example they assigned an ou t -o f -p lane r ing deformat ion to 
the s t rong IR band at 635cm~"^ which was p r e v i o u s l y assigned 
t o a CH o u t - o f - p l a n e deformat ion by Pa te ly et a l . Table 6.2 
l i s t s the data of Pa te ly e t a l , Sourisseau and Hervieu 
and Aida i n the r e g i o n of i n t e r e s t . 

6 . 4 . 2 . Resul ts 

Table 6._3. l i s t s the r e s u l t s gained f rom t h i s study 

of Cr;Hp^BP^, Pigure 6,7. shows the BPDDIDO spectrum of 

Cr7Hr̂ BP^ gained at l i q u i d n i t r o g e n temperature. 

6 .4 .3 . Discuss ion 

The Raman a c t i v e bands of t h i s p lanar D̂ ^̂ ^ c a t i o n , 

Gr^Erf'^ ^ are 2A^ + l E ^ + 4E^ whereas those i n f r a - r e d ac t ive 

bands are of l A ^ and 3P-[ symmetry. 

There are a number of p o i n t s of i n t e r e s t t o come out 

of t h i s study of Cr̂ H-̂ BP^ e spec i a l l y i n a comparison w i t h 

the work on Cr;H^PClg ( 2 1 ) . The f o l l o w i n g p o i n t s are taken 

f r o m the work of Sourisseau and Hervi-suon t h e i r s tudy. 

i ) They could not decide whether a band of weak i n t e n s i t y , 

i n the i n f r a - r e d , had Ep or E^ symmetry. Thus only 

34 of the 36 v i b r a t i o n s were i n f a c t assigned. 
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V i b r a t i o n a l Data and Assignments 

f o r Cr;H .̂BP 

BPDDIDO 

(97K) 

776(w) 

685(s) 

665(m) 

562(s) 

438(m) 

335(wm) 

238(vs) 

112(sb) 

80(m) 

876(wb) 

748(vw) 

696(w) 

675(s) 

652(m) 

530(wm) 

520(s) 

338(w) 

230(sh) 

RAMM 

(ET) 

879(s) 

436(vw) E2 

353(w) 340(vw) 
It 

^2 
238(sh) 
233(m) 

11 

E2 

127(sh) 136(w) 

119(sh) l l 9 ( s ) 

112(m) l l O ( s h ) 

106(m) 

98(sb) 95(sh) 

87(s) 

83(s) 

A^: Ring brea th ing 

E ' : i / p Ring 
deformat ion 

A-|̂ : BP^ symra. de f . 

A 2 : o/p CH deformation 

Combination (438+238=676) 

E^ : O/P CH def ormation 

Tp: BP. deformation 
mode 

E 2 : i / p Ring def, 

ti 

L a t t i c e Modes 
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i i ) They very t en t a t i ve ly assign an IR band at 216cm""̂  

to a forbidden PCl^ v ib ra t ion (not seen i n other 

PClg s tudies) . 

i i i ) They do not carry out a normal co-ordinate analysis 

on the Eg or symmetry blocks since they were 

unsure of the frequencies, 

i v ) An i n f r a - r e d band at 586cm~"̂  was t en ta t ive ly assigned 

to a decomposition product of PClg. 

In t h i s IIMS study of Cr̂ Hr̂ BF̂  strong bands exis t at 

552 and 258 cra"""̂ , which from in tens i ty grounds alone are 

probably fundamental v i b r a t i o n s . I t i s postulated that 

the band at 238cm'""'" i n the IHTS, which i s also seen i n the 

i n f r a - r e d i n the same manner as the 216cm"'"'" i n f r a - r ed band 

of Cr,HrjPClg, can be assigned to an out-of-plane r i n g defor­

mation mode. Eigure 6.8 shows the 238cm'""̂  i n f r a - r ed band 

of Cr̂ B^BE^̂ . The quite low frequency assignment i s reason­

able since a r i n g deformation mode exists at 223cm~"'' i n 

CrjHg (18) . However, i t may not be appropriate to compare 

the v ibra t ions of the Cr;Hr̂  planar moiety wi th the bent 

CyHg molecule . Eurther evidence i s provided la te r in 

t h i s section f o r t h i s assignment. The TINS band at 562cm'''̂ ' 

i s not observed i n ei ther the in f ra - red or Raman spectra 

of CyHr̂ BE .̂ Thus i t i s obviously a forbidden mode and 

inact ive even i n the c r y s t a l l i n e s tate . I t may be an out-

of-plane CH or r i n g deformation because of the high IINS 

i n t e n s i t y associated with the v i b r a t i o n . 

Now Eately et a l (12) estimated the inact ive 

out-of-plane r i n g deformation to be at 225cm'""'' i n CyHyBr 

by assigning the i n f r a - r ed band at 658cm"'̂  to a combination 

band of the E^ v i b r a t i o n wi th the Eg normal mode at 
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433cm"''" (225 + 433 = 658cin""'"). An in teres t ing tes t of 
t h i s would be to extend the hypothesis to Cr,ByPGl^ and 

C^ILPCl^ : 216 + 430 = 646cn]"^ There are j r . hands 
^ at 661 and 63^m"^ 

Gr^'E^B'F^ : 238 + 438 - 676cm"-'- There i s anims hand 
at 665cm""-'' and an 
IR hand at 652 and 
665cm"-'-. 

The p o s s i b i l i t y thus arises that the 238cm"-'- IHTS 

band i n Cr.H^BP^ (and at 216cm"^ in qL, Hp^PClg(2l)) i s an 

out~of-plane r i n g deformation as implied by the study of 

Fately et a l (12) of CyH^jBr. This would mean that possibly 

the i n f r a - r e d bands at 658cm~-'- i n Cr^HyBr, 661cm~-'- or 636cra"'-'-

i n Cr^HrjPClg and 665cm""''" i n Gr^Er-,BF^ are combination bands 

and not fundamental v ibra t ions as implied by the study \ 

Sourisseau et al (21) . I f t h i s were the case then another 

fundamental v i b r a t i o n has to be assigned elsewhere i n the 

data of Sourisseau et al ( i e the extra mode from the 

1025cm"''- band and the assignment of the 661/635cm"-'- to a 

combination band). These two extra normal modes which had 

not been cor rec t ly assigned by Sourisseau et a l , are 

assigned to the IINS bands of strong in tens i ty at 238 and 

. 562cm"-'" i n Cr̂ H^BP .̂ 

The TINS data on Cr,Hr;BP ,̂ i t would appear, i s much 

more amenable to the analysis carried out by Pately et al 

(12) than that of Sourisseau et al (21), of the Cr̂ H '̂*' 

intramolecular modes. The actual assignments i n the region 

of in t e res t , are carried out as fo l lows . The strong Raman 

band at 879cm"''', beyond the range of the IINS study, i s 

assigned to the Raman active r i n g breathing mode. Similar 
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assignments had been made to Raman bands i n C,-̂ Hr̂ Br and 
G,yErfE>Gl^ I n CrjHpjBr, the strongest i n f r a - r ed band lay 
at 633cm'""'" and the Cr̂ Hr̂ BÊ  analogue was found at 675cm'""'". 
This band i s assigned to the CH out-of-plane deformation, 
which has i t s benzene counterpart at 671cm"''' of s imilar 
i n f r a - r e d a c t i v i t y . The TINS analogue of the in f ra - red 
band at 675cra""'" l i e s at 685cra"^. The weaker IHTS b nd at 
665Gm'~"'", a shoulder to the stronger 685cm'""'" deformation 
mode, i s assigned to the combination mode as described by 
Eately et a l (12) , 

The strong TIN'S band at 562001"", which may have a 

Cr̂ Hr̂ PClg i n f r a - r ed counterpar-t at 586cra'"̂ ' (21), i s assigned 

to the E^ out-of-plane CH deformation, which had been 

previously assigned by Sourisseau et al to the weak i n f r a ­

red 1025cm"""̂  i n Cr̂ Hr̂ PCl̂  (21) . This arises because there 

are only two types of v i b r a t i o n that are incor rec t ly 

assigned by Sourisseau et a l : the and E^ out-of plane 

r i n g deformations and the above CH deformation. Since the 

r i n g deformations are more l i k e l y to be at lower frequency, 

then the CH deformation, of E^ symmetry, i s assigned at 

higher frequency, i . e . 562cm'~"''. The weak Raman band at 

-̂36cm""'' i n Cr;,Hr;BÊ I_ i s s t r a igh t forwardly assigned, i n the 

same manner as Eately et a l (12) and Sourisseau et al. (21) 

to the Eg Raman active in-plane r ing deformation. 

The weak-medium IIMS band at 335cm "*" has only weak 

i n f r a - r e d and Raman analogues. This could indicate that 

the normal mode i s i n f r a - r e d and Raman inac t ive . Since 

the Raman band can be a l t e rna t ive ly assigned, the i n f r a ­

red a c t i v i t y may arise due to a sol id state e f f e c t . The 
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TINS bond i s assigned to a low frequency out-of-plane 
r i n g deformation mode. The IINS band at 238cm""'" i s also 
assigned s i m i l a r l y . This band must be an out-of-plane 
r i n g deformation since the lowest fundamental i n t r a ­
molecular frequencies of such planar aromatic systemsgenerally 
take t h i s form e.g. ~ 400cm'"""'" i n benzene. Unfortunately, no 

such low frequency data are available on the OgHg^" ion since 

v i b r a t i o n a l studies, up to the present, have only been 

qua l i t a t i ve i n nature and f a r from complete. Eurther, 

Eately et a l (12) estimated that the normal mode would be 

of such a low' frequency from the i r combination band argument. 

Since the band has E^ or E^ symmetry, i t i s formal ly 

i n f r a - r e d and Raman inac t ive , however, weak-medium intense 

bands are found i n the i n f r a - r e d . The assignment of the two 

low frequency out-of-plane r i ng deformations at 238 and 

335cm""'" (both fo rmal ly i n f r a - r ed and Raman inact ive) to 

e i ther Eg or E^ symmetry, or vice versa, cannot be d i f f e r ­

entiated on the evidence at hand. Eately et al (12) and 

Sourisseau et al (21) assigned the E^ band at 225 and 335cm""'" 

respect ively whereas the l a t t e r assigned the E^ band at 

636cm""'', This l a t t e r assignment i s re jec ted . Evidence 

from the study of the Cr;HrjM(CO)̂ "*' species indicates that 

probably the assignment by Eately et a l (12) was correct . 

Eurther evidence f o r the assignment of the two out-

of -plane r i n g deformations, of E^ and E^ symmetry, at 238cm"'''' 

and 335cm~"'" and f o r the CH out-of-plane deformation at 

562cm'""'' arises from the study of the tropyll ium-metal com­

plexes. In a l l the IIMS spectra and i n some of the i n f r a ­

red data, v i b r a t i o n a l bands exis t at a l l of these frequencies, 

-230 , -330 and ~560cm""^. 
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The BP '̂" v ibra t ions are of A-̂^ + E + 2T2 symmetry 
since BP^ i s t e t rahedra l . A l l 

are Raman active whereas 

only the l}^ v ib ra t ions are i n f r a - r ed ac t ive . Bands have 

been previously assigned at 769, 353, 1016 and 529 cm""'" 

respect ively from IE, and Raman studies (22, 23) . I n f r a ­

red and Raman bands are found i n these regions and the 

f o l l o w i n g assignments can be made i n Cr̂ Hr̂ BP .̂ 

Tetrafluoroborate ion Vibrations 

Vibra t ion Cm"''" A c t i v i t y 

A^ s t re tch 748 IR (vw) 

T2 deformation 520 IR (s) 

E deformation 353 IR (w) R (w) 

The other T2 symmetry band at -lOOOcm""'- was not 

d e f i n i t e l y located since i t lay in a region of many i n f r a ­

red active t ropy l l ium intra-molecular modes. Sourisseau 

et al (21) , however, do not observe any Raman bands ar is ing 

from t h i s source i n t h i s region (900-1100cm"''") and so a 

weak Raman band observed at 1045cra~''- i n Cr̂ Hr̂ BP̂  may be due 

to t h i s f i n a l BP^ v ib ra t i on of Tg symmetry. 

Pjjj;ure 6_.8_. shows the low frequency E deformation 

of the BP^" anion i n Cr̂ H^BP .̂ 

6 . 5 . C^HyM(C0)^BP^ (M ^ Cr, Mo, W) 

6 . 5 . I . Previous studies 

No v i b r a t i o n a l studies have been carried out on the 

low frequency vibrat ions of t h i s series ( < 700cm~-'-). P r i t z 

(24) l i s t e d the seven i n f r a - r e d active normal v ibra t ions of 

some Jt-CyHr; complexes which included the chromium and 

molybdenum analogues. The lowest frequency v ibra t ions of 

in te res t i n the region studied were the r i n g breathing 
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mode, which had sh i f t ed i n frequency from 876cm""'' i n 

Cr̂ H^BE^ to 860cm""'" i n the complexes, and the CH out -of -

plane deformation which sh i f t ed from 690cm""'" to 810cm"""'". 

This l a t t e r v i b r a t i o n has as i t s benzene analogue, v 

which also, on complexing, usually s h i f t s up i n frequency 

by ~100cm""'" (see Chapter 7,8and 9 ) „ King l i s t e d in f ra - red 

v ibra t ions of the tungsten compound above 700cm""'" but no 

assignments were made ( 5 ) . 

6 . 5 « 2 . Results 

The v i b r a t i o n a l spectra of the t ropy l l ium complexes 

have been studied by IBfS spectroscopy, using 4H5, BEDPLUTO 

and BEDDIDO spectrometers, i n f r a - r e d , f a r i n f ra - red and 

Raman spectroscopy. The beryl l ium f i l t e r and in f ra - red 

studies were carried out at l i q u i d nitrogen temperature 

whereas the 4H5 studies were at 133"140k. 

The Raman studies were performed at room temperature 

wi th the samples held i n t h i n sealed glass tubes. The 

laser power used was 8mW. 

The IINS, Raman and in f r a - r ed resu l t s are summarised 

Table and the neutron spectra are shown in 

Eigures 6.9 - 6.13. 

6.5.3" Discussion 

The structures of the chromium and tungsten analogues 

are assumed to be s imi lar to the 'piano s t o o l ' arrangement 

of (Cr7H^Mo(C0)^)'^ and thus they are a l l of C ̂  symmetry. 

The symmetries of the fundamental modes of the complexes 

are shown i n Table 6.5 
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Table 6 . 5 : C Vib ra t iona l Analysis 

^s C,,H„Mo(CO)^ / / 3 M ( C O ) ^ 3 CyHy Cr,H^-M skeletal 
v ibra t ions 

A c t i v i t y 

t 
A 

1! 
A ^ 

31 

2 6 

9 

6 

19 

17 

3 

3 

IR/R 

IR/R 

With the formal C symmetry, a l l modes are in f ra - red and 
s 

Raman active and there should be no doubly degenerate species 

but t h i s w i l l not necessarily be the case. The t ropyl l ium 

r i n g must be considered as a perturbed D^̂ ĵ  system which 

re ta ins i t s seven-fold symmetry and thus has Cr^^ local 

symmetry. The one-sided bonding to the metal, and, therefore 

the absence of o-̂^ and the seven Cg ' s of the I>r^-^{CyE^) point 

group, causes the lowering of the symmetry. 

The co-ordination of the t ropyl l ium to the M ( C O ) ^ un i t 

resu l t s i n s ix new modes, of 3A and 3A symmetry under 

C symmetry. These bands arise from the rota t ions and 

t rans la t ions of the f ree (Cr^Hr,)"^ l igand. The form of these 

motions i s depicted i n Figure 6 » 1 ^ . 

As shown i n Figure 6.15 there are two pairs of 

deformations and t i l t s . These w i l l be doubly degenerate 

i f the metal-ligand v ibra t ions could be treated under Cr^^ 

symmetry. However, i f the metal-ligand v ibra t ions are 

s t r i c t l y described under C^ symmetry then some s p l i t t i n g 
s 

of the doubly degenerate bands would be expected. Whether 

t h i s would be v i s i b l e i n the TIES spectra would lead to 

some conjecture. 
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The spectral expectations f o r a Cr^Er, M spec 

holding Cr^^ symmetry i s shown i n Table 6»6. 

Table 6_^: C^^ Vibra t iona l Analysis. 

les 

°7v 
M-ligand A c t i v i t y 

4 3 s t retch IR/R 

1 1 -
5 4 Deformation IR/R 

E2 6 6 - R 

^3 6 6 — — 

- 1 Vibrat ions above 200cm 

Above 200cm"-'- the f o l l o w i n g f i v e types of v ib ra t ion 

are found : -

i ) Tropyll iuff i intramolecular fundamental modes 

i i ) M~0 stretches i n the M ( C O ) ^ u n i t 

i i i ) M-C-0 deformation i n the ¥1(00)^ u n i t 

i v ) BP^ v ibra t ions 

v) High frequency skeleta l motion ( s t re tch and t i l t s ) 

The counter ion , BP^~, has T^ symmetry and thus v ibra t ions 

of A^ + E + 2.T2 symmetry. A l l are Raman active whereas only 

the t r i p l y degenerate v ibra t ions are i n f r a - r ed act ive . The 

bands have previously been assigned to features i n the 

i n f r a - r e d and Raman of NaBP^ at 769, 353, 1016 and 529cm" 

(22,23) . In the BP^" complexes, Raman bands were found 

at 353 and 698cm~''" and a medium-intense band at 510-560cm"-'". 

Thus the f o l l o w i n g assignments can be made i n Table 6 .7 i n 

the same manner as CyHr^BP^. (Once again the band at 

-1 
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-lOOOcm"-^ i s d i f f i c u l t t o assign due t o the intramole­

cular t r o p y I l i u m modes). 

Table 6.7: Bg,," V i b r a t i o n s i n CnBnKG0l^,^.Gow2le^ 

analogue 
Frequency 
Range i n 
BF^" s a l t s 

Raman 
A c t i v i t y 

I n f r a - r e d 
A c t i v i t y 

Assignment 

748 690 - 730 wm vw (A-j^) s t r e t c h 

520 500 - 560 w ms (r[i2)def ormation 

353 350 - 370 wm w (E) deformation 

There are another set of v i b r a t i o n s which are not 
IINS active and they involve the M(C0)^ group. The v i b r a t i o n s 
of t h i s group have been assigned i n many «-organometallic 
species, such as CgHgM(CO)^ (25) and Cr;HgM(C0)^ (2 6 ) . The 
M-C stretches and M-C-O deformation f a l l w i t h i n the region 
of i n t e r e s t . Even though they are not f o r m a l l y neutron 
a c t i v e , some a c t i v i t y may a r i s e due t o the mixing of these 
modes w i t h strong IINS active bands i n the same areas of 
the IINS spectrum. T h a t ' i s , they acquire IINS a c t i v i t y 
due t o associated hydrogen motion. These M(CO)^ v i b r a t i o n s 
can be assigned on the basis of t h e i r l o c a l Ĉ ^ symmetry 
and are u s u a l l y s t r o n g l y i n f r a - r e d active and sometimes 
of medium i n t e n s i t y i n the Raman spectrum. Strong i n f r a ­
red bands i n the 350-700cm'"'^ region, without IlNS analogues, 
are so assigned, as shown i n Table 6.4. 

The li g a n d v i b r a t i o n s can be assigned from a comparison 
w i t h (CyH;-,)'̂  s a l t s and, i n p a r t i c u l a r , the IINS spectrum 
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of CrjH^BJ'^. Above SOOcm""-̂  s i m i l a r IINS and i n f r a - r e d bands 
e x i s t at the same frequencies as the assignments of F r i t z 
(24)« Table 6.4 shows these i n f r a - r e d a c t i v e v i b r a t i o n s 
of Cr̂ Hr̂  described i n terms of the Cr̂ ^ symmetry. For the 

symmetry, the v i b r a t i o n s of jA-j^ + 4E^ symmetry are 
i n f r a - r e d active whereas the Raman active bands are of 
4A-̂  + 5E-ĵ  + symmetry. 

The A-̂ CH out-of-plane deformation i n the complexes 
has s h i f t e d t o higher frequency on complexation and been 
reduced s l i g h t l y i n i n t e n s i t y . This s i t u a t i o n was p a r a l l e l e d 
i n the CgH^ + Pt black experiment where had s h i f t e d t o 
higher frequency and s i m i l a r l y reduced i n i n t e n s i t y from 
t h a t found i n benzene alone, (The i n t e n s i t y increased 
markedly as the benzene coverage was increased and i t returned 
t o i t s non-complexed frequency). This CH out-of-plane 
deformation i s also s t r o n g l y i n f r a - r e d active and the IR 
bands at'^BlOcm"''" can be assigned. I n a l l the t r o p y l l i u m 
complexes there are medium intense bands i n the 540-560cm"'^ 
region which are assigned t o the CH out-of-plane defor­
mation. Because of the medium-strong IINS i n t e n s i t y , the 
band describes a v i b r a t i o n i n v o l v i n g large hydrogen v i b r a t i o n a l 
amplitudes. This tends t o add f u r t h e r evidence f o r t h i s 
band i n v o l v i n g an out-of-plane motion and t h a t i t i s a funda­
mental i n t r a m o l c u l a r t r o p y l l i u m mode. I n Dr̂ -̂  symmetry i n 

+ " the Cr^Er^ s a l t s , the band had E^ symmetry and was i n f r a - r e d 
and Raman i n a c t i v e . I n Cr^^ symmetry i t has E^ symmetry and, ) 
thus, again i s i n f r a - r e d and Raman i n a c t i v e . No i n f r a - r e d 
or Raman analogues of t h i s TINS band were found. 

The I H T S B F D D I D O spectra only show one v i b r a t i o n i n the 
400-500cm"'^ r e g i o n . This l i e s at 471-474cm~''". I t can be 
s t r a i g h t f o r w a r d l y c o r r e l a t e d w i t h the in-plane deformation 



525 

of the t r o p y i l i u m r i n g , which was assigned at 438cm"'^ 
i n Cr;Hr̂ BF̂ . The i n t e n s i t y i s approximately the same i n 
the non-complexed and complexed s t a t e . The frequency 
increase on complexing was ~ 35cni""''. This band of 

t 

^2 •̂'̂ 7h'̂  symmetry i n Gr^E^BF^^ i s only Raman active and 
i n symmetry t h i s i s also the case of t h i s mode and 
no i n f r a - r e d analogues were found at the IINS frequency. 
U n f o r t u n a t e l y , no Raman bands were discovered e i t h e r and 
complexation must have reduced the p o l a r i z a b i l i t y change 
of t h i s in-plane mode. This may be reasonable since the 
f i x i n g of the Cr^Er-^ e n t i t y by « -coraplexing would reduce the 
in-plane v i b r a t i o n a l amplitudes somewhat i f the coraplexing 
i s q u i t e strong. 

The lower frequency Gr^E^ intramolecular modes i n 
these Cr;Hr̂ M(CO)̂ "'" compounds involve out-of-plane r i n g 
deformations. Now w i t h the Gr^Er^'^ s a l t s these bands were 

t i I I 

of E2 and E^ symmetry and both were i n f r a - r e d and Raman 
i n a c t i v e and thus i t was d i f f i c u l t t o determine t h e i r 
i n d i v i d u a l symmetry even though the 238cm~"'' band was 
observed i n the i n f r a - r e d spectrum of Cr,Hr,BF̂  and, possibly 
216cm i n Cr^Hr^PClg. The symmetry of these respective 

I I I I 

normal modes. Eg and E^, i s lowered t o Eg and E^ i n Cr,^ 
symmetry r e s p e c t i v e l y and thus E^ and E^ are again s t i l l 
i n f r a - r e d i n a c t i v e though the former E^ mode becomes Ramian 
a c t i v e . I f there are Raman analogues of one of these bands 
i n the Cr;Hr̂ M(CO)̂ "'' complexes then the Eg and E^ symmetries 
i n the Cr^^ complexes w i l l be resolved and t h i s w i l l help 

I I . 11 

assign the Eg and E^ species i n Dr^^ symmetry. I n a l l three 
Cr, Mo and W compounds there e x i s t s weak Raman bands at 
~ 25Qcm~"̂  analogous t o weak IINS bands whereas the higher f r e -
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guency TINS bands at 370cra~^ did not have i n f r a - r e d or Raman 
analogues. Perhaps, then t h i s i s an i n d i c a t i o n t h a t the 
lower frequency band i n GiyEr-^E(CO) has symmetry and 
i n G^Hr^ has E^ symmetry whereas the higher frequency band 
i n Cr^Hr^M(CO)^ has E^ symmetry and i n Cr̂ Hr̂  has E^ symmetry. 
Once again t h i s argument i s amenable t o the analysis of 
Fately et a l (12) on Cr^H^jBr since they f e l t a band at 
225cm" existed and t h a t i t had E^ symmetry. Sourisseau 
et a l ( 2 1 ) , i t i s f e l t i n c o r r e c t l y , assigned the Eg band 
at 335cm"'"'- i n Cr^E^TCl^ and the E^ band at 636cm'"''-. 

The BPDDIDO/PLUTO spectra show only one f u r t h e r feature 
t h a t has not been assigned above 200cm"-'-. I n these Cr^Er^KiGO)^'^ 

species. There i s a broad IINS band around 320cm ''•, which 
has a weaker component on i t s low frequency side. There 
are expected three high frequency s k e l e t a l modes of which 
two may be degenerate. They are t i l t 1 (H^) and t i l t 2 (Ry) 
while the other i s the symmetric s t r e t c h derived from the 
t r a n s l a t i o n i n the x axis. 

The i n f r a - r e d and Raman bands i n t h i s region are qui t e 
complex. On removal of the intra-moleculai? Ĉ Ĥ̂  , BF^ and 
M-C s t r e t c h i n g v i b r a t i o n s , there remains three Raman bands 
which are coincident w i t h three i n f r a - r e d bands. The 
lowest frequency Raman and i n f r a - r e d band i s quite intense 
whereas the two at higher frequency are of approximately 
the same frequency. The lowest frequency band i s assigned 
t o the sytnmetric s t r e t c h . This i s reasonable since the 
met a l - r i n g s t r e t c h i s more intense i n the i n f r a - r e d and 
Raman spectra than the t i l t i n g motions. This greater 
i n t e n s i t y arises because i t involves a l a r g e r dipole moment 
change and a l a r g e r p o l a r i z a b i l i t y change. The p a i r s of 
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bands at higher frequency may be due t o the i n d i v i d u a l 
t i l t i n g modes which have been s p l i t due t o e i t h e r a s i t e 
e f f e c t or t o the Cg p o i n t group of the molecule. The 
s p l i t t i n g s are small, shown i n Table 6.8, and w i l l not 
be seen i n the IINS spectrum since the separation i s not 
as larg e as the f u l l w idth of h a l f height (FWHH) of 
IINS bands at ~500cm~''", using the (511) monochromator plane-

Table 6.8; Sk e l e t a l V-ibrations i n the IR/RAMAN Spectra 

nfJ2^H„Mrn^-.BF^ Complexes (cm"-^) 

C^H^Cr(CO)jBF^ 

IR R 

C^H^Mo(CO)jBF^ 

IR R 

C^H^W(C0)3BF^ 

IR R 

T i l t 

S p l i t t i n g 

325(m) 516(sh) 
515(m) 310(w) 
10 6 

528(tn) 529(m) 
5l9(w) 523(w) 
9 6 

333(m) 325(w) 
322(m) 320(sh) 

11 5 

S t r e t c h 304(m) 305(s) 307(s) 3 1 l ( s ) 2 9 5(s) 2 9 8(s) 

The i n f r a - r e d spectrum of Cr7Hr,W(C0)^BF^ i s depicted 
^iK'ui'e 6 .8 as an example of the s p l i t t i n g of the metal-

l i g a n d t i l t and the greater i n t e n s i t y of the metal-ligand 
s t r e t c h . F u r t h e r , i t can be noted t h a t the weak band 
at 350cra"""̂  i s i n d i c a t i v e of the BF^~ E deformation mode, 

ar found i n Cr̂ Hp̂ BF̂ , whereas the Eg Cr̂ Ĥ '̂  i n t r a-molecul 

v i b r a t i o n i s noticeably absent at ~250cm'"'^. 

I n the i n t e r p r e t a t i o n of the b e r y l l i u m f i l t e r detector 

neutron spectra of compounds such as these, considerable i n s i g h t 

was gained w i t h the use of a du Pont 310 curve r e s o l v e r . 
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Guassi n-shaped f u n c t i o n s s i m i l a r t o IINS peaks were 
v i s u a l l y generated and superimposed on the spectrum being 
analysed. Their s i z e , width and p o s i t i o n c o n t r o l l e d t o 
produce d i f f e r i n g combinations. Various conditions were 
taken i n t o account, e.g. band centres from i n f r a - r e d and 
Raman data and the r e s o l u t i o n of the instrument at t h a t 
frequency. The band centres i n t h i s study of t r o p y l l i u m 
complexes were taken as the average of the i n f r a - r e d and 
Raman data i n Table 6'8 whereas the f u l l width at h a l f 
h e i g h t , FWHH, was calculated t o be not less than 35cra"-^, 
using the 3 I I monochromator at 300cm~-'-. Table 6»9 in d i c a t e s 
the data achieved from the f i t t i n g procedure using these 
parameters. Rough c r i t e r i a f o r expected IINS peak 
i n t e n s i t i e s and the peak numbers i n each case were used 
t o reduce the f i t t i n g p o s s i b i l i t i e s . I n a l l cases, the 
general f l a t background l e v e l of the spectrum was taken as 
the baseline f o r the curve r e s o l v e r . C l e a r l y the method 
can be quite u s e f u l but not i n f a l l i b l e . Close f i t s t o 
the experimental spectra were obtained but should be treated 
w i t h some r e s e r v a t i o n . 

• From t h i s study i t can be seen t h a t the i n t e n s i t y 
of the doubly degenerate t i l t i s much greater (3-'^ times) 
than t h a t of the s i n g l y degenerate metal-ligand s t r e t c h . 

V i b r a t i o n s l ess than 200cm~''' 
The 4H5 spectra, c o l l e c t e d at 140K, are used i n 

conjunction w i t h the i n f r a - r e d and Raman data t o charac­
t e r i s e the low frequency v i b r a t i o n s of these t r o p y l l i u m 
complexes. The 4H5 spectra are dominated by two strong 
bands at 60-80cm"'^ and at 110-140cm~"'-. No assignments 
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Table 6.9: _M-n H R+rr^etch and T i l t Data f or_C^H^M(CO).^ 
-7-7-

Complexes 

Sk e l e t a l Technique 
and IINS 
FWHH 

C^H^M(CO)^BP^ Compound (cm"^) 

Motion 

Technique 
and IINS 
FWHH 

M=Cr M=:MO M=W 

T i l t R/IR(av) 316 325 325 

IINS 314 325 326 

PWHH( cm""̂ ) 47 48 50 

St r e t c h R/IR(av) 304 309 297 

IINS 298 294 299 

FWHH 35 35 40 

have been c a r r i e d out before on these v i b r a t i o n s . I t would 
be expeclEd t h a t the two low frequency t r o p y l l i u m - m e t a l 
s k e l e t a l v i b r a t i o n s would be intense i n the IINS system. 
The deformation would be expected t o be seen i n the i n f r a ­
red and Raman spectra b l i t h e t o r s i o n would be u n l i k e l y due 
to the very s m a l l , i f any, changes i n dipole moment and 
p o l a r i z i b i l i t y t h a t would arise from such a v i b r a t i o n i n 
these planar ic-arene organometallics. The t o r s i o n takes 
place about the Cr̂  axis of the t r o p y l l i u r a r i n g and i f the 
two r o t o r s , CCyHr̂  and M(CO)g), l i b r a t e independently i n t h i s 
v i b r a t i o n i n t h e i r e x t e r n a l f i e l d and i f the i n t e r n a l 
f i e l d i s zero (27) then one would expect only t o see the 
t o r s i o n of the Gr^E^ movement i n the IINS spectrum because 
the s c a t t e r i n g cross-section of the M(CO)^ group would, 
i n comparison, be very small. Since the deformation mode 
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i s u s u a l l y found at higher frequencies than the t o r s i o n , 
the band i n the 110~140cm~-^ region i s assigned t o the 
doubly degenerate deformation whereas the lower frequency 
peak i s assigned t o the t o r s i o n . The i n t e n s i t i e s are 
comparable. I n the i n f r a - r e d or Raman spectra, there are 
a number of v i b r a t i o n a l bands non-coincident w i t h the 
s k e l e t a l v i b r a t i o n s found i n the IINS spectra. They are 
assigned t o C-M-C deformations which have been s i m i l a r l y 
assigned t o other t r i c a r b o n y l species. I t i s noteworthy 
t h a t no other f e a t u r e s , except lower than the t o r s i o n a l 
frequency, are depicted i n the t i m e - o f - f l i g h t spectra. 
This i s an I n d i c a t i o n t h a t the C-M-C deformations are not 
mixing w i t h the s k e l e t a l v i b r a t i o n s t o any great extent i n 
these Cr^Hr^M(CO)^ species. I f i t had happened then weaker 
bands would have been found i n the IINS spectra due t o 
associated hydrogen motion. The 63cm"'''band may be due t o t h i s 
e f f e c t i n Gr^Er^¥lo(CO)'^ as w i l l the 66cm~"'- shoulder i n the 
chromium analogue. However, since these bands vary i n 
frequency w i t h s c a t t e r i n g angle i n the t i m e - o f - f l i g h t 
spectra, they are more l i k e l y t o be due t o l a t t i c e v i b r a t i o n s 
( i n t e r m o l e c u l a r modes). 
C a l c u l a t i o n of t o r s i o n a l b a r r i e r s 

The b a r r i e r can be assumed t o be of the form: 
V = ^ (1-cosNe) 

and by making the harmonic o s c i l l a t o r approximation, the 
2 

c a l c u l a t i o n of the e f f e c t i v e force constant (.^ ̂ B) can be 
2 ^ ' 

calc u l a t e d from (^ ^B) = ^.n^^^^G . where N = b a r r i e r 
m u l t i p l i c i t y and 1-^ = moment of i n e r t i a of the (G^Er^) 

group (assuming the b a r r i e r t o r o t a t i o n i s e x t e r n a l . 
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Using the c r y s t a l s t r u c t u r e of Cr7H^Mo(C0)^BF^ ( 1 4 ) , the 

-40 2 
moment of i n e r t i a can be c a l c u l a t e d t o be 446.95 x 10 gem . 
Thus the e f f e c t i v e f o r c e constant and the b a r r i e r t o t o r s i o n , 
Vg, can be c a l c u l a t e d . The b a r r i e r m u l t i p l i c i t y i s not 
known but can be reasonably estimated t o be 7. The moment 
of i n e r t i a of the (Cr^Hr,) r i n g i n the molybdenum compound 
i s used i n conjunction w i t h the chromium and tungsten 
analogues. Table 6.10 l i s t s the r e s u l t s . These calculated 
values are discussed i n more d e t a i l on page 3̂ 3* 
Table 6.10; Calculated EFC and Torsional B a r r i e r s of the 

CnHoM(C0)^BF,, Complexes 

Compound (cra"l) 
T o r s i o n a l 
Frequency 

(kJmol" 
E f f e c t i v e 
constant 

•1) 
f o r c e 
(EFC) 

(kJmol"l) 
Torsional 
b a r r i e r 

C^H^Cr(CO)jBP^ 75 537 21.9 
C^H^Mo(CO)^BF^ 75 557 . 21.9 
C^H^W(CO)^BF^ 76 552 22.5 

6.6. Cr,H^Mo(CO)gI 
No previous v i b r a t i o n a l studies have boon c?arriod 

out on t h i s type of t r o p y l l i u m complex. 

6.6.1. Results 
Table 6.11 summarises the IINS and i n f r a - r e d data 

c o l l e c t e d f o r the compound. Raman data was not achieved 
because of the purple-black colour of the complex. 
Figure 6.16 summarises the 4H5 spectra, at 133K, gathered 
at s c a t t e r i n g angles of 90^ and 82°. Figure 6.17 depicts 
the BPDDIDO spectrum, at l i q u i d nitrogen temperature, 
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Table 6.11: Frequencies and Spectral Assignments of 
C^H^Mo(CO)^I 

4H5 
(133E) 

BFDDIDO 

(77K) 

IR 

(77K) 

FIR 

(77K) 
Assignment 

792(vs) A^: o/p CH def. 

520(s) 554(s) 553(s) 

5 i l ( m ) 
496(vs) 

E^: o/p CH def. 
M-C-O def. 
M-C s t r e t c h 

460(m) 475(m) 

39l(m) 

467(w) 

418(vs) 

E^: in-plane r i n g 
^ def. 

M-C s t r e t c h 
Ej:o/p r i n g def. 

3^0(vs) 344(s) 330(w) 
333(w)) 
330(m)f 

T i l t 2 

290(vs) 295(vs) 

215(w) 

287(m) 
293(m) 
286(vs) 

169(s) ) 
166(sh)) 

T i l t 1 
Mo-CnH^ symmetric 

' ' s t r e t c h 
Eg: o/p r i n g def. 
Mo-I s t r e t c h 

162(m) 177(w) 

139(wb) 

2 X t o r s i o n o r / 
Mo-I s t r e t c h 

C-Mo-C def. 

118(s) 114(m) 120(m) 1 
112(m)( 

Mo-Cr;Hr, def. 

7 l ( s ) 70(m) Torsion 

40(m) 

52(w) 
j L a t t i c e modes 
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T= UOK 

ENERGY TRANSFER / c m - i 
Figure (6-16) P{« ^) data (C^Hy)Mo(CO) Î 
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6.6.2. Discussion 

In Gr^Erj^oiGO)^!, one carbonyl group o f the Cr7H^Mo(C0)^'^ 
ion has been replaced by the iodine atom. This has produced 
e l e c t r i c a l n e u t r a l i t y . This study i s c a r r i e d out t o observe 
whether any p e r t u r b a t i o n of the molecule, caused by the 
io d i n e atom, has caused s p l i t t i n g of the doubly degenerate 
bands and, e s p e c i a l l y the e f f e c t on the s k e l e t a l motions. 

The v i b r a t i o n s may be separated i n t o the f o l l o w i n g 

groups:-
i ) Mo - I s t r e t c h 

i i ) Mo(C02) v i b r a t i o n s 
i i i ) (Cr;Hp,)-Mo-(CO)gI s k e l e t a l v i b r a t i o n s 
i v ) Cr^Hr; i n t e r n a l v i b r a t i o n s 

Analysis of the v i b r a t i o n s of Cr,HrjMo(CO)gI, which has 

only C„ symmetry, i s shown i n Table 6.12. However, i t i s 

expected t h a t the intramolecular v i b r a t i o n s of the t r o p y l l i u m 

r i n g w i l l be described i n terms of Cr^^ symmetry, as i n the 

BP̂ "" s a l t s . 

Table 6.12; C V i b r a t i o n a l Analysis 

Cr7H^Mo(C0)gI Mo(CO)gI Ĝ Hr̂ -M s k e l e t a l 
v i b r a t i o n s 

A c t i v i t y 

t 
A 29 7 19 5 IR/R 

I I 

A 25 5 17 3 JR/R 

The Mo-I s t r e t c h i s expected i n the 100-200cra'""'' region 
and t o be q u i t e intense i n the i n f r a - r e d since Clark and 
Crosse found such a band, i n Mo(CO)^I, at 146cm"-^ ( 2 8 ) . 
There are a number of i n f r a - r e d bands i n (Cr;Hp7)Mo(C0)gI in this 
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r e g i o n . The most intense are at 112/120cm"'"'• and at 
169cm"-''. Much weaker fe a t u r e s l i e at ~139cm~-'' and 208cra"''-. 
The l a t t e r i s assigned t o the lowest frequency out-of-plane 
deformation of t r o p y l l i u m . The bands at 112 and 120cm'"-'' 
can be assigned t o a s k e l e t a l v i b r a t i o n (see l a t e r ) . From 
i n t e n s i t y reasons the i n f r a - r e d band at 169cm""'- i s assigned 
t o the Mo-I s t r e t c h whereas the very weak feat u r e at 139cm"''-
may be due t o a deformation of the Mo-(C0)j system. Some 
s p l i t t i n g of the 169cm~"'- band i s found at l i q u i d nitrogen 
temperature, since a shoulder appears at '«'166cra There 
i s a band at 162cm""'- i n the 4H5 spectrum and t h i s may e i t h e r 
be a second harmonic of the strong band at 71cm"-'-, though 
t h i s i s not favoured, or i t may be due t o the Mo-I s t r e t c h . 
Although f o r m a l l y not i n v o l v i n g any hydrogen motion, since 
i t involves the heavy iodine atom, the motion could modify 
the electron density of the molecule so t h a t the Mo-ring 
distance also changes and thus i n the IINS spectrum the 
band at 162cm~^ (l77cm~-'' i n the BFDDIDO spectrum) i s due 
to associated hydrogen motion. 

The metal-carbonyl v i b r a t i o n s , Mo-C stretches and 
Mo-C-O deformations are l i k e l y t o f a l l i n the same regions 
as the t r i c a r b o n y l complexes and are st r o n g l y i n f r a - r e d 
a c t i v e but f o r m a l l y not a c t i v e i n the IINS spectrum. However, 
i t can be noted t h a t weak IINS bands were found i n the 
300-600cm"'''" region of the t r a n s i t i o n metal hydridocarbonyls 
(Chapter 5) and were assigned t o these v i b r a t i o n s due t o 
associated hydrogen motion, s i m i l a r t o the Mo-I s t r e t c h 
above. Due t o the broad bands i n the IINS spectrum. 
Figure 6'!?^ no weak f e a t u r e s s i m i l a r t o those i n Chapter 5 
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were observed. Accordingly, the i n f r a - r e d bands at 418, 
496 and ̂ Hcm"''", which did not have IINS counterparts, 
were assigned t o metal-carbon stretches and tnetal-carbonyl 
deformation modes. 

The assignment of the t r o p y l l i u m intra-molecular 
modes i s c a r r i e d out i n the same manner as those i n the 
BF^~ complexes. No anomalies were found and Table 6.13 
summarises the data from Cr̂ Ĥ B̂F̂ , Cr,H^Mo(CO)^BF^ and 
Cr;HrjMo(00)21. The symmetry i s described i n terms of Cr;,̂  

symmetry. 
I t 

One p o i n t t o note i s t h a t the E^ ^^^h"^ out-of-plane 
deformation, which i s i n f r a - r e d i n a c t i v e i s D̂^̂^ symmetry, 
and should be also i n f r a - r e d i n a c t i v e i n Cr̂ ^ symmetry, 
l i e s at 554cm"''". A coincident strong i n f r a - r e d band e x i s t s 
at 553cm'"'^o This w i l l s u r e ly be a coincidence and the i n f r a ­
red band must be due t o a carbonyl deformation mode and 
not due t o the i n f r a - r e d i n a c t i v e E^(Gr-,^) v i b r a t i o n , though 
some of the i n t e n s i t y may be due t o t h i s v i b r a t i o n because 
of a s o l i d s t a t e e f f e c t . I f the mode at 55̂ cm""̂  had 
been i n f r a - r e d a c t i v e , the other mode at 391 cm""̂  i n the 
IINS spectrum would probably have had an infj?a-red counter­
p a r t . This was not the case . 

As expected l i t t l e change has been found between the 
complexes. I t may be of i n t e r e s t t o note the s l i g h t l y 
lower A-ĵ CH ' out-of-plane frequency i n Cr7H^Mo(CO)2l compared 
w i t h CnHnMo(CO)^BF.,. Studies of t h i s v i b r a t i o n a l band i n / / 3 4 , 
other r i n g systems have implied that as the frequency 
s h i f t increases from t h a t found i n the' noncotnplexed state 
( i . e . i n Cr̂ Hr̂ BF^) then the strength of the ring-metal bond 
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Table 6.13: C Intramolecular V i b r a t i o n a l Assignments 

C^H^BF^ CrjH^Mo(CO)^BF^ C^H^Mo(C0)2l Assignment 

685 806 792 A, CH o/plane 
^ def. 

562 561 55^ E^CH o/plane 
5 def. 

440 471 475 Ep i/plane 
r i n g def. 

335 378 391 E^ o/plane 
^ r i n g def. 

238 217 215 Ep o/plane 
r i n g def. 

increases. I f t h i s i s so i n t h i s case then perhaps the 
Mo-C(Cr7H^) distance would be lower i n Gr^Er,no(iGO)^1. 

However, no d i f f e r e n c e between the two systems was found. 
Mo-C(CnHn) distance ( i ) 

2.28 - 2.34 (14) 
+ 

C^H^Mo(CO)^BF^ 

- 1 

C^H^Mo(C0)2Br, CI 2.31 - 0.06 (15) 
Unf o r t u n a t e l y , no Raman data was a v a i l a b l e , but 

again, i n f r a - r e d bands were not found at 391 and 215cm' 
where IINS bands were observed i n d i c a t i v e of the low 
frequency out-of-plane r i n g deformations. Thus, the i n t r a ­
molecular t r o p y l l i u m bands appear t o be described i n Ĝ ^ 
symmetry i n the same manner as the t e t r a f l u o r o b o r a t e 
complexes. 

F i n a l l y , the s k e l e t a l v i b r a t i o n s can be assigned. 
I t i s seen t h a t the IINS spectrum i n the 300cm*"-'' region 
i s very d i f f e r e n t from the (Cr7Hr^)M(C0)^BF^ species. This' 
must be due d i r e c t l y or i n d i r e c t l y t p the replacement of 
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the carbonyl group with the iodine atom. The BFDDIDO 
spectr-um i s dominated by the two bands at 295 and 
3ZfZ|.cm~"̂  of which the 295cm"'̂  band i s the more intense. 
This co-uld be an indication that the t i l t , a doubly 
degenerate band, has been s p l i t quite d r a s t i c a l l y . 
Figure 6.18 shows how possibly these motions became 
s p l i t . The r o t a t i o n about the y axis i s r e l a t i v e l y similar 
to that found i n the M(CO)^ situation but i n the x axis 
the motion i s hindered by the large heavy iodine atom. This 
alternative involves a d i r e c t iodine/ring interaction. 

Another alternative, which i s more possible since the 
iodine/tropyllium interaction i s only te n t a t i v e , i s that 
i n Cr;Hr,Mo(C0)2l the molybdenum atom l i e s well off the 
Ĉ Hp-, Cr,~axis, as shown i n f i g u r e 6.19. This i s not the 
case i n Cr;Hr;Mo(CO)^BF^ where the molybdenum l i e s v i r t u a l l y 
on the Crj axis. The actual molybdenum - ( C r ^ ) axis distance 

o 
i n the iodine complex i s ~ O.M-A calculated from the diagram 
in reference (15). This asymmetry w i l l certainly bring 
about such a s p l i t t i n g of the t i l t s . The cause of the 
asymmetry was probably the iodine atom so that i n t h i s case 
the iodine only i n d i r e c t l y causes the loss of degeneracy. 

The strongest infra-red band, i n f i g u r e ^.8, i s 
expected to be due to the symmetric metal-ring stretch 
and a very strong band was observed at 285cm'~'̂  whereas two 
medium intense features exist at 293cra""'̂ , as a shoulder, 
and at 330cm""''. This l a t t e r band has been s p l i t s l i g h t l y . 
The 286cm'"infra-red band i s assigned to the Mo-Cr̂ Hr̂  
symmetric stretch and the two bonds at 293 and 350cm""'̂  are 
assigned to the singly degenerate t i l t i n g motions. Therefore, 
the strongest JUTS band at 295cm'"''' i s assigned to the 
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symmetric stretch and to one of the t i l t s whereas the 
less intense b̂ ;nd at 3̂ cm~"̂  i s assigned to the other 
t i l t . 

Vibrations less than 200cm~"̂  
The IISB spectrum i n fi g u r e 6 »16 i s dominated by 

thr-ee bands of 71 and llScm""'' with a wealcer shoulder 
at 162cm''which has already been assigned. The band 
at 4-Ocm""̂  i s expected to be a l a t t i c e mode and varies i n 
frequency with scattering angle,though at 82° and 90° the 
frequencies are the same. 

The strong IINS bands at 71 and llScm"'.'̂  are assigned 
to the torsion and deformation bands. The r e l a t i v e i n ­
t e n s i t i e s are approximately the same, as found i n the BF^~ 

• complexes. These assignments are resonable since the torsion 
i s usually at lower frequency than the deformation. Further, 
i t would be expected that the torsion of t h i s planar 
Jt-arene r i n g about the central axis would not be seen i n 
the infra-red spectrum since there would be a negligible 
change i n the magnitude of the dipole moment, even though, 
i n a C symmetrical molecule, the torsion would be formally s 
active, being of A symmetry. This would contrast with 
the (Gr)Er^)-no-(CO)2^ deformation which would be formally 
infra-red active and should produce a r e l a t i v e l y larger 
dipole moment change and thus produce an observable i n f r a ­
red band. There are two infra-red bands at 112cm~'"̂  and 
120cm""'', which are assigned to the doubly degenerate 
deformation which has been s p l i t . This would have occured 
due t o the same effect that s p l i t the t i l t mode. . The 
asymmetry of the molybdenum i s preferred to the iodine/ 
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r i n g i n t e r a c t i o n . The two medium intense bands at 112 
and 120cra""'' are indicative of the loss i n degeneracy, 
which has produced d i f f e r i n g vibrations, due to the 
tra n s l a t i o n of the ring i n the x and y directions. Since 
the resolution of the TINS experiment i s not as good as 
that i n the i n f r a - r e d , the s p l i t t i n g of only 8cra~"̂  would 
not have been resolved. The s p l i t t i n g of the t i l t , 
however, was observed because i t amounts to 37cm'""''. 

The assignment of the torsion to the 70cm'""'' IINS band 
can lead to an estimate of the effective force constant, 

2 
^B). Using the atomic co-ordinates of. the (Cr^Hr,) ring 

i n the analogous Br compound (15), the moment of i n e r t i a 
of the (Cr^H^) r i n g i n the (Cr;H^)Mo(CO)2l can be evaluated. 
This produces an effective force constant (E F C ) of 
474.8kJmol--^. This can be compared with the E F C of the 
CoHr.Mo(CO)^BF,, s a l t which was 552kJmol'"-'-. The smaller / / 3 ^ 
value i n Cryllr^Ho 00)^1 would seem to indicate a weaker 
interaction and must be contrary to the model of an iodine/ 
r i n g i n t e r a c t i o n which would have produced an increase i n 
the E F C. From the crystal structure, i t would be 
reasonable to estimate N, the m u l t i p l i c i t y , t o be 7 and 
thus the b a r r i e r to r o t a t i o n , V-g, would be ig.-^kJmol"-^ 

A number of E.F.C. values and torsional barriers have 
now been calculated using i n e l a s t i c neutron scattering data. 
Table 6.14- presents a relevant selection of calculated 
values on Ĉ Ĥ M species acquired from t h i s study and 
from others. 

As i t can be seen i n t h i s study of Ĉ Ĥ  complexes, 
as n increases from 4 to 7, the effective force constants 
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Table 6.14: Comparison of Torsional Data f o r some 
C H -M Species ~n—n — 

Compound/ 
System 

Torsional 
Frequency 
(cm"'^) 

EPC . 
(kJmol"^) 

M u l t i ­
p l i c i t y 

Torsional 
Barrier Ref. 

Ĉ Ĥ Ŝ e(CO)̂  60 87.8 4 11.0 (29) 
(C^H^)2l'e 50 172 5 13.8 It 

NiHg2^SCN)gCgHg 63 250 6 13-9 This 
work 

CgHgCo^(CO)g 75 273 6 15.1 ti 

Ĉ Ĥ  + Pt black 6 o 121 922 6 51.2 M 

C^H^Cr(CO)^BF^ 75 537 7 21.9 II 

C^H^Mo(CO)^BF^ 75 537 7 21.9 11 

C^H^W(CO)jBP^ 76 552 7 22.4 II 

Cr7H^Mo(CO)2l 71 475 7 19.4 II 

and the torsional barriers generally increase. This, however, 
would appear to be independent of actual torsional frequency. 
Even though there would seem to be a trend, there are a 
number of points which would refute any further worthwhile 
comparisons. The m u l t i p l i c i t y i n each case i s taken as 
equal to the number of protons per arene r i n g . This w i l l 
not always be so since i n G^E^(GO}^ species, f o r example, 
the actual m u l t i p l i c i t y may be equal to three due to the 
three carbonyl ligands. Thus the barrier to rot a t i o n 
would change d r a s t i c a l l y i n t h i s case with N=3 compared 
to N=6. -Also i n the three benzene systems, i t can be seen 
that the Pt black/benzene system is very much dif f e r e n t 
from the two complexes. This shows that the ligand-metal 
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interac t i o n can vary so much, due to many system parameters 
that any further general comparisons cannot be made. 

6-7- (C^H^)2TaCl^ 

6.701* Previous Results 

Sharma et al (7) l i s t e d the infra-red absorptions of 
the compound, i n nu j o l , at room temperature and only found 
one weak band, below lOOOcm""'', at 720cm""''. In the present 
infra-red study, i n a KBr disc, at l i q u i d nitrogen tempe­
ratur e , there i s a dominating band centred at ~720cm"''' 
with maxima at 820, 770, 687 and 635cm"̂ . 

6.7.2. Results 

Table 6.15 shows the spectral results f o r the compound 
with assignments. Figures 6.20, 6.21 depict the 4H5 and 
BFDDIDO IINS spectra collected at I3OK and l i q u i d nitrogen 
temperature respectively. Figure 6..20 shows a pl o t of the 
frequency d i s t r i b u t i o n function plotted against energy 
transfer. The Raman data was collected at room temperature 
with a laser power of 7EQW. 

6.7.3, Discussion 

This sandwich compound can be estimated to have Cg.̂  
symmetry i f i t has the form shown i n Figure 6.4. With 
^2Y symmetry the vibrations of the uni t are l i s t e d i n 
Table 6.16 

The (Cr7H^)2TaClj skeletal vihrations have 2Â +2A2+4B-ĵ +4B2 
symmetry. Whether or not they are t o t a l l y non-degenerate' 
(e.g. the symmetric t i l t s are s p l i t ) i s a matter of con­
jecture i n t h i s compound. 
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Table 6-15: Vibrational Features and Assignments 
of (CnHo)2TaCl^ 

4H5 
(13Q1S) 

BFDDIDO 
(77K) 

IR 
(77K) 

FIR 
(77K) 

RAMAN 
(RT) 

Assignment 

820(vs) 820(wm) Â : o/p CH Def, 

77^(w) 770(vs) TaCl^ vib. with 3 
s l i g h t H motion 

7l7(msh) 

687(s) 

Combination -, 
(297+407=704cm ) 

656(s) 655(w) 
635(s) 

670(mb) 
525(wb) 

Antisymmetric 
t i l t 

554(ms) 530(wb) Ê : o/p CH def. 

420(mb) 447(s) 

443(w) 

407(msh) 

440(w) 460(wb) 

385(w) 

Ep: in-plane 
ring def, 

(2x221cm"-'-) 
Second harmonic 
Symmetric t i l t 

297(ra) 306(vvs) 300 (sb) 512(wm) Antisymmetric stretch 

220(ms) 221Cvs) 

160(sb) 

210(wb) Symmetric 
stretch 
TaClv vibration 3 

l l l ( m ) 109(sh) 100(v^) Deformation 

68(s) 75(s) 60(w) o/p torsion 

' 40(m) i n phase torsion 
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Table 6.16: C2-- Vibrational Analysis 

348 

TaCl^(C^H^)2 TaCl^ 3 Skeletal 
normal 
modes 

Ac t i v i t y 

25 3 10 10 2 IR/R 
20 - 9 9 2 -/R 

\ 23 1 9 9 4 IRA 
B^ 22 2 8 8 4 IR/R 
2 22 

Table 6.17 indicates the symmetry of the skeletal 
motions that should be found i n the TINS spectrum and 
t h e i r r e l a t i v e infra-red and Raman a c t i v i t y . Some 
s p l i t t i n g of the E modes, that would be found a symmetric 
dibenzene chromium-type sandwich, may take place due to 
the angular form of the tropyIlium ligands. 

Table 6.17: Skeletal Vibration A c t i v i t y in(0^,11^)21 aCl.^ 
With Symmetry 

Framework Vibration Symmetry (02^) and A c t i v i t y 

Torsion (in-phase) ^1. IR/R 
Torsion (out-of~p ase) R 
Symmetric stretch A IR/R 
Antisymmetric stretch IR/R 
Deformation B-ĵ +B2 IR/R 
Antisymmetric t i l t A2+B2 IR(B2 only),/R 
Symmetric t i l t Â +B̂  IR/R 
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-1 Vibrations less than 200cm 

The 4H5 frequency d i s t r i b u t i o n spectrum i s dominated 
by two broad bands at~220cm"^ and ~70cra"''-. Using the 
curve resolver rather t e n t a t i v e l y in t h i s very poorly 
resolved l a t t e r region, i t i s possible to separate out 
these low frequency components at 40, 68 and lllcm""^. 
Now the infra-red spectrum shows only two features below 
200cm"^ at 100(w)cm~^ and 160(sb)cm"^, In TaCl^, at lOOK-
there have been observed a number of bands, assigned to 
in-plane deformation modes, of medium-strong intensity in the IR 
at 144 and 169cm'"(30). The authors f e l t the assignments 
were tentative. However, since there was no IINS analogue 
of the strong 160cm~^ infra-red band i n (Cr^Erf)^aCl^, then 
i t i s f e l t that one can conclude that the 160cm"-̂  infra-red 
band i s due to a TaCl^ deformation mode. 

3 
The torsions and the deformation skeletal modes are 

expected to be at a low frequency. The l a t t e r deformation 
bands have B symmetry and are, thus, infra—red and Raman 
active. The weak infra-red band at lOOcm""'" i s assigned 
to t h i s framework v i b r a t i o n . Following from t h i s assign­
ment, the band at lllcm""'" i n the neutron spectrum can be 
likewise assigned. ( I n the f i t t i n g of the curves, the 
bands at 111 and 68cm''~'' were o r i g i n a l l y centred at the 
beryllium f i l t e r detector frequencies of 109 and 75cm""'"). 

The out-of-plane torsional band has A2 symmetry and there­
fore i s not infra-red active. This band would involve a 
negligible dipole moment change and would probably not be 
observed, even i f i t was active i n the infra-red spectrum. 
The in-phase torsion i s formally infra-red active but 
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again i t may not be observed. There i s a weak Raman band 
at 60cm""'' i n (Cr;,Hp^)2TaClj but t h i s may be l a t t i c e mode. 
S'ince the in-phase torsion i s usually found at a lower 
frequency than the out~of-phase torsion then the two 
medium-strong TINS bands at 40 and 58cm""'' may be assigned 
to these p a r t i c u l a r skeletal modes. Both are quite 
intense i n the TINS spectrum due to the large hydrogen 
vi b r a t i o n a l amplitudes involved. 

The 4H5 resolution i s very poor so that these conclusions 
are made with some reservations especially since a number 
of curve f i t s may be produced. One worthwhile experiment 
would be,to run t h i s compound on the Grenoble IN4 time-of-
f l i g h t instrument. The much better resolution of IN4 
cannot be disputed. 

Vibrations greater than 200cm""̂  
Above 200cm""'" the intramolecular tropyllium vibrations 

can be assigned i n i t i a l l y . At 820cm""'' the strong infra-red 
and weak-medium Raman bands are assigned to the out-of-
plane CH deformation which has moved up i n frequency from 
685cra"''" found i n the Cr^Hr^^ salts on complexing. This 
increase compares well with the increase found i n other 
(Cr^Hr;) complexes as shown i n Table 6 .18. 

The other tropyllium intramolecular vibrations are 
assigned by comparison with the other Gr^Er-f complexes. At 
554cm""'', the E^ out-of-plane CH deformation i s found with 
only a s l i g h t decrease i n frequency on complexing. This 
trend was found i n a l l the other Jt-Cr^Hr^ complexes. 
Similarly assigned i s the in-plane r i n g deformation at 
447cm""̂ . The expected weakly IINS active E2 out-of-plane 
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Table 6.16: Increase i n A^(C^.,)CH Out-of-Plane 
Deformation i n Tropyllium Complexes 

Compound Increase in CH out-of-plane 
deformation (A^) 

C^H^Cr(CO)^BF^ +129 

C^H^Mo(CO)^BF^ +121 

Cr;,H^W(CO)jBF^ +126 
C^H^Mo(C0)2l +115 

CnHp-,) ̂ TaCl -y / / 2 t> 
^ —̂̂ —̂ —.—̂ —̂ —~—. 

+135 

r i n g deformation, at ~220cm~"'" i n the other complexes, was 
not observed because of a strong IIWS band at 221 cm""̂ , 
which must be a skeletal mode with a large hydrogen 
v i b r a t i o n a l amplitude. I t may be noted that no s p l i t t i n g 
of the intramolecular tropyllium vibrations could be 
found i n the infra- r e d . This could have arisen due to a 
(Cr̂ Hr̂ )••••(Cr;Hr̂ ) r i n g i n t e r a c t i o n . However, such s p l i t t i n g 
of the infra-red bands, at low temperature was also 
found i n the Ĉ Ĥ̂ ^ salts, such as Cr;Hr,PClg(2l). 

There are four types of skeletal framework vibrations 
that occur above 200cm~"'". They involve the motions, 
described i n Figure 6.22, as the antisymmetric t i l t and 
stretches and the symmetric t i l t and stretches. The 
t i l t modes could be s p l i t i f the vibrations are formally 
described under Cg.̂  symmetry. The s p l i t t i n g , i f i t takes 
place, w i l l not be observed i n the infra-red f o r the 
antisymmetric t i l t since one component i s infra-red 
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inactive (the A2 mode). The order i n which the frequencies 
of these vibrations occur i s of interest since i n (C^E^')^^ 
species, the antisymmetric t i l t has been reported at highest 
frequency, the antisymmetric stretch l i e s next and then 
at lower frequency comes the symmetric t i l t and, f i n a l l y , 
the symmetric stretch ( 3 1 ) . In (^Q^Q')2^ species the 
assignment of the antisymmetric stretch and symmetric t i l t 
have been reversed ( 3 1 ) . I t must be noted that these 
studies were carried out on symmetric sandwich bis-arene 
complexes. 

There are IINS bands, i n Figure 6 .21 , which have 
yet to be assigned to pa r t i c u l a r v i b r a t i o n at 656, 407, 

297 and 221 cm""''. They have very strong to medium intensity. 
Only the 297 and 656cm~'^ bands have strong infra-red analogues, 
This i s e n t i r e l y reasonable since the antisymmetric modes 
are more l i k e l y to be seen i n the infra-red rather than 
the symmetric modes. For example, the stretch w i l l involve 
l i t t l e change i n dipole moment i f the individual Gr^iCrfEr,) 
axis are nearly coincident. A similar lack of dipole 
moment change w i l l ensue i n the symmetric ring t i l t . 
Thus, from the infra-red a c t i v i t y of these bands the 
assignments can be made as summarised i n Table 6.19 

In (Cr7Hr^)2TaClj there are Raman bands at 210, 312, 

385 and 670cm~"'" . A l l the skeletal bands are Raman active 
though the symmetric stretch and t i l t t h e o r e t i c a l l y should 
be more intense. However, a l l the bands had weak-medium 
in t e n s i t y . 

An indication of the large hydrogen atom vib r a t i o n a l 
amplitude engaged i n the symmetric stretch, found at 221cm""'" 
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Table 6.19= Comparison of T i l t and Stretch Assignments 
in Sandwich Compounds 

IINS IR Band Typical Typical 
Band (CQHQ)2M(31) 

Species 
(CgHg)2M(3l) 

Species 

Antisymmetric 
t i l t 

656(s) (687(s) 
i655(w) 
(635(s) 

~ 690 ~ 480 

Symmetric 
t i l t 

407(msh) - ~ 390 ~ 300 

Antisymmetric 
Stretch 

297(m) 300(sb) ~ 250 ~ 420 

Symmetric 
stretch 

2 2 l(vs) - 2 2 5 ~ 280 

in the TINS spectrum, can be found by comparing the band 
with i t s analogue i n C^H^M(CO)^-type complexes. In 
the bis-ax-ene, the IINS i n t e n s i t y i s large but negligible 
infra-red a c t i v i t y i s found. Contrary to t h i s i n C^H^M(CO)j 
complexes, the '̂ -Ĉ Ĥ  stretch has weak-medium IINS inten­
s i t y but strong infra-red a c t i v i t y , due to a large dipole 
moment change. 

The order of the skeletal vibrations with increasing 
frequency can be compared with the (^Q^^)2^ ^^8^'^^ 

assignments ( 3 1 ) . The order depicted i n Table 6.19 

p a r a l l e l s that found i n the CgHg complexes rather than 
the CgHg sandwich compounds. 

The other weaker IINS spectral features may be 
te n t a t i v e l y assigned. The 443cm~"'' band i s probably the 
second harmonic of the very strong 221cm~"'" symmetric 
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s t r e t c h . The 77'^cin~''" hand c o u l d he a T a C l ^ v i h r a t i o n , 

i n v o l v i n g some a s s o c i a t e d hydrogen m o t i o n , and the 717cm'" 

hand may he a c o m h i n a t i o n o f t h e symmetr ic t i l t and the 

a n t i s y m m e t r i c s t r e t c h (297 + W = 704cm~^) . 

The t o r s i o n a l h a r r i e r s can he e s t i m a t e d f o r t h i s 

compound w h i c h p r o b a h l y c o n t a i n s two i n d e n t i c a l r o t o r s . 

The p o t e n t i a l energy v a r i a t i o n on r o t a t i o n can he d e s c r i b e d 

i n t e rms o f t h e e x t e r n a l and i n t e r n a l f i e l d s ( 3 2 ) . 

E x t e r n a l f i e l d : " ^ i = i ( I - C O S N ' ^ ^ ) i := 1 or 2 

I n t e r n a l f i e l d : V = ^ (1-COSN"(6)^ +^2^^ 

Thus O), - - — ~ ~ and OJ^ = -— 

One can e v a l u a t e N and N Y-̂  f r o m 
P I E 

OJ^ -(JL>2 = ^ I " ^ where6L>-j^= o u t - o f - p h a s e t o r s i o n = 68cm~"'' 

% - 1 and(x>2 = in -phase t o r s i o n = 40cm 

The v a l u e o f I - ^ , t he moment of i n e r t i a , i s t aken as 

an average of t he v a l u e c a l c u l a t e d f r o m t h e a tomic c o - o r d ­

i n a t e s o f o t h e r (0^^!!-^) complexes , ( W l - x 10"^^gcm^) . Thus 

t h e v a l u e o f t h e e f f e c t i v e f o r c e cons t an t due t o t he 

e x t e r n a l f i e l d , N V-^, has a v a l u e of 170kJmol whereas 

t h e e f f e c t i v e f o r c e c o n s t a n t due t o t h e i n t e r n a l f i e l d i s 

c a l c u l a t e d t o he 161kJmol~"^. The two f o r c e c o n s t a n t s are 

t h e r e f o r e s i m i l a r . They are q u i t e s m a l l compared t o t h e 

o t h e r t r o p y l l i u m complexes and t h i s may be an i n d i c a t i o n 

why no s p l i t t i n g o f t h e i n t r a m o l e c u l a r t r o p y l l i u m 

v i b r a t i o n s was f o u n d i n t h e i n f r a - r e d spec t rum due t o a 

t r o p y l l i u m - r - t r o p y l l i u m i n t e r a c t i o n . 
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6 . 8 . C o n c l u s i o n 

The ass ignments f r o m t h e I I N S s tudy o f Cr^Er-,BF^ agree 

w i t h those o f F a t e l y e t a l ( 1 2 ) r a t h e r t han Sour i s seau a t 

a l ( 2 1 ) f o r t h e C ^ H ^ ' ' ' i n t r a m o l e c u l a r modes. T h i s i s the 

case e s p e c i a l l y i n t h e ass ignment o f an o u t - o f - p l a n e r i n g 

d e f o r m a t i o n a t v e r y low f r e q u e n c y (258cffl~ i n Cc^Er^BF^). 

I n t he s t u d y o f Cr;H^M(CO)j^ complexes, t he Cr^H^-M 

s k e l e t a l t i l t s and s t r e t c h e s were ohserved a t s i m i l a r 

f r e q u e n c y t o t hose f o u n d i n CgHgM(CO)^ spec ies (-^ 300cra ) . 

I s f o u n d i n o t h e r n - c o m p l e x e s , the i n t r a m o l e c u l a r Gr^E^ 

v i b r a t i o n s of E symmetry were no t s p l i t by t h e complex 

p o i n t g roup symmetry or even a s o l i d s t a t e e f f e c t . The 

d o u b l y degenera te t i l t was f o u n d t o s p l i t i n t he IR and 

Raman s p e c t r a (5-11cm~ ) b u t t h i s was n o t observed i n t he 

TIN'S s p e c t r a . However , t h e s p l i t t i n g was much g r e a t e r 
—1 

i n Cr;HpjMo(C0)2l ('4-0-50cm" ) where i t was observed i n t he 

I I N S s p e c t r a . I t i s suggested t h a t t h i s i s caused by 

CyEr^-Eo asymmetry due t o t he i o d i n e a tom. 

The s t u d y o f (Cr^Er,)^TaCl^ r e v e a l e d a t y p i c a l ' s a n d w i c h ' 

compound and a b e n t sandwich symmetry i s p r e f e r r e d . The 

CrjHr^-M-Cr^Hr^ S k e l e t a l v i b r a t i o n assignments resembled those 

f o r C g H g r a t h e r t h a n CgH^ sandwich complexes . 
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7 . 1 I n t r o d u c t i o n 

T h i s c h a p t e r c o n t i n u e s our TINS, IR and Raman 

s t u d y o f - a rene t r a n s i t i o n m e t a l complexes . Not o n l y 

was t h i s s t u d y o f benzene complexes c a r r i e d ou t f o r a 

b e t t e r u n d e r s t a n d i n g o f t he v i b r a t i o n a l s p e c t r a , as i n 

t h e case o f t h e t r o p y l l i u m complexes (Chap te r 6 ) , b u t 

a l s o t o a s s i s t i n t h e v i b r a t i o n a l a n a l y s i s o f benzene 

adsorbed on p l a t i n u m b l a c k (Chap te r 9 ) and i n z e o l i t e 

supercages ( C h a p t e r 8 ) . 

7 . 2 . TIES S tudy o f Benzene 

7 . 2 . 1 . I n t r o d u c t i o n and E x p e r i m e n t a l 

T h i s s e c t i o n d e a l s o n l y w i t h t he I I N S spect rum of 

benzene, C^Hg. No new work has been c a r r i e d ou t though 

a compar i son w i t h p r e v i o u s work has been made. From t h i s 

s t u d y a g r e a t e r u n d e r s t a n d i n g of t he i n t e r - and i n t r a ­

m o l e c u l a r v i b r a t i o n s o f s o l i d benzene has been a c h i e v e d . 

The l o w f r e q u e n c y r e g i o n was covered by t h e 4H5 t i m e -

o f - f l i g h t i n s t r u m e n t a t peak n e u t r o n f l u x ( 5 . 3 ^ ) whereas 

BPDDIDO was used f o r h i g h e r f r e q u e n c i e s . Benzene was 

h e l d a t 141 and 77K r e s p e c t i v e l y d u r i n g d a t a c o l l e c t i o n . 

The r e g i o n c o v e r e d , 0-900cm"'^, c o i n c i d e d w i t h t h e o rgano­

m e t a l l i c and chemisorbed benzene s t u d i e s . 

F i g u r e 7«1 shows t h e s p e c t r a summed over a l l t h e 

s c a t t e r i n g a n g l e s , f r o m the t i m e - o f - f l i g h t e x p e r i m e n t . 

The s c a t t e r i n g f u n c t i o n sum E ( ^ ) * § ( a , / 5 ) / a i s p l o t t e d 

a g a i n s t energy t r a n s f e r (0-200cm~"^). F i g u r e 7 . 2 shows the 

BFDDIDO spec t rum o f s c a t t e r e d n e u t r o n i n t e n s i t y a g a i n s t 

energy t r a n s f e r (80-900cm~'^) . Tab le 7 . 1 i n d i c a t e s t h e 

d a t a f r o m these s t u d i e s and the assignments a r r i v e d a t 
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1. 

Figur&(7.1) 

TOF data oi benzene(UOK) 

IGY TRANSFER 
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by a comparison wi th previous IINS, IR and Raman work. 

Table 7 . 1 ; IINS Spectral Features and Assignments f o r 

Benzene (cm ) 

4H5 
(140K) 

BFDDIDO 
(77K) 

Assignments 

49(m) 

5 8 ( v s ) 

80(msh) 

A • B 
^ g ' ^1u 
A ; B^ g ' 2u 

i n t e r - m o l e c u l a r 

l a t t i c e modes 

90(wsh) 

110(m) 

175(mb) 

97(msh) 

149(m) 

203(mb) 

•R • A • B • B 
- ^ l u ' ^ g ' •"2g' ^3g 
B^ ; B^ ; 2B,„; 2B7^ 

2 u ' 3u 1g 3g_ 

No p r e v i o u s ^ ' 
ass ignments 

( 2 x l a t t i c e modes) 

(502-401 =201 cm"'^) 

280(wb) eg. (700-401=299cm' ' ' ' ) 

4 0 1 ( v s ) • ( E ^ ) o u t - o f - p l a n e r i n g d e f . 
15 2u^ 

452(w) eg , ( 858-401 =457cm""^) 

490(m) 

540(w) 

No p r e v i o u s eg 
ass ignments 

eg 

.(401+90=491cm"^) 

.(602~58=534cm"'^) 

502(mb) (Eo ) i n - p l a n e r i n g d e f . 5 2g-̂  ^ ° 

7 0 0 ( v s ) ^11 ^•^2u'^ o u t - o f - p l a n e CH d e f . 

765(w) u ^ ^ + l a t t i c e modes (700+58=768cm"'^) 

8 5 8 ( s ) v^Q (E^g) CH o u t - o f - p l a n e d e f . 

d e f . . = d e f o r m a t i o n 

7 . 2 . 2 . D i s c u s s i o n 

7 . 2 . 2 . 1 . T i m e - o f - F l i g h t D a t a 

S ince t h e l o w e s t i n t r a m o l e c u l a r benzene f u n d a m e n t a l 

v i b r a t i o n occur s a t 400cm"^, t h e t i r a e - o f - f l i g h t c o n s i s t s 

of benzene l a t t i c e v i b r a t i o n s and some d i s p u t e d c o m b i n a t i o n 
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and d i f f e r e n c e bands . The l o w f r e q u e n c y v i b r a t i o n s of 

benzene have been s t u d i e d by I I F S , IR and Raman t e c h n i q u e s 

and t h e samples have been a t a v a r i e t y of t e m p e r a t u r e s and 

i n v a r i o u s ' s t a t e s ' such as ' g l a s s y ' or c r y s t a l l i n e , l i q u i d 

and a l s o i n m a t r i c e s . 

V a r i o u s I I N S s t u d i e s have been c a r r i e d ou t w i t h i n c r e a s i n g 

success i n r e s o l v i n g low f r e q u e n c y m o t i o n s i n benzene. 

T a r i n a ( l ) measured the t i m e - o f - f l i g h t spec t rum and c o u l d 
—1 

o n l y f i n d a v e r y b road hand a t ~ 105cm w h i c h i n c r e a s e d i n 

i n t e n s i t y f r o m 298 t o 77K. Logan et a l ( 2 ) c a r r i e d ou t 

e x p e r i m e n t s a t 77 , and 270K b u t s u f f e r e d f r o m poor 

i n s t r u m e n t r e s o l u t i o n . A t 141K, f e a t u r e s were f o u n d a t 2 6 , 
—1 —1 

~ 4 7 , ~ 72cm w i t h v e r y weak bands a t 95 and 125cm . 

R e c e n t l y an a t t e m p t was made by Bokhenkov e t a l ( 3 ) t o 

compare an e x p e r i m e n t a l I I N S spectrum o f benzene, a t 80K w i t h 

a number o f c a l c u l a t e d d e n s i t y o f phonon s t a t e s s p e c t r a . 

F i g u r e 7 ' 3 a shows the t i m e - o f - f l i g h t spect rum o f Bokhenkov 

e t a l compared w i t h two c a l c u l a t e d s p e c t r a u s i n g d i f f e r e n t 

s e t s o f s t r u c t u r a l d a t a , F i g u r e s 7 . 3 b , c . The spectrum was 

r u n a t 80K on t h e KDSOG-1 t i m e - o f - f l i g h t s p e c t r o m e t e r (Dubna) 

and i s summed over a l l seven s c a t t e r i n g angles ( 3 0 ° - 1 5 0 ' ^ ) . 
—1 

The i n c i d e n t n e u t r o n energy used was 39•5cm . A comparison 

can be made w i t h t h e spec t rum r u n at 141K i n F i g u r e 7«1 on • 

t h e 4H5 i n s t r u m e n t a t a neutron peak f l u x w a v e l e n g t h o f 5*3^ 

(23.5cm'~'^) . T h i s spec t rum was summed over 13 angles ( 1 3 ° -

9 0 ° ) . The s p e c t r a cannot be s t r i c t l y compared though t h e 

peak f r e q u e n c i e s a re s i m i l a r . F i g u r e 7 .3b i s a spec t rum 

c a l c u l a t e d by Bokhenkov e t a l u s i n g averaged bond l e n g t h s 

and ang les g i v e n by Cox ( 4 ) . Fig^ure 7 « 3 c i s a c a l c u l a t e d 
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spec t rum based on t h e Ĉ ^ s i t e symmetry d e t e r m i n e d by the 

n e u t r o n d i f f r a c t i o n work o f Bacon e t a l ( 5 ) « Tab le 7»2 

l i s t s t h e d a t a o f Bokhenkov e t a l w i t h t h a t f r o m t h i s 

s t u d y . 

T a b l e 7 . 2 : F e a t u r e s i n t h e T i m e - o f - F l i g h t S t u d i e s o f 

Benzene A f t e r Bokhenkov e t a l ( 3 ) and T h i s Study 

T h i s S tudy 
(141K) 

Bokhenkov e t a l 

(80K) ( 3 ) 

49(m) 50 ( sh ) 

5 8 ( v s ) 7 2 ( s ) 

80(ms) 78(w) 

90(msh) 9 0 ( s ) 

110(msh) 110(sh) 

• — I23(m) 

175(ml)) 170(sh) 

203(mb) 220(wsh) 

Bokhenkov e t a l s a i d t h a t b e t t e r agreement a t l ower f r e q u e n c y 

would have been a t t a i n e d w i t h t h e i r spec t rum i f i t had been 

r u n a t ~ 138K (The c a l c u l a t e d s p e c t r a were produced f r o m 

s t r u c t u r a l d a t a c o l l e c t e d a t 158K so t h a t t h e comparison o f 

t h e p r e s e n t t i m e - o f - f l i g h t d a t a c o l l e c t e d a t 141K i s more 

r e a s o n a b l e ) . 

F a r - I R ( 6 , 7 , 8 ) and Raman work ( 8 , 9 , 1 0 , 1 1 , 1 2 ) has been 

c a r r i e d o u t a t a number o f t empe ra tu r e s f o r t he s o l i d benzene 

phase . However, t h i s p r e s e n t s tudy can be compared w i t h the 

IR work o f Harada e t a l ( 5 ) and the Raman work o f Bonadeo 

e t a l ( 1 2 ) w h i c h were c a r r i e d ou t a t 140K. F u r t h e r , I t o and 

Sh igeska ( 9 ) s t u d i e d t h e t empe ra tu r e dependence of t he 
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v i b r a t i o n s between 4 . 2 and 273K and f r e q u e n c i e s are 

e s t i m a t e d f o r 140K f r o m t h e i r d a t a , u s i n g c a l i b r a t i o n 

g r a p h s . T_ahl^_2„'™2, compares t h e o p t i c a l d a t a w i t h our I INS 

d a t a . 

T a b l e 7 . 3 ; Comparison o f TINS Data W i t h O p t i c a l Da ta 

o f Other Workers 

Raman Da ta 
I I N S 
Data 

I n f r a - r e d 
Da t a 

( 1 2 ) 140K ( 9 ) 140K 141K ( 6 ) 140K 

49(m) 

5 3 ( w ) ( B 5 ^ ) ( 9 ) 

5 7 , 6 l ( w ) ( A g , B ^ g , B ^ g ) 5 8 ( m ) ( A g ) 6 8 ( s ) 57(w) ( i^g) 

7 0 ( s ) ( B ^ y ) 

7 9 ( s ) ( A g , B 2 g ) 

9 0 , 9 2 ( w m ) ( A g , B 2 g , B j g ) 

7 8 ( v s ) ( A g , B 2 g ) 

9 0 ( w ) ( A g , B 2 g , B ^ g ; 

80(ms) 

90(msh) 

7 9 ( s h ) ( A g ) 

8 5 ( v s ) ( B ^ y ) 

9 0 ( w ) ( B j g ) 

l O O ( w ) ( B ^ g ) 9 8 ( w ) ( B ^ g ) ( 9 ) l l O ( s h ) 9 4 ( v s ) ( B 2 ^ B 3 ^ 

l 2 8 ( s ) ( B ^ g , B ^ g ) l 2 5 ( s ) ( B ^ g , B j g ) l 2 6 ( v w ) ( B ^ g B ^ 

* A s t e r i s k r e p r e s e n t s the p r i n c i p a l component 
i n these g r o u p s . 

Benzene c r y s t a l l i z e s i n t h e oJ^thorhorahic system o f space 

g roup D2^ ( 4 , 5 ) w i t h f o u r molecu les pe r u n i t c e l l l y i n g on 

i n v e r s i o n c e n t r e s . There are expected 12 Raman a c t i v e 

l i b r a t i o n a l l a t t i c e modes and 9 i n f r a - r e d a c t i v e t r a n s l a t o r y 

l a t t i c e modes o f A ^ , B ^ ^ , Bgg, B^^ and A^^, B ^ ^ , 3 2 ^ , B^^ 

symmetry r e s p e c t i v e l y . These mot ions are r o t a t i o n a l and 

t r a n s l a t i o n a l o s c i l l a t i o n s o f t h e mo lecu le s i n t h e u n i t c e l l 

about or around t h e i r p r i n c i p a l axes o f i n e r t i a . S c h e t t i n o 

and C a l i f a n o ( 8 ) l i s t p r e v i o u s d a t a on the c a l c u l a t e d and 



357 

observed l a t t i c e f r e q u e n c i e s and t h e i r r e l a t i v e IR and 

Raman i n t e n s i t i e s . Tab le 7 . 4 l i s t s I I N S bands and t h e i r 

symmetry ass ignment based on p r e v i o u s d a t a on t h e f r e q u e n c i e s 

and i n t e n s i t i e s . Tab le 7 .5 i n d i c a t e s t he f o r m of the a c t u a l 

v i b r a t i o n t a k i n g p l a c e . 

T a b l e 7 . 4 : Assignment of I I N S T i m e - o f - F l i g h t Fea tu r e s 

I I N S Band 

( c m - ^ ) 

P r i n c i p a l components 
( f r o m IR/Raman S t u d i e s eg ( 8 ) ) 

P o s s i b l e Other 
Components 

40(m) - -
6 8 ( s ) ' ' g ' ^ l u 

B^ , B-, 
1 g ' 3g 

80(ms) 2g 

90(msh) ^ 1 u ' 
B o , B -7„ 2 g ' 3g 

l l O ( s h ) ^ 1 g ' ^ 3 g ' ^ 2 u ' ^3u 

T a b l e 7 . 5 : P o s s i b l e Forms o f L a t t i c e V i b r a t i o n s 

I I N S Band 

( cm"^ ) 
Mot ion 

49 Unknown 

58 Ag.- r o t a t i o n about 6 f o l d m o l e c u l a r a x i s 

^ l u -
T r a n s l a t i o n i n ' c ' d i r e c t i o n of u n i t 
c e l l 

80 Ag - r o t a t i o n about 2 f o l d m o l e c u l a r a x i s 
( a b o u t b a x i s ) 

90 Ag - r o t a t i o n about 2 f o l d a x i s i n m o l e c u l a r 
p l a n e 

^ 1 u " t r a n s l a t i o n i n ' c ' d i r e c t i o n of u n i t 
c e l l , 

110 ^ 1 g ' 
B , - r o t a t i o n s about 2 f o l d a x i s i n 

^® m o l e c u l a r p l a n e . 

^ 2 g ' B^ - t r a n s l a t i o n i n ' a ' and ' b ' 
d i r e c t i o n o f u n i t c e l l 
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7 . 2 . 2 . 2 BFPpjDO D a t a 

Between the f r e q u e n c i e s of the l a t t i c e modes and the 

f u n d a m e n t a l modes (l30-380cm~'^ r e g i o n ) t h e r e are a number 

o f bands f o u n d a t 203 and 280cm"'^ i n our I I N S d a t a . A 
—1 

f u r t h e r band may e x i s t a t ^175cm , w h i c h has n o t been 

r e s o l v e d i n t h e BFDDIDO d a t a ( I t i s much b e t t e r r e s o l v e d 

i n t h e 4H5 d a t a ) . L i t t l e a n a l y s i s o f t h e 130-380cm~'^ 

r e g i o n has been c a r r i e d o u t . S c h r o t t e r et ' a l ( 1 1 ) l i s t e d 
—1 

IR bands i n gaseous benzene a t 265, 302 and 362cm which 

were ass igned t o \ (975-707=268cm~^) , \ - ( 7 0 7 - 4 0 3 = 

304cra~^)and (975-606= 369cm"'^) r e s p e c t i v e l y . The 

I I N S spect rum o f Bokhenkov e t a l ( 3 ) d i s p l a y e d shou lde r s 
—1 

a t ~150 and "'200cm . These bands cannot be f u n d a m e n t a l 

l a t t i c e v i b r a t i o n s i f t h e p r e v i o u s ass ignments are c o r r e c t . 

They may be due t o t he second harmonics of the l a t t i c e 

v i b r a t i o n s o r d i f f e r e n c e bands i n v o l v i n g t he i n t r a m o l e c u l a r 

benzene v i b r a t i o n s . 

The f u n d a m e n t a l i n t r a m o l e c u l a r v i b r a t i o n s o f benzene 

have been o f t e n d i s c u s s e d b e f o r e . "The f o r m o f these mot ions 

are shown i n F i g u r e 7 « ' ^ ' The numbering of the v i b r a t i o n s 

i s a f t e r W i l s o n ( 1 3 ) - The f o r m o f t h e v i b r a t i o n s i s a f t e r 

V a r s a n y i ( 1 4 ) . T a b l e 7 » 6 summarises t h e IR and Raman d a t a 

f o r t h e l i q u i d and s o l i d f o r m s o f benzene a t v a r i o u s tempe­

r a t u r e s . 
There are a f u r t h e r s e t . o f v i b r a t i o n s f o u n d i n t h e IR 

—1 

and Raman s p e c t r a i n t h e r e g i o n 400-1000cm wh ich are 

c o m b i n a t i o n or d i f f e r e n c e bands and a l l are of weak i n t e n s i t y . 

The IR bands l i e a t 447(vw)cm~^ and 769/788/816(vw)cm""^. 

They have been ass igned as u ^ (849 -403 ) and + 

t o r s i o n a l l a t t i c e modes ( 1 5 ) « S c h r o t t e r e t a l ( 1 1 ) f o u n d 



359 

17 
Figure (7.4 ) ( U ) 
Vibrations of Benzene 
g Wilson vibration number) 

13 1 20 



^^j£_7.6: Previous IR and Raman Data on the Fundamental Intramoleoular 

Benzene Vibrations . 
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Wilson Symmetry Motion Liquid (14) Solid 
No. 

Symmetry 

IR R 
IR •• 

(26IK) 
(15) 

IR 
(103K) 
(15) 

Raman 
(4K) 
(9) 

16 

6 

0. p. ring def. 

1. p. ring d.ef. 

404(vw) 

606(s)' 

400(w) 
419(vw) 

, 607(-m) 
11 o.p. CH def. 67l(s) - 685(s) 687(s) -

o.p. ring def. - - - -

10 - o.p. CH def. •- • 8f9(m)' - • -' • 85^(m) 

• 17 \. o.p, CH def. 975(w) 
975(wm) 
982(wm) 

975(wra) 
987(wm) 

5 o.p. CH def. - - - - 1177(m) 
1183(w) 

1 

12 \n 

I.p. ring 
breath. 

I.p. ring def. lOlO(w) 

992(s) 

lOlO(wm) ]D09(wri) 

992(vs) 

18 lu I.p. CH def. 1038(s) - 1036(s) 1035(s) -

15 I.p. CH def. 1150(w) - 1147(wm) 1147(wm) 

9 i.p. CH def. - 1178(s) - - -

14 ^2u . i.p. ring def. 1310(w) - 1311(w) 1312(w) -

3 -% i.p. CH def. - 1326 (vw] .. - -
19 I.p. ring def. I478(s) - I478(s) 1478(s) -

- 8 s^rftoh I606(s) - -

3044(s) 
3P4si(s) • 7 •, •E 

2g 
CH stretch . • •' - ̂  • 3CA7(s). • • - • - • 

3044(s) 
3P4si(s) 

13 >1« CH stretch 3068(vw) 3070(vw) 3070(vw) 
2 CH stretch - 3062(vs) - 3064(vs) 
20 ^ l u CH stretch 3080(s) - 3087(ms) 3085(ms) -

i.p. = in-plane o.p. = out-of-plane def. = deformation 
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Raman bands at 781 (vw), SO-̂ -Cvw) and 824(vw)cm'''^ which were 
assigned to v^-v^^ (1178-671), 2v^^ (2x405) and ^^g-*^^^ 
(1485-671) r e s p e c t i v e l y . The bands i n the BFDDIDO spectrum 
are assigned from the evidence above. The only major d i f ­
ference between the IR/Raman.work and the IINS data i s 
•that v^^ l i e s at 700cm , s l i g h t l y higher i n frequency than 
found i n the infra-red'. The f i n a l assignments are made 
i n Table 7»1« 

F i n a l l y , i t can be noted t h a t there are IINS bands at 
490 and 540cm t h a t have not been observed p r e v i o u s l y . 
They must be combination or di f f e r e n c e bands which never 
gain s u f f i c i e n t i n t e n s i t y t o be seen by IR or Raman techniques. 
One p o s s i b i l i t y i s t h a t they involve a very strong IIWS 
a c t i v e i n t r a m o l e c u l a r benzene v i b r a t i o n and the strong 
l a t t i c e modes. 

eg. 401 + 90 = 491 cm"'' 
602 - 68 - 53̂ cm~'̂  

7•3 Methods of Synthesis; Benzene Complexes 
i i l l the compounds were prepared by l i t e r a t u r e methods. 

Co2(C0)g was supplied by Strem Chemicals Inc. UCl^ and PdCl^ 
by Alpha-Ventron, RuClJ.3H2O from Pierce Chemicals, Cû O and 
A l C l j from B.D.H. L t d , SbCl^ and Hs(NO^)2H20 from Hopkin 
and Williams L t d . , and 1,3-cyclohexadiene from the A l d r i c h 
Chemical Co. The 11CI^ was f r e s h l y sublimed before use. 

(PdAl2Clr,CgHg)2 and (PdAlCl^CgHg)2 were prepared (16) 
by r e a c t i n g PdCl2 ^̂ •̂'̂  f r e s h l y sublimed A l C l ^ 
and d r i e d aluminium dust. The r a t i o of PdCl2 t o -AlCl^ had 
t o be c o n t r o l l e d t o achieve the above stoichiometry. 
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(PdAl2Clr^CgHg)2 (PdAlCl 4^6^6^2 
Analysis Actual T h e o r e t i c a l Actual Theoretical 

C 13.81 14.85 19.62 20,40 
H 1.37 1.23 1.75 1,70 

CI 50.7 51.4 38.90 40.60 
Al 11.28 11.3 - 7.7 
Pd 20.35 21.3 29.0 29.4 

RuCl^. 3 JHgO was reacted w i t h 1,3cyclohexadiene t o form 
(RuClgCgHg) 2 (17). This compound was reacted w i t h NaBr t o 
form the bromo-derivative. 

(RuCl2Cgfy2 (RuBr2CgHg)^ 

Analysis Actual T h e o r e t i c a l Actual Theoretical 
C 28.62 28.82 20.77 21.26 
H 2,58 2.42 2.03 ^.78 
X 28.10 28,35 47.4 47.14 

UCl^, f r e s h l y sublimed A l C l ^ , Al dust and benzene were 
reacted t o produce CgH^ U ( A l C l ^ ) j . (18) 

Analysis Actual T h e o r e t i c a l 
C 6.82 8.75 
H 0.74 0.73 

CI 51.30 51.80 
Benzene was reacted w i t h Co2(C0)g t o produce 

CgHgCo^(CO)g (19). 

Analysis Actual T h e o r e t i c a l 
c 30.45 31.88 
H 0.83 1.06 
Co 39.75 41,70 

SbClj was dissolved i n a| s l i g h t excess of benzene then 
the excess was slowly removed by vacuum (20) t o produce 
(SbCl3)2CgHg. 
Analysis Actual T h e o r e t i c a l 

C 14.47 15.36 
H 1.36 1,10 
Sb 44.8 44.61 
CI 38.58 38.94 
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The Co and N i analogues of MHg2(SCN)g.CgHg were made 

by adding benzene and the metal n i t r a t e t o an aqueous mixture 
of Hg(N0^)2 and KSCN ( 2 1 ) . 

CoHg2(SCN)gCgHg NiHg2(SCN)^CgHg 

Analysis Actual T h e o r e t i c a l Actual Theoretical 
C 16.38 16.23 C 15-96 16.23 
H 0.38 0.68 H 0.75 0.68 
Co 6.53 6.65 N i 6.49 6.65 

N 9.67 9.^7 N 9.54 9.47 
Hg 45.00 45.32 Hg 45.12 45.32 

7.4 Structures of the Studied Systems 
The s t r u c t u r e s of the Pd-CgHg complexes have been 

determined by X-ray d i f f r a c t i o n methods by Al l e g r a et a l 
( 1 6 , 2 2 ) . Both molecules are centrosymmetric w i t h the mid 
po i n t l y i n g between the Pd atoms. The two G^E^ r i n g s are 
^ "bonded t o the Pd atoms g i v i n g r i s e t o an unusual sand­

wich s t r u c t u r e . (PdAl2Clr,CgHg)2, shown i n Figure 7.5, has 
a p a r t i a l s t a t i s t i c a l disorder at 3OOK. A low temperature 
analysis at 173K (22) showed the O^E^ t o be l y i n g i n one of 
two o r i e n t a t i o n s e i t h e r eclipsed or staggered 30° apart. 
(PdAlCl^CgHg)2, shown i n Figure 7.6, has C2j^ symmetry. 

The s t r u c t u r e of (CgHg)U(AlCl^)^ has been determined 
by X-ray techniques ( 1 8 ) , Figure 7»7. The U atom c o - o r d i ­
nates t o three ( A l C l ^ ) tetrahedra, through UCIAL bridges, 
and t o a C^Hg r i n g found above the U atom p a r a l l e l t o the 
plane of the b r i d g i n g U atoms. 

CgHgCo^(C0)g has been studied by X-ray methods (19) 

and consists of a Co^ t e t r a h e d r a l c l u s t e r w i t h one Co atom 
^-bonded t o a C^Hg r i n g , Figure 7 ' 8 . The distance from 
the a p i c a l Co atom t o the CgH^ r i n g centre i s 1.603^. The 
CO-groups are bonded t o the three basal Co atoms. 



o 
o 

Figure (7. 5 ) (16) 

Figure (7.7)118) 

IC-H )U(AICI ; 
o o 4 3 

Figure(7.efHQ> 

(C6Hg)Co^(C0)g 
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The (RvJ-^CQE^)2 complexes have been studied by n.m.r. 

techniques (X:=:C1 or Br) (17,23). Only a s i n g l e peak was 
found (3OOK) implying t h a t the hydrogen atoms were equiva­
l e n t i n the molecule, as found i n the s i m i l a r dimeric 
species (MCl2(C^Me^)2 ( 2 4 ) , The s t r u c t u r e , shown i n 
Figure 7.9, iias been supported by Bennett et a l (23) and 
by Zelonka and Baird (17) from a n a l y t i c a l r e s u l t s , IR and 
o p t i c a l spectra, n.m.r. and mass spectral measurements and 
from chemical p r o p e r t i e s . 

(SbClj ) 2 O^Hg has been w e l l studied. Unfortunately 
the c r y s t a l s t r u c t u r e has y e t t o be analysed though other 
(SbCl^ ) 2 arene complexes have been characterized (25,28). 
F a i r l y constant Sb-C^^^^^ distances were found (3.0-3,5^). 
Two possible forms of the benzene complex are shown i n 
Figure 7.10. 

The benzene c l a t h r a t e s , MHig2(SCN)gCgHg, were shown 
t o contain an Hg(CgHg^)Hg sandwich by an X-ray study (29)-
Layers of the composition (WH^^^^^^W were found t o be 
separated by CgH^ molecules,held between two Hg atoms at an 
Hg-C distance of 3.6^ Figure 7.11. 

7»5 MHg2(SCN)^C^H^ (M=Ni,Co) 

7,5,1. Previous Studies 
F r i t z and Manchot (30) studied the IR spectra of these 

benzene c l a t h r a t e s w i t h M=Cd, Co and N i . They assigned the 
C-S stretches and S-C-N def op?mations and overtones of the 
strong IR active S~C-N deformations (see Table. 7.7). v^y^ 

—1 
was observed at 702cm . This implied t o the authors t h a t 
a weak 7r_complex was formed compared t o , say CgHgCr(C0)j 

—1 
(v^^ @ 784cm ) , From the number and type of observed benzene 
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Figure (7-9) 

(RuX^C^h^)^(X=Cl.Br) 

Figure (710) 

_TWO POSSIBUE FORM'S 

Figure (7.11 )(29) 

M^^(SCN),i(^H,) 

(M=Ni.Co 
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i n t r a m o l e c u l a r modes the authors suggested t h a t the benzene 
v i b r a t i o n s could be described i n terms of D̂ ^ symmetry. 

7.5.2. Results 

Only NiHg2(SCN)g.CgHg was studied by the t i m e - o f - f l i g h t 
technique (13OK) because of the lack of av a i l a b l e beam 
time. Figure 7.12 shows the spectra from the 90^ and 82° 
s c a t t e r i n g angles. The s c a t t e r i n g f u n c t i o n P(q',/3) i s p l o t t e d 
against energy t r a n s f e r (cm" ) , Figures 7.13 shows the 
BFDDIPO spectra of the n i c k e l and cobalt analogues run 
at l i q u i d n i t r o g e n temperature. The Raman spectra were 
c o l l e c t e d using a la s e r power of lOOmW ( N i ) and 200mW (Co) 
at room temperature. The IR spectra were run at l i q u i d 
n i t r o g e n temperature. Only anuQcl spectrum of the cobalt 
analogue could be gained because the thorough g r i n d i n g needed 
to produce a good a l k a l i h a l i d e disc removed the benzene 
from the c l a t h r a t e . This was known because the pink colour 
of the c l a t h r a t e changed t o dark blue due t o the formation 
of CoHg(SCN)^ and i%(SCN)2, Table 7.7 shows the s p e c t r a l 
f e a t u r e s and assignments f o r both compounds. Successful 
IR spectra ( n u j o l ) were c o l l e c t e d f o r the compounds by 
simply p l a c i n g a small q u a n t i t y of the f i n e powder onto a 
KBr dis c , adding a small amount of n u j o l and then pressing 
the p l a t e s together. The sample was then placed i n the beam 
j u s t before the region of i n t e r e s t (eg. 750-550cra""'^) t o reduce 

•I 

any a f f e c t due t o heating, i 

7.5.3. Discussion 
The v i b r a t i o n s of MHg2(SCN)gGgHg c l a t h r a t e s may be s p l i t 

i n t o those i n v o l v i n g the !yHg2(SCN)g moiety, the benzene 
int r a m o l e c u l a r and the benzene-host s k e l e t a l v i b r a t i o n s . 
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Rgure 7.121 R«.^ data for NiHg^(SCN)ftCftH^ 



379 



380 

« 
j : : 
CJ 

E 
• to 

K 
O 

n 
I I I 

I 

Bp 115 

«1 I I R R S » S S 

K K\ ^ & F4 rH fH M 

^ S 2 
C ̂  R g 
c- t~- t -

313 
s s « 

i I 
I 
1 

? ? "e ~ 

233 i ' - 3 
I s S 8i S 8 » 

-5 ? I ? ? T -5 g 3 3 l | 3 • 3 

I! 

• o / e • "b 'S •s 

4 ^ 



381 

(a) V i b r a t i o n s of the .MHg2(SOlO^ host 
From a review of v i b r a t i o n a l studies i n v o l v i n g the 

components found i n the host, the f o l l o w i n g can be used t o 
as s i s t i n the analysis of the MHg2(SCN)g moiety. (IR review), 

i ) M-N str e t c h e s : (M in octahedral symmetry) Ri-N stretches 
i n (Ni(lTCS)g)^" are found at ~ 240cm"'^ ( 3 1 ) . 

i i ) Hg-S stretc h e s : The Hg-S s t r e t c h i n CoHg(SCN^ group 
bidentate t o Hig and Co atoms) l i e s at220cm~'^(31) • 

i i i ) C-S s t r e t c h : The C-S s t r e t c h i n octahedral compounds 
such as MjCr(RCS)g l i e s at 820cm"^ (32) and are 
usu a l l y of weak i n t e n s i t y , 

i"^) R-C s t r e t c h : These v i b r a t i o n s e x i s t at 2000cm"'^ 
v) N-C-S deformations: I n (M(NCS)g)5" ions, these bands 

occur at -'480cm"^ (32) . 

v i ) Ŝ M-S. deformations: These deformations have been 
assigned i n the 80-l20cm region (33) . 

—"1 

v i i ) M-S-C deformations: These bands occur i n the 150-I90cm 
region (33) 

v i i i ) N-M-N deformations; These bands us u a l l y are observed, 
at higher frequency than the M-E s t r e t c h , i n the 
400-500cm'"'^ region ( 3 4 ) . 

Previously, F r i t z and Manchot (30) assigned, i n t h e i r 
IR study of MHg2(SCN)gCgHg complexes, the st r o n g l y IR active 
C-S stre t c h e s and S-C-N deformations t o the 700-800 and 400-

—1 

500cm regions. From these general areas of assignment, 
the m a j o r i t y of the strong IR bands of the n i c k e l and cobalt chathrates can be r e a d i l y assigned. The group of weak IR 

—1 ' 

bands i n the 700-750cm region are assigned, i n the manne 
of F r i t z and Manchot (30) t o C-S stretches. Similar weak 
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bands were found i n the IR study of M̂ M (NCS)^ species 
by K e l l e r et a l (35). The b r i d g i n g e f f e c t on the C-S 
s t r e t c h frequency i n the WHg^(SGN)^C^E^ complexes has 
produced a f a l l i n the v i b r a t i o n a l frequency compared wit h I II M^M.(NCS)2 species. The medium intense IR bands around 
450cm are assigned t o SON deformations, i n agreement wit h 
F r i t z and Manchot (30) and the assignments of Bennett et a l 
(32). Also i n t h i s region l i e the M(NCS)^ deformations. 

The Co-N and Ni-N stretches are assigned t o the strong 
284 and 267cm IR bands. There are also Raman bands at 
s i m i l a r frequencies. I n the octahedral M(NCS)g"" ions the 
si n g l e M-N s t r e t c h was of T^^ symmetry and only IR a c t i v e . 
Perhaps t h i s band has been s p l i t i n the MHg2(SCN)gCgHg 
compounds due t o a lowering of symmetry which has also 
allowed Raman a c t i v i t y . There i s a f u r t h e r group of IR 
bands around 230cm and these are assigned t o Hg-S s t r e t c h i n g 
v i b r a t i o n s i n agreement w i t h the IR work on CoHg(SCN)^ (31). 

—1 
At l e s s than 200cm there are many strong IR bands. Some 
of these are assigned t o various deformation modes from a 
comparison w i t h work of Knox et a l (34) and Ferraro (33). 
The lowest frequency bands involve intermolecular v i b r a t i o n s 
( l a t t i c e v i b r a t i o n s ) , 
(b) Intramolecular benzene v i b r a t i o n s 

The f o l l o w i n g assignments, i n Table 7.8, of the i n t r a ­
molecular benzene v i b r a t i o n s are made from a comparison w i t h 
IINS data of benzene. A comparison of the v i b r a t i o n a l 
frequencies i s made w i t h IR and Raman data on Hofmann-type 
c l a t h r a t e s w i t h benzene as a guest. (The values i n brackets 
are the approximate r e l a t i v e i n t e n s i t i e s of the IINS bands 
i n benzene and the MHg2(SCN)g^CgHg c l a t h r a t e s ) . 
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Table 7.8; Intramolecular Benzene V i b r a t i o n s i n Various 
Clathr ates 

1 
V i b r a t i o n 
(Wilson 
No,) 

Benzene 
S o l i d 
IINS, 

( i ) ( i i ) ( i i i ) 
(36 ,37) 

1 
V i b r a t i o n 
(Wilson 
No,) 

Benzene 
S o l i d 
IINS, IINS IR R IINS IR R IR R 

•̂ 11 700(34) 729(34) 705 - 741(39 700 - 700-705 

^6 602(14) 635(18) - 600 623(12) - 620 - 608 

^16 401(48) 418(48) - - 421(50) - — 405-410 — 

i ) ^ NiBg2(SCN)gCgH^ 
i i ) = CoHg2(SCN)gCgHg 

i i i ) = M(NHj)2Ni(CN)^2CgHg 

v^/|, the CH out-of-plane deformation, s t r o n g l y IR a c t i v e , 
—1 

i s assigned t o the 700cm bands i n the IR spectra of both 
compounds. However, i t must be noted t h a t the,strong IINS 
bands i n d i c a t i v e of v^^ l i e at s l i g h t l y greater frequency, 

—1 
729 and 7^1cffl i n the n i c k e l and cobalt analogues. I t was 
possible t h a t the IINS technique, being non-destructive, was 
measuring the spectra of the compound whereas the IR techniques • 
measured the spectrum of the decomposed or p a r t i a l l y decora-
posed compound. However, the NiHg2(SCN)gCgHg c l a t h r a t e was 
not decomposed, even by g r i n d i n g to form a KBr disc,. The 
KBr disc spectrum was very s i m i l a r t o t h a t obtained by 
pressing the c l a t h r a t e g e n t l y between KBr discs w i t h a small 
amount of p u j o l . Further t h i s l a t t e r method did not break­
down the l e s s stable p i n k cobalt c l a t h r a t e since no colour change 
was found a f t e r pressing or a f t e r the IR spectrum. The 
frequency of v^y^ was not found t o change i n a l l the conditions 
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used f o r each compound. Thus t h i s small d i f f e r e n c e between 
the IR and IINS spectra cannot be explained by a decom­
p o s i t i o n of the c l a t h r a t e . 

I n the 620-640cm"'' region of the BFDDIDO spectra there 
i s a medium intense IINS band, w i t h a weak Raman counter­
p a r t , which i s assigned t o the in-plane r i n g deformation 
(Ep : benzene symmetry). This band i s only Raman active 

£_g 
— 1 

i n the D̂ ^ 'free' benzene symmetry. At 420cm , the 
strongest IINS band i s assigned t o the IR and Raman i n a c t i v e 

out-of-plane r i n g deformation (E2^). No Raman or IR 
counterparts were found f o r t h i s band i n the n i c k e l and 
cobalt clathrates„ 

For the three discussed benzene intramolecular modes, 
—1 

at •̂  700, -^600 and ~ 420cm , the symmetry i n the f r e e 
molecule i s A2^, E2g and r e s p e c t i v e l y . However, t h i s 
symmetry would appear t o occur i n the c l a t h r a t e s as w e l l . 
F r i t z and Manchot (30) believed D̂ ^ symmetry was found but 
t h i s would have allowed the E^^^ modes t o become IR a c t i v e . 
^16 •̂'̂ 2u'̂  observed i n our IR spectra of the c l a t h ­

r a t e nor was i t reported by F r i t z and Manchot (30). Thus, 
i f the intra m o l e c u l a r modes of benzene can be described i n 
terms °^^Q^ symmetry, which i s reasonable since the 
'Hg-CgHg-Hg' moiety has approximate D^^ symmetry, then only 
the A2^ and E^^ bands are f o r m a l l y IR a c t i v e . I n our IR 
spectra of the complexes (up t o 4000cm~ ) strong bands at 
- 700, 1035, and 1475cm""'̂  i n d i c a t i v e of v^^(A2^), ''^g'^^lu^ 
were e a s i l y assigned. Other very weak features existed at 
866,930, 985 and 1010cm . However, some of these features 

—'I 1 
may be due t o the framework (eg. P.x^y^cm" = 870cm" ) whereas 

—1 
the very weak nature of the 985 and lOIOctn bands could be . 
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due t o a s o l i d s t a t e a f f e c t causing some IR a c t i v i t y of 

^ 1 7 ^ W ^ '̂̂  '^12^^u>-
Two other weak bands are found the IINS spectra of the 

—1 
two c l a t h r a t e s at 460 and 530cm . Two bands were found 
i n the IINS spectrum of s o l i d benzene at s i m i l a r frequencies, 
and thqywere assigned t o combination and d i f f e r e n c e bands 
i n v o l v i n g IR and Raman i n a c t i v e intramolecular and l a t t i c e 
modes. Perhaps the c l a t h r a t e v i b r a t i o n s can also be explained 
i n t h i s way though the l a t t i c e v i b r a t i o n s of s o l i d benzene 
and the guest/host l a t t i c e s w i l l be very d i f f e r e n t . The 
two low frequency intense IINS bands at 75 and 110/117cm"'^ 
(BFDDILO) may be inv o l v e d . 

eg, NiHg2(SCN)gCgHg: 110 + 418 = 528cm"''̂  
2 X 227 = 454cm"^ 

CoHg2(SCN)gCgHg: I I 7 + 421 = 538cm"'̂  
75 + 421 = 496cm"'^ 

(c ) 'Hg-Ĉ Hĝ -Hg' s k e l e t a l v i b r a t i o n s 
The form of the 'Hg-CgHg-Hg' v i b r a t i o n s t h a t involve 

benzene motion are shown i n Figure 7.14. Now the symmetry, 
from the intra m o l e c u l a r benzene v i b r a t i o n s , i s Dĝ ^ and i f 
t h i s symmetry can describe the s k e l e t a l v i b r a t i o n s then the 
v i b r a t i o n s , derived from the r o t a t i o n a l and t r a n s l a t i o n a l 
degrees of freedom of the benzene molecule ( i e R , , „ and 

x,y + z T , ) , w i l l have the a c t i v i t y and symmetry shown i n x,y + z 
Table 7.^. 

I n the imS spectra there are 5 BFDDIDO features at 
—1 —1 

lower frequency than ^/jg @ 400cm . Above ~120cm there 
are s u r p r i s i n g l y no strong IINS bands i n d i c a t i v e of the 
t i l t s and s t r e t c h v i b r a t i o n s u s u ally associated w i t h arene ; 



Figure (7-14) Skeletal modes of 
M- C^H-M species. 
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T a b l e 7 . 9 : S y m m e t r y and A c t i v i t y o f t h e HkC^H^Hg 

S k e l e t a l V i b r a t i o n s 

V i b r a t i o n 
D e r i v e d f r o m 

Symmet ry A c t i v i t y 

D e f o r m a t i o n I R 

T o r s i o n 2g 
I n a c t i v e 

T i l t Raman 

S t r e t c h A^ 2u 
I R 

- 1 

I I N S s p e c t r a ( e g . i n t h e t r o p y l l i u m c o m p l e x e s i n t h e p r e v i o u s 

c h a p t e r ) . T h e r e a r e , h o w e v e r , medium s t r e n g t h HITS b a n d s 

a t 202 and 287cm"^ i n CoHg2(SCN)^CgHg and a t 227 and 287cm""'^ 

i n N i H g 2 ( S C l N ) g C g H g , o f w h i c h t h e f o r m e r b a n d has g r e a t e r 

i n t e n s i t y . I n t h e c o b a l t a n a l o g u e , t h e I I N S b a n d a t 282cm' 

i s v e r y p o o r l y r e s o l v e d . Now t h e t i l t and s t r e t c h modes a r e 

g e n e r a l l y a t h i g h e r f r e q u e n c y t h a n t h e t o r s i o n and d e f o r m a t i o n s 

The I R and Raman a c t i v i t y o f t h e s e b a n d s i s i n d i c a t e d i n 

T a b l e 7 . 1 0 . 

A s shown i n T a b l e 7 . 1 0 t h e bands a t 200~230cm"^ c a n 

be a s s i g n e d t o t h e d o u b l y d e g e n e r a t e t i l t mode . T h i s i s 

r e a s o n a b l e s i n c e i t i s e x p e c t e d t o be s t r o n g e r i n t h e I I W S 

s p e c t r u m t h a n t h e s t r e t c h . The t i l t i s e x p e c t e d t o be 

Raman a c t i v e and s t r o n g Raman bands w e r e f o u n d . C o i n c i d e n t 

I R b a n d s were a l s o o b s e r v e d b u t i t i s p o s s i b l e t h a t t h e s e 

I R b a n d s a r e o n l y c o i n c i d e n t b a n d s s i n c e t h e r e a r e v e r y 

many I R b a n d s i n t h e 50-300cm r a n g e . I f t h e y a r e n o t 

c o i n c i d e n t a l b a n d s , t h e n t h e y may be due t o a s o l i d s t a t e 

e f f e c t . The s t r e t c h s k e l e t a l mode i s a s s i g n e d t o t h e 
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j^grM-g-Zi- lP-- I R and Raman Bands A n a l o g o u s t o TIES Bands 

i n 2 0 0 - ^ 0 0 c m ~ ^ R e g i o n 

Compound I R Raman 

CoHg2(SCW)gCgHg 282(wm) 2 8 4 ( s ) 

202 (ms ) - 2 0 7 ( v s ) 2 0 0 ( s b ) 

N i B g 2 ( S C T ) g C g H g , 287(wm) 2 9 2 ( m ) -
227(m) 2 2 l ( s ) • 2 1 9 ( s ) 

w e a k e r IIES b a n d i n t h e 280-290cm r e g i o n . T h i s mode i s 

o n l y I R a c t i v e and a s t r o n g I R c o u n t e r p a r t e x i s t s a t 

s i m i l a r f r e q u e n c i e s . 

I f t h e t o r s i o n and d e f o r m a t i o n c a n be s i m i l a r l y o b s e r v e d 

t h e n i t i s p o s s i b l e t h a t t h e D^^^ s y m m e t r y d e s c r i p t i o n can 

d e s c r i b e t h e s k e l e t a l m o d e s . A t l o w e r f r e q u e n c y t h e r e a r e 

t w o s t r o n g t i m e - o f - f l i g h t b a n d s i n NiBQ^(SGM)^G^E^ F i g u r e 7 .12 

a t 63 and 107cm' •1 T h e r e i s no I R o r Raman a n a l o g u e o f t h e 

63cra ' b a n d and t h u s i t i s r e a s o n a b l e t o a s s i g n i t t o t h e 

t o r s i o n a l mode . The HITS b a n d a t 107cm~^ i n NiHg2(SCN)gCgHg 

—1 
and a t 117cm i n t h e c o b a l t a n a l o g u e i s a s s i g n e d t o t h e I R 

a c t i v e d o u b l y d e g e n e r a t e d e f o r m a t i o n . T h e y have I R a n a l o g u e s 

- 1 

a t 112 and 113cm r e s p e c t i v e l y . T h e r e a r e a l s o weak Raman 

c o u n t e r p a r t s t o t h e s e b a n d s b u t t h e s e may o n l y be c o i n c i d e n t a l 

s i n c e t h e r e a r e many Raman f e a t u r e s i n t h e 40-150cm r e g i o n . 
/ I 

T h e r e i s a weak TINS f e a t u r e a t 152cm~ i n b o t h s p e c t r a . 

T h i s i s a s s i g n e d t o an I ^ - S ^ d e f o r m a t i o n mode w h i c h has 

a f f e c t e d t h e e l e c t r o n d e n s i t y o f t h e s y s t e m so t h a t t h e 

H g - C g H ^ d i s t a n c e h a s c h a n g e d , and t h u s , a l l o w e d some a s s o c ­

i a t e d p r o t o n m o t i o n t o be o b s e r v e d i n t h e TINS s p e c t r u m . 
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The t o r s i o n , a s s i g n e d a t 63cm' '^ i n 'EIBq^CSCS)^C^E^, 
i s a t a l o w e r f r e q u e n c y t h a n R ^ , t h e t o r s i o n a b o u t t h e s i x 
f o l d a x i s i n s o l i d b e n z e n e a s s i g n e d a t 68cra"^ ( s e c t i o n 7 . 2 . 2 . ) 
T h i s may be r e a s o n a b l e i f t h e i n t e r m o l e c u l a r d i s t a n c e s i n 
s o l i d b e n z e n e a r e somewhat l a r g e r t h a n i n t h e c l a t h r a t e . 
The e f f e c t w o u l d t o l o w e r t h e t o r s i o n a l f r e q u e n c y , i f t h e 
CgHg~Hg m e t a l b o n d i n g was weak and i f t h e b e n z e n e was a b l e 
t o move more e a s i l y i n t h e c l a t h r a t e v o i d . I n f a c t , t h e 
i n t e r m o l e c u l a r d i s t a n c e s i n s o l i d benzene c a l c u l a t e d b y 
H a r a d a and S h i m a n o u c h i ( 6 ) f r o m t h e c r y s t a l d a t a o f Bacon 

e t a l ( 5 ) a r e C- H 2 . 8 5 ^ and B -H 2 . 5 l i w h e r e a s i n 

MHg2(SCN)gCgHg t h e H g - C ^ ^ j j ^ d i s t a n c e i s 3 .55^ ( 2 9 ) . T h i s 

w o u l d a p p e a r t o g i v e t h e b e n z e n e i n t h e c l a t h r a t e s u b s t a n t i a l l y 

more r o o m . 

The t o r s i o n a l mode o f t h e benzene - Hg s y s t e m can be 

u s e d t o c a l c u l a t e t h e e f f e c t i v e f o r c e c o n s t a n t ( E E C ) . U s i n g 

t h e d e r i v e d f o r m u l a Tvr2-5. ., 2 T - 2 ^ 
£5 = r 

" 2 - " — ^ — 

B , t h e e f f e c t i v e f o r c e c o n s t a n t ( E P C ) , c a n be c a l c u l a t e d , 
2 

t h o u g h o n l y f o r t h e n i c k e l a n a l o g u e s i n c e no t i r a e - o f - f l i g h t 

d a t a was a v a i l a b l e f o r t h e c o b a l t c o m p l e x . The X - r a y s t r u c t u r e 

b y G r e e n b a c k and D u n i t z ( 2 9 ) d i d n o t r e p o r t C-C o r C - H d i s ­

t a n c e s f o r t h e c l a t h r a t e b e n z e n e a n d , t h u s , t h e a t o m i c 

c o - o r d i n a t e s u s e d b y P a v r o t e t a l ( 3 8 ) a r e u s e d t o e s t i m a t e 

t h e r e d u c e d moment o f i n e r t i a , I ^ . I f C-C = 1 . 3 9 7 ^ and 

C - H = 1 . 0 8 4 A t h e n I ^ = 295 x 1 0 " ^ ° g c r a ^ . T h u s t h e EFC f o r 
—1 

t h e compound = 2 5 0 k J m o l . I t w o u l d be r e a s o n a b l e t o g i v e 

t h e m u l t i p l i c i t y , N , a v a l u e o f 6 f r o m a s t u d y o f t h e c r y s t a l 

s t r u c t u r e . T h u s t h e t o r s i o n a l b a r r i e r t o r o t a t i o n , V-g, can 

be e s t i m a t e d f r o m t h e EPC ( N ^ V g / 2 ) t o be 1 3 . 9 k J r a o l ~ ^ . 
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7-6 C ^ H ^ i / C O l g 

7 . 5 , 1 Rjggv_j:9^g,...ResjJl 

B o r e t a l ( 3 9 ) s t u d i e d t h e I R C-O s t r e t c h i n g r e g i o n 

o f (a3?ene)Co^^(C0)^ c o m p o u n d s . T h i s has b e e n t h e o n l y r e l a t e d 

v i b r a t i o n a l s t u d y o f t h i s compound . 

7 . 6 . 2 . .Resul_ts 

^ J i i j J Z j L l l show t h e v i b r a t i o n a l d a t a f r o m t h e s t u d y o f 

CgHgCo^(C0) (^ , U n f o r t u n a t e l y no Raman d a t a was c o l l e c t e d s i n c e 

t h e compound was b l a c k . E ' i g u r e 7.15 shows 4 - H 5 P ( Q ; , A ) s p e c t r a 

c o l l e c t e d a t I3OK. The s c a t t e r i n g a n g l e s a r e 9 0 ° and 8 2 ° . 

J ^ u r £ j ^ _ . 1 ^ i s a BPDDIDO s p e c t r u m c o l l e c t e d a t l i q u i d - n i t r o g e n 

t e m p e r a t u r e , 

7 . 6 . 3 D i s c u s s i o n 

CgHg^Co^(CO)^ h a s C^^ s y m m e t r y and t h e v i b r a t i o n s o f t h e 

m o l e c u l e can be d e s c r i b e d as shown i n T a b l e 7 » 1 2 

T a b l e 7 ^ 1 2 : 0^,, V i b r a t i o n a l A p ' a l y s i s 

CgHgGo^(CO)g C o ^ ( C O ) g ^6^6 A c t i v i t y 

20 12 7 1 I R / R 

A2 12 8 3 1 -
E 32 20 10 2 I R / R 

T h u s t h e C g H g - ( C o ^ ( C O ) g ) v i b r a t i o n s a r e d e s c r i b e d b y 

A^ 4- A2 + 2E s y m m e t r y . The f o r m o f t h e s e v i b r a t i o n s w i l l 

be t h e t o r s i o n ( A g ) , d e f o r m a t i o n ( E ) , t i l t ( E ) and s t r e t c h 

( A ^ ) , U n l e s s t h e s i t e s y m m e t r y i m p l i e s o t h e r w i s e , t h e n no 

s p l i t t i n g o f t h e d o u b l e d e g e n e r a t e bands s h o u l d be a c h i e v e d 
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e i t h e r i n t h e f r a m e w o r k v i b r a t i o n s o r t h e b e n z e n e i n t r a ­

m o l e c u l a r v i b r a t i o n s . 

T a b l e 7 . 1 1 : V i b r a t i o n a l F e a t u r e s of" C^H^Co,^(C0 

4H5 BEDDIDO I R P I R 

( I3OK) ( 7 7 K ) - ( 7 7 K ) (77K) A s s i g n m e n t s 

737(m) 720(m) • v^^ CH o / p l a n e d e f o r m a t i o n 

6 2 3 ( m ) 6 1 4 ( v w ) 

(m) 

5 2 6 ( m ) 

i / p r i n g d e f o r m a t i o n 

Go-C-0 d e f o r m a t i o n 

Co-C-0 d e f o r m a t i o n 

513(m) 5 l O ( w ) 

4 8 0 ( w ) 

D i f f e r e n c e b a n d 

Go-C~0 d e f o r m a t i o n 

W ( s h ) 

4 2 2 ( m ) 

Unknown 

Co-C s t r e t c h 

393(ms) 4 0 1 ( w ) o / p l a n e r i n g d e f o r m a t i o n 

3 2 0 ( v w ) 3 1 9 ( w ) Go-C s t r e t c h 

2 6 9 ( s ) T i l t ( E ) 

2 2 3 ( s ) 220(m) 2 3 1 ( s ) S t r e t c h ( A ^ ) 

1 8 5 ( m b ) 

1 4 0 ( w ) 

1 7 7 ( s h ) 1 8 3 ( w ) 

1 4 7 ( w ) 
1 C o ^ ( C 0 ) g d e f o r m a t i o n s 

1 0 5 ( s ) 9 7 ( w ) D e f o r m a t i o n ( E ) 

6 6 ( m ) T o r s i o n (A2) 

4 0 ( m s h ) L a t t i c e mode 

The v i b r a t i o n s o f t h e m o l e c u l e may be s p l i t i n t o t h o s e 

i n v o l v i n g t h e C o ^ ( C 0 ) g m o i e t y , t h e b e n z e n e ' i n t r a m o l e c u l a r 

v i b r a t i o n s and t h e b e n z e n e - s y s t e m s k e l e t a l v i b r a t i o n a l s . 
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T = 133K 

Rgt^^ P^flda terC^H^Of lCO)^ 

223 269 

1 ^ 

Figure I7.1S) 

INCIDENT NEUTRON MERGY / cm 
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( a ) V i b r a t i o n s i n v o l v e d i n t h e 'CO; | (CO)r) ' m o i e t y 

The c a r b o n y l s t r e t c h i n g v i b r a t i o n s l i e o u t s i d e t h e 
. I 

r e g i o n o f i n t e r e s t i n t h e 1 8 0 0 - 2 1 0 0 c m r a n g e . I n t h e 

I R s p e c t r u m , t h e r e a r e a number o f b a n d s i n d i c a t i v e o f MCO 

d e f o r m a t i o n s and M-C s t r e t c h e s . They f a l l i n t h e 4 5 0 - 7 0 0 

cm"'^ and 300-450cm"^ r a n g e s r e s p e c t i v e l y ( 3 3 ) . The I R b a n d s 
a t 320 and 422cm~'^ a r e t e n t a t i v e l y a s s i g n e d t o MC s t r e t c h e s 

- 1 

w h e r e a s t h e b a n d s a t 4 8 0 , 5 2 6 and 545cm a r e a s s i g n e d t o 

MCO d e f o r m a t i o n s . These b a n d s do n o t have I I N S a n a l o g u e s . 

To a c h i e v e a f u l l a n a l y s i s o f t h i s r e g i o n a s i n g l e c r y s t a l 

s t u d y w o u l d h a v e b e e n n e c e s s a r y i n t h e same manner as t h e 

R e 2 ( C 0 ) ^ Q a n a l y s i s b y Adams a n d Hooper ( 4 0 ) . 
( b ) I n t r a m o l e c u l a r b e n z e n e v i b r a t i o n s 

The f o l l o w i n g a s s i g n m e n t s , i n T a b l e 7 . 1 ^ ^ o f t h e b e n z e n e 

i n t r a m o l e c u l a r v i b r a t i o n s , a r e made f r o m a c o m p a r i s o n w i t h 

I I N S d a t a on b e n z e n e . 

T a b l e 7 . 1 3 ; I n t r a m o l e c u l a r Benzene V i b r a t i o n s 

Benzene 

I I N S 

CgHgCo^(CO)g 

A s s i g n m e n t Benzene 

I I N S I I N S I R 
A s s i g n m e n t 

7 0 0 ( 3 4 ) 737 720 ^ 1 1 

6 0 2 ( 1 4 ) 6 2 3 614 7 6 

4 0 1 ( 5 2 ) 3 9 4 . 401 ' 16 

I n t h e I R s p e c t r u m t h e r e i s a medium i n t e n s e b a n d a t 

720cm w i t h a m o d e r a t e l y i n t e n s e I I N S c o u n t e r p a r t a t 737cm 

w h i c h i s r e a d i l y a s s i g n e d t o ^ ^ / | . T h i s b a n d i s I R a c t i v e 

u n d e r C^^ and C^^ s y m m e t r y w h e r e i t i s an A^ mode . T h i s 
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v a l u e o f 737cra""'̂  i s c o m p a r a b l e w i t h a s s i g n m e n t s o f i n 

Go-G^E^ m a t r i c e s a t 77K ( 4 1 ) w h e r e v^,^ was measu red a t 765cm 

S i n c e t h e C o - C ^ ^ g ^ d i s t a n c e i n CgHgCo^(CO)g was o n l y 2 . 1 A 

( 1 9 ) ( t h e s h o r t e s t M-C^ rr d i s t a n c e i n t h e s e s t u d i e d benzene 
^6-^5 

c o m p l e x e s ) , t h e n i f t h i s mean t a s t r o n g M-CgHg - b o n d e x i s t e d , 

a l a r g e r i n c r e a s e i n w o u l d have b e e n e x p e c t e d . I n 

C ^ H g C r ( C O ) ^ t h e C r - C ^ ^ ^ ^ d i s t a n c e i s a p p r o x i m a t e l y 2 . 2 i ( 4 2 ) 

- 1 

b u t t h e i n c r e a s e i n v^^ i s ~ 113cm . T h u s t h e ' ^ - O Q ^ J J ^ 

d i s t a n c e c a n n o t be t a k e n as a t r u e i n d i c a t i o n o f t h e H-GqE^ 

b o n d s t r e n g t h i n t h i s i n s t a n c e . Erom o u r s t u d i e s o f C g H g C o ^ ( C 0 ) g 

i t was n o t i c e d t h a t o v e r a p e r i o d o f t i m e t h e compound decom­

p o s e d . T h i s was shown b y t h e b l a c k c o l o u r b e i n g r e p l a c e d b y 

a p i n k - b l u e c o l o u r due t o o x i d a t i o n . ^ Thus i t a p p e a r e d 
t h a t t h e b e n z e n e c o u l d be e a s i l y r e p l a c e d i n t h i s n o v e l 

- 1 

c o m p o u n d . The s m a l l i n c r e a s e i n v ^ ^ , + 64cm , may be an 

i n d i c a t i o n o f a weak T T - b o n d . 
A t l o w e r f r e q u e n c y , a medium i n t e n s e b a n d i n t h e I I N S 

—1 
s p e c t r u m i s a s s i g n e d t o Vg a t 623cm . T h i s i s an i n - p l a n e 

d e f o r m a t i o n w h i c h does n o t s h i f t f a r f r o m t h e f r e e b e n z e n e 

—1 
v a l u e o f 506cm . T h i s b a n d i s I R i n a c t i v e i n 'D^^ and Cg^ 

s y m m e t r y b u t becomes I R a c t i v e ( E ) u n d e r C^^ s y m m e t r y . The 

- 1 
a n a l o g o u s 614cm b a n d i n t h e I R s p e c t r u m i s a s s i g n e d t o 

i n d i c a t i n g t h a t t h e s y m m e t r y h a s been l o w e r e d . The s t r o n g 

- 1 
I I N S b a n d a t 394cm i s a s s i g n e d t o t h e o u t - o f - p l a n e r i n g 

d e f o r m a t i o n ( E m o d e ) . I t i s I R i n a c t i v e i n and Cg^ 

s y m m e t r y b u t a c t i v e i n C^^ s y m m e t r y . A weak I R a n a l o g u e a t , 

—1 
4 0 ' l c m i s t e n t a t i v e l y a s s i g n e d t o v ^ g . 

I t may be n o t e d t h a t t h e r e i s a n o v e l r e l a t i v e I I N S 

i n t e n s i t y d i s t r i b u t i o n i n t h e 300-800cm'"'^ r e g i o n o f E i g u r e 7 . 1 5 
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compared w i t h t h e o t h e r b e n z e n e o r g a n o m e t a l l i c c o m p l e x e s 

s t u d i e d . I n t h e l a t t e r t h e r e l a t i v e I I N S i n t e n s i t i e s o f 

^ 6 ' ' '6* ^11 a p p r o x i m a t e l y 5 0 : 1 0 : 4 0 and t h e PWIIH o f 

'-'^^ and e s p e c i a l l y V^^ w e r e s m a l l i n c o m p a r i s o n w i t h 

^ 6 ' ^ 6 ^ ° 4 ^ ^ ' ^ ' ^ 9 * '^^^ r e l a t i v e i n t e n s i t i e s a r e n o t g i v e n f o r 

C g H g C o ^ ( C O ) ^ , s i n c e i t i s d i f f i c u l t t o s e l e c t a f l a t b a c k -

g r o u n d o v e r t h e 300-800cm r a n g e , h o w e v e r , i t can be seen 

t h a t t h e b a n d s a r e n o t v e r y w e l l r e s o l v e d „ One p o s s i b l e 

r e a s o n i s t h a t , w i t h o n l y C^^ s y m m e t r y , t h e r e has b e e n h e a v y 

m i x i n g o f t h e l o w f r e q u e n c y b e n z e n e i n t r a m o l e c u l a r modes 

w i t h M-C s t r e t c h e s and MCO d e f o r m a t i o n s o f t h e same s y m m e t r y 

i n t h e 300--800cm r e g i o n p r o d u c i n g a more c o m p l e x s p e c t r u m , 

( c ) G^E^~Co^(_CO)skeletal v i b r a t i o n s 

I n t h e I I N S s p e c t r u m t h e r e a re t w o s t r o n g b a n d s a t 269 

—"1 

and 223cm w h i c h , b e c a u s e o f s t r o n g i n t e n s i t y , a r e p r o b a b l y 

f u n d a m e n t a l v i b r a t i o n s . The C g H g - C o ^ ( C O ) ^ t i l t i s an E mode 

w h e r e a s t h e s t r e t c h i s an A^^ mode . The l a t t e r w i l l have a 

s t r o n g I R a n a l o g u e s i n c e i t i n v o l v e s a l a r g e d i p o l e moment 

c h a n g e . No I R a c t i v i t y was o b s e r v e d a t 270cm w h e r e a s a 

s t r o n g I R b a n d was f o u n d a t 231cm . Thus t h e t i l t i s 
— i 

a s s i g n e d t o t h e 269cm I I N S b a n d and t h e s t r e t c h t o t h e 

— i 
223cm b a n d i n t h e I I N S s p e c t r u m . 

The I I N S t i m e - o f - f l i g h t s p e c t r u m i s q u i t e c o m p l e x w i t h 

b a n d s a t 4 0 , 6 6 , 1 0 5 , 1 4 0 and 185cm'"'^. The 40cm'"^ f e a t u r e 

v a r i e s i n f r e q u e n c y w i t h d i f f e r i n g s c a t t e r i n g a n g l e s and i s 

a s s i g n e d t o a l a t t i c e mode . The 105, 1 4 0 and 185cm b a n d s 

a l l h a v e I R c o u n t e r p a r t s so i t i s r e a s o n a b l e t o a s s i g n t h e 

—1 

66cm band t o t h e t o r s i o n , w h i c h i s an A^ mode a n d , t h e r e f o r e , 

I R i n a c t i v e . I t m u s t be n o t e d t h a t t h e I I N S i n t e n s i t y i s 

n o t v e r y h i g h as u s u a l l y a s s o c i a t e d w i t h a t o r s i o n a l mode 
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i n t h e I I N S s p e c t r u m . The d e f o r m a t i o n , a n E mode, i s 

- 1 a s s i g n e d t o t h e s t r o n g e s t t i m e ~ o f - f l i g h t f e a t u r e a t 105cra . 

—1 
The w e a k e r b a n d s a t 140 and 185cm a r e p o s s i b l y d e f o r m a t i o n 

modes o f t h e C o ^ ( C O ) ^ u n i t w i t h a s s o c i a t e d , p r o t o n m o t i o n . 

~1 

The l o w t o r s i o n f r e q u e n c y a t 66cm i s r e a s o n a b l e s i n c e 

G i l s o n and B e r n a r d r e p o r t e d t h a t t h e b a r r i e r t o r o t a t i o n was 

v e r y l o w ( I 9 ( r e f . 2 9 ) ) . T h e y r e p o r t e d a v a l u e o f l e s s t h a n 

2 . 7 k c a l m o l ' " ^ ( < 1 1 . 5 k J r a o l " ' ^ ) . The m e t h o d b y w h i c h t h i s 

b a r r i e r was c a l c u l a t e d was n o t s t a t e d . 

The b a r r i e r t o r o t a t i o n c a n be e s t i m a t e d u s i n g t h e I I N S 

d a t a and t h e c a r b o n c o - o r d i n a t e s o f B i r d and E r a s e r ( 1 9 ) and 

t h e a v e r a g e C - H b a n d l e n g t h u s e d by E a v r o t e t a l ( 3 8 ) . 

U s i n g t h e e q u a t i o n (2.5*^ d e v e l o p e d i n C h a p t e r 2 a n d , u s i n g 
- 4 0 2 

a r e d u c e d moment o f i n e r t i a o f 293 x 10 gem , t h e v a l u e o f 

t h e e f f e c t i v e f o r c e c o n s t a n t o f t h e t o r s i o n can be c a l c u l a t e d 

t o be 273kJmol . I f t h e m u l t i p l i c i t y , N , i s e s t i m a t e d t o be 6 , t h e b a r r i e r t o r o t a t i o n , V-^ ' ^® c a l c u l a t e d t o be 

;he v a l u e o f G i l s c 

-1 
15.1kJmol"° '^ w h i c h i s h i g h e r t h a n t h e v a l u e o f G i l s o n and 

B e r n a r d . ( T o p r o d u c e a v a l u e o f Vg o f < 1 1 . 5 k J i n o l ' one 

—'1 
w o u l d need a t o r s i o n a l f r e q u e n c y o f < 5 5 c m " ) 

7 . 7 GgHg[JLaci^3 

7 . 7 . 1 P r e v i o u s R e s u l t s 

C e s a r i e t a l ( 1 8 ) m e a s u r e d t h e I R s p e c t r u m ( n u j o l ) a t 

r o o m t e m p e r a t u r e . Benzene i n t r a - m o l e c u l a r v i b r a t i o n s were 

—1 

a s s i g n e d t o t h e 6 6 7 , 6 8 2 and 7^0cm ' b a n d s w h e r e a s b a n d s a t 

—1 
4 8 0 and 550cm w e r e a s s i g n e d t o b r i d g i n g h a l o g e n v i b r a t i o n s , 
7 . 7 . 2 R e s u l t s 

T a b l e 7 . 1 4 l i s t s t h e d a t a f r o m o u r s t u d y and f r o m t h a t 

o f C e s a r i e t a l ( 1 8 ) . 
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U n f o r t u n a t e l y no t i m e - o f - f l i g h t d a t a was c o l l e c t e d on 

C g H g U ( A l C l ^ ) J . The Raman s p e c t r u m was r u n a t 8mW a t r o o m 

t e m p e r a t u r e . The I R and BEDDIDO s p e c t r a were c o l l e c t e d a t 

l i q u i d n i t r o g e n t e m p e r a t u r e . E i g u r e 7.17 shows t h e BEDDIDO 

s p e c t r u m . 

7.7.3 D _ i s c u s s i o n 

CgHg U ( A I C l ^ ) ^ has C^ s y m m e t r y and t h u s 43A' + 35A" 

v i b r a t i o n s . U n d e r C s y m m e t r y t h e f o l l o w i n g a n a l y s i s i s 
s 

made i n T a b l e 7.15 

T a b l e 7.15= C„ V i b r a t i o n a l A n a l y s i s 

C g H g U ( A l C l ^ ) 3 U ( A l C l ^ ) j ^ 6 % M - l i g A c t i v i t y 

1 
A 43 , 2 3 n7 3 I R / R 

I I 
A 35 19 13 3 I R / R 

The v i b r a t i o n s o f t h e compound may be s e p a r a t e d i n t o 

t h o s e i n v o l v i n g t h e U ( A l C l ^ ) ^ g r o u p , t h e b e n z e n e i n t r a ­

m o l e c u l a r v i b r a t i o n s and t h e C g H g - U ( A l C l ^ ) ^ s k e l e t a l f r a m e ­

w o r k m o d e s . 

( a ) U ( A l C l ^ j ) . ^ V i b r a t i o n a l a n a l y s i s 

The t e t r a h e d r a l i o n ( A l C l ^ ) " has f o u r Raman b a n d s a t 

349 , 1 4 6 , 575 , and ISOcm'"'^ o f A^ + E + 2 T 2 s y m m e t r y ( 4 3 ) . 

J o n e s and Wood ( 4 4 ) r e a s s i g n e d t h e 575cra"'^ ( T 2 ) band t o 

—1 

495cm and t h i s was s u p p o r t e d b y I R w o r k o f C a r l s s o n ( 4 5 ) 

w h i c h f o u n d a b a n d a t 495cm'"'^. Nakamoto ( 4 6 ) and F e r r a r o ( 3 3 ) 

l i s t d a t a on t h e b r i d g i n g and t e r m i n a l s t r e t c h i n g c h l o r i d e 

v i b r a t i o n s . G e n e r a l l y t h e f o r m e r s t r e t c h e s a r e f o u n d a t 
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T a b l e 7 . 1 4 : V i b r a t i o n a l D a t a and A s s i g n m e n t s f o r 

I BPDDIDO 

( 7 7 K ) 

I E 

( 7 7 K ) 

( K B r ) 

I R 

( R T ) 

O^udol ) 

E I R 

( 7 7 K ) 

Raman 

( R T ) 

I R 

( R T ) 
( 1 8 ) 

A s s i g n m e n t 

7 9 0 ( s ) 8 0 6 ( s ) 8 0 0 ( m ) v ^ ^ C H o / p d e f . 

733(sh) 7 4 0 ( w ) 7 4 0 ( w ) 740 

6 9 0 ( s ) 6 8 0 ( m ) 

6 7 l ( s ) 

682 

667 
1AlCl^ v i b s . 

6 1 0 ( f f i s ) 

534-(m) 

4 7 9 ( w s h ) 

6 0 0 ( w s h ) 

5 6 6 ( m s ) 

4 9 2 ( s ) 

5 6 0 ( s h ) 

600( rab ) 

5 5 8 ( w ) 

4 9 4 ( w ) 

5 5 0 

4 8 0 

g i / p r i n g 
^ d e f . 

} A l C l ^ v i b . 

( s p l i t T g ) 

v D i f f e r e n c e 
•^band (CgHg) 

4 l 4 ( v s ) 4 1 5 ( s h ) 

3 8 5 ( s h ) 

3 4 2 ( m ) 5 4 0 ( m b ) 

4 0 8 ( w ) v . g o / p r i n g 
d e f . 

I ALGlj. v i b . 

2 8 7 ( w ) 

2 0 2 ( v s ) 

1 8 3 ( m ) I 8 0 ( w b ) 

1 7 0 ( w ) 

150(wb) 

188(wm) 

1 5 9 ( m ) 

150(w) 

C o m b i n a t i o n 
(202+75) 
T i l t s k e l e t a l 
( E ) 
S t r e t c h s k e l , 
( A i ) 

A l C l ^ v i b . ( T 2 ) 

A l C l ^ v i b . ( E ) 
1 0 4 ( s h ) 109(mb) 109(s) D e f . S k e l . ( E ) 

75 ( s ) T o r s i o n s k e l . 
(A2) 

l o w e r f r e q u e n c y b e c a u s e t h e s h a r i n g o f t h e h a l o g e n b e t w e e n 

t w o m e t a l s c ause s t h e b o n d t o be weaker t h a n f o u n d i n 

t e r m i n a l M - C l b o n d s . H o w e v e r , i n t h i s s t u d y i t w i l l n o t 



399 

E 



4 0 0 

be s t r i c t l y co r r ec t t h a t one c o u l d s p l i t t h e v i b r a t i o n s 

o f t h e ' A L C l ^ ' u n i t up i n t o s p e c i f i c i n d i v i d u a l s t r e t c h e s , 

i e . t e r m i n a l and b r i d g i n g , m o t i o n s . H a r r i s o n e t a l ( 4 7 ) 
—'1 

a s s i g n I R b a n d s a t 4 9 6 , 293, and 287 cm i n d i c a t i v e o f 

A L - C l modas. i n C p H c - S n C l A l C l - , . . The authors be l ieved t h e 
5 5 3 

compound c o n t a i n e d one S n - C l - A l b r i d g e . R y t t e r e t a l ( 4 8 ) 

s t u d i e d a l k a l i m e t a l - A l C l ^ s p e c i e s . The bonding to t h e 

c a t i o n , d e s t r o y e d t h e Td s y m m e t r y o f ALCl^^" p r o d u c i n g a 

l o c a l Gg^oSymmetry. T h i s s p l i t t h e h i g h f r e q u e n c y T2 mode . 

T h e y Observed Raman b a n d s a t 5 1 2 , 4 9 8 4 7 3 , 3 4 8 , 1 8 2 and 1l9cra" '^ 

i n t h i s species w h i c h c o n t a i n e d t w o M - C l - A J . b o n d s . 

^ C e s a r i ,.et a l ( 1 8 ) a s s i g n s t r o n g I R b a n d s a t 4 8 0 and 

550cm t o U - C l - A l s t r e t c h e s . I t i s f e l t t h a t , more 

c o r r e c t l y , , t h e s e v i b r a t i o n s , f o u n d i n o u r s t u d y a t 4 9 2 and 

566Gm""'^(KBr.) are a s s i g n e d t o t h e s p l i t I R a c t i v e T2 mode 

d e r i v e d f r o m t h e A l C l ^ ( T d ) s p e c i e s and are A l - C l s t r e t c h i n g 

v i b r a t i o n s o f t h e A l C l ^ s y s t e m r a t h e r t h a n j u s t t h e b r i d g i n g 

c h l o r i d e p a r t . H o w e v e r , o n l y t w o bands w e r e f o u n d i n t h e 

I R s p e c t r u m w h e r e a s t h r e e w e r e i d e n t i f i e d b y R y t t e r e t a l 

i n t h e s t u d y o f M ( A I C I ^ ) s p e c i e s ( 4 8 ) » The t w o l o w e r 
—1 

f r e q u e n c y . I R b a n d s a t 340 and 385cm are a s s i g n e d t o t h e 

A-ĵ  AL-Gl s t r e t c h w h i c h has been s p l i t i n t o t w o b a n d s due t o 

the t w o t y p e s o f b r i d g i n g c h l o r i d e p r e s e n t i n the m o l e c u l e . 
—1 

A t e v e n l o w e r f r e q u e n c y I R and Raman b a n d s a t 17O and 150cm 

are a s s i g n e d t o the t w o A l C l ^ d e f o r m a t i o n b a n d s d e r i v e d f r o m 

the E and T2 modes f r o m ( A l C l ^ ) " . The l o w e r i n g o f the 

s y m m e t r y t o a l o c a l ( 0 2 ^ ) or m o l e c u l a r ( C ^ ) d e s c r i p t i o n a l l o w s 

the b a n d s t o be I R and Raman a c t i v e . 

I t may a l s o be n o t e d t h a t b r i d g i n g U C I U v i b r a t i o n s h a v e 
—1 

been a s s i g n e d i n the 1 7 0 - 2 2 0 c m IR/Raman r e g i o n o f 
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UC1^2(CNC1) ( 4 9 ) a t a s i m i l a r f r e q u e n c y t o t h e bands a t 

170 and I50cm"'^ i n ( C g H g ) U ( A l C l ^ ) 

( b ) I n t r a m o l e c u l a r b e n z e n e v i b r a t i o n s 

The f o l l o w i n g a s s i g n m e n t s , i n T a b l e 7 . 1 6 , o f t h e 

b e n z e n e i n t r a m o l e c u l a r v i b r a t i o n s a re made f r o m a c o m p a r i s o n 

w i t h I I N S d a t a on b e n z e n e a l o n e . 

T a b l e 7 . 1 6 : I n t r a m o l e c u l a r Benzene V i b r a t i o n (cm" '^) 

Benzene 

O n l y 

I I N S 

C g H g U ( A l C l ^ ) 3 

A s s i g n m e n t 

Benzene 

O n l y 

I I N S I I N S I R Raman 

A s s i g n m e n t 

7 0 0 ( 5 4 ) 7 9 0 ( 2 6 ) 8 0 6 -
6 0 6 ( 1 4 ) 6 1 0 ( 1 9 ) 6 0 0 600 

4 0 0 ( 5 2 ) 4 1 4 ( 5 5 ) 4 1 5 4 0 8 
" 1 6 

The v a l u e s i n b r a c k e t s a r e an' i n d i c a t i o n o f t h e 

r e l a t i v e i n t e n s i t i e s , i n %, o f t h e b a n d s i n e a c h I I N S 

s p e c t r u m . 

The v e r y s t r o n g d o m i n a t i n g I I N S b a n d a t 416cm i s 

a s s i g n e d t o ' '^^g, t h e o u t - o f - p l a n e r i n g d e f o r m a t i o n . I n 

"^6h s y ^ ^ ' ^ ^ ^ y t h i s b a n d i s t o t a l l y i n a c t i v e b u t i s t o t a l l y 

a c t i v e i n C^^ o r C^ s y m m e t r y . Weak I R and Raman bands a t 

—1 

4 1 5 and 408cm r e s p e c t i v e l y a r e an i n d i c a t i o n o f t h e l o s s 

i n s y m m e t r y . The medium i n t e n s e I I N S band a t 610cra c a n 

be r e a d i l y a s s i g n e d t o i>g, t h e i n - p l a n e r i n g d e f o r m a t i o n , 

w h i c h has o n l y v e r y s l i g h t l y moved up i n f r e q u e n c y f r o m 

f r e e b e n z e n e . I n Dg^^ s y m m e t r y , t h i s b a n d i s Raman a c t i v e - 1 o n l y and a medium i n t e n s e Raman band was o b s e r v e d a t 600cm 

c o i n c i d e n t w i t h a weak I R b a n d w h i c h i s a g a i n p o s s i b l y 
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ind ica t ive of the lowering of the tienzene symmetry. In 

—•1 

the IINS spectrum a strong hand was observed at 790cm 

which i s assigned to v̂ ^ , the out~of-plane CH deformation 

found at 700cm"^ i n sol id henzene (IINS) and at 671cm'"'' 

i n henzene vapour ( I R ) . This large s h i f t of 117cm i s 

due to complexation. , The U-C^ ^ distance i s 2. much 
6 6 

longer than the Co-C^ j j distance in CgHgCô  (CO)Q, however, 
6' 6 -1 

V/|̂  increased i n frequency by only 64cm"" i n the l a t t e r 

case. The benzene i s possibly more perturbed i n the 

uranium complex because the available uranium 5 'd ' orbitals , 

w i l l be s p a t i a l l y more extensive than the o rb i t a l s of 
cobalt , A strong IR counterpart of the 790cra IINS band 

- 1 ' 

exists at 806cm . This was expected since the band i s 

strongly IR active under a l l symmetries. 

There are a number of weaker IINS features which can 
- 1 

be t en t a t i ve ly assigned. The two bands at 479 and 53^cm 

may be due to d i f ference bands involving intramolecular 

benzene v ib ra t ions and l a t t i c e v ib ra t ions . Similar bands 

have been assigned i n the same region i n sol id benzene and 
i n the other benzene complexes. The weak broad IINS band 

—1 

at 730cm has a weak IR counterpart. No comparable IINS 

band has been discovered i n t h i s region i n the other benzene 

complexes. 

(c) Benzene - U(A1C1,^)^ skele ta l v ibrat ions 

These v ib ra t ions w i l l take the form shown i n Figure 

since the molecule could be approximated to C^Hg UX^. At 

low frequencies i n the IINS spectrum, Figure 7«17^ the broad 
—I 

band centred at ~ 200cm i s found to dominate. Using the 

du Pont 310 curve resolver , two components can be determined 
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- 1 - 1 

with the stronger at 202cm , and the weaker at 183cm . 

Of the skeleta l v ib ra t ions , the CgHg-UX^ s t re tch i s expected 

to be strongly IE and Raman active due to large changes 

i n p o l a r i z a b i l i t y and dipole moment. No IR or Raman 

bands exis t at ^ 200cm though there are such bands at 

180 and 188cm respect ive ly . Therefore the doubly 

degenerate t i l t mode can be assigned to the IHTS band at 
""1 —1 

202cm and the s t re tch to the weaker TINS band at 183cm 
_^ 

and i n the IR and Raman spectra at 180 and 188cm . At 
lower frequency the doubly degenerate deformation i s tenta-

—1 

t i v e l y assigned to the weaker 104-cm TINS shoulder whereas 

the greater i n t ens i ty at 75cm i s assigned to the torsion 

of the GgHg about the CgHg~U bond. The l a t t e r i s IR and 

Raman inact ive i n C^^ symmetry since i t i s an mode 

whereas there are weak IR and Raman components of the defor­

mation. No calculat ions are carried out on the tors ional 

ba r r i e r due to the ten ta t ive nature of these f i n a l assign­

ments due to the lack of IINS t i m e - o f - f l i g h t data. 

(d) f u r t h e r discussion 

Since no s p l i t t i n g of the intramolecular benzene vibra t ions 

was found, especially i n the i n f r a - r e d , i t i s f e l t that the 

benzene must be 'seeing' at least C^^ symmetry rather than 

the overa l l molecular symmetry. Thus the v ibra t ions can 
s 

be interpreted i n the context of a CgHgUX^ molecule. 
F i n a l l y , i t must be noted that there would appear to 

—1 

be an anomaly i n the 660-700cm region of t h i s study. 

Cesari et al (18) reported IR (nu jo l ) bands at 66? and 682cm""'̂  

i nd ica t ive benzene modes. Similar IR(nu jo l ) bands existed 

i n our study at 671 and 680cm~^. In the IR (KBr) spectrum 
—1 

only a single strong broad band at 690cm was found. No 
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relevant bands existed at these frequencies i n the IINS 

'11 
spectrum and v was read i ly assigned at 790cm . The 

-1 

possible explanations of these bands i n the 660"700cm 

region are ( i ) They involve the U(AlCl^ ) j moiety (one 

stretching band derived from the Tg AlCl^(Td) un i t was 

not observed at lower frequency ( i i ) They involve v^^ in 

f r e e benzene caused by the decomposition of the compound 

(The compound i s immediately decomposed i n a i r and by 

moisture) . Studies of (PdAlCl^CgHg)^ and CPdAl^GlrtG^E^)^ 

(section 7«10) show the presence of s imi lar IR bands i n 

the 700cffl'"^ range. In (PdAlCl^CgHg)^ s imi lar bands exis t 
~1 

at less than 600cm ind ica t ive of 'A].C1^' species and extra 
bands also appear at 671 and 755cm~'^. In ('PdAl^Clr^C^E^)2 

"1 

bands can be assigned at less than 670cm indica t ive of 

'AlgClr^' species yet extra bands were found at 672, 690 

and 752cm . Unfortunately, no supporting v ib ra t iona l work 

has appeared i n the l i t e r a t u r e concerning complexed ' A l C l ^ ' 

and 'AlgClr;,' since studies have been concentrated on AlCl^" 

and Al2Clr^" ions. However, since these extra bands appear 

i n these compounds at s imi lar frequencies and because, i n 

both cases, they do not have IINS analogues, they are assigned 

to v ibra t ions of the complexed 'AlCly^' and 'AlgClr-,' species. 
7.8 (RuX^C^H^)^ X =01,Br 
7 , 8 . 1 Previous Results 

Bennett and Smith (23) l i s t e d the RuCl stretching 

frequencies i n the IR spectrum f o r (RuGl2CgHg)2» These 

bands were comparable to those reported by Zelonka and Baird 

( 1 7 ) , who also l i s t e d the RuBr stretching frequencies f o r 
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(RuBr2CgHg)2. Winkhaus and Singer (50) also reported the 

-1 

IR spectrum of the chloride analogue i n the 290-304-Ocm 

range. From these studies i t was postulated that there 

were terminal and bridge bonded chlorine atoms and that 

the benzene was ;r-bonded to the Ru atoms. 
7 .8 .2 . Results 

Again no 4H5 data was collected on these two complexes. 

Table 7»17 l i s t s the IINS, IR and Raman data from th i s 

study and from that of .the other studies (17,23,50). The 

Raman laser power used was 8mW. The BFDDIDO spectra are shown 
in Figure 7-18. 

7 . 8 . 3 . Discussion 

Unfor tunately , no c rys ta l structure analyses have been 

carried out on these species but they have been characterized 

(29) and the s t ruc ture , shown i n Figure 9 '6, I s suggested to 

have symmetry. -An analysis of the v ibra t ions under t h i s 

symmetry i s presented i n Table 7-18. 

Table 7.18; Vib ra t iona l Analysis of (RuX^C^H^)^ Under 

C 2h CgHg(x2) RU2X^ A c t i v i t y 

S 

u 
u 

25 
17 
18 
24 

18 
12 
14 
16 

5 
1 
2 
4 

2 
4 
2 
4 

R 
R 

IR 
IR 

The v ib ra t ions can be categorised in to the Ru2X^ 

v ib ra t ions , the intramolecular OgHg vibrat ions and the 

CgHg - Ru skele ta l modes. 
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(a) Vibrat ions of the Ra^,^ moiety 

For the Ru2X^ i t may not be s t r i c t l y correct that 

the v ibra t ions of the M-Z-M and M-X species could be 

described independently since, no doubt, any one par t i cu la r 

s t re tch w i l l probably involve motion of the other type. 

However, generally from a review of M-X and M-X-M vibra t ions 

(33) the f o l l o w i n g can be surmised:-
1 

Stretches Region (cm" ) 
M-Cl ( terminal) 250-380 
M-Br " 200-280 
M-Cl-M (bridged) 250-330 

M-Br-M " 180-220 

Further f o r any one system, the bridging halide vibra t ions 

are found at lower frequency than the respective M-X (terminal) 

stretches. This was substantiated by the IR study of 

(Ru(C0)jX2)2 species (51) (of C^^^ symmetry) where X = c i or 

Br. The f o l l o w i n g assignments were made: 

terminal Bridged (cm"''^)(5l) 

(Ru(C0)^Gl2)2 331 290, 260 

(Ru(C0)^^Br2)2 234 211, 195 

An examination of the above ranges i n the IR and Raman 

spectra of the arene compounds indicates that the bands are 

non-coincident (except f o r the 263cm"^ bands i n {RuGl^E^)2). 

This i s f u r t h e r evidence that the molecule can be described 

in terms of C^-^ symmetry as postulated by previous authors 

( 1 7 , 2 3 ) . The non-coincidence of the bands implies that there 

i s a centre of symmetry wi th in the molecule. The IR work 

of Zelonka et al (17) and Bennett et a l ( 2 3 ) , on (RuGl2CgHg)2, 
—1 

only found 3 bands i n the 180-340cm range whereas t h i s 
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work found 5 IR bands and 2 Raman bands of which only one 

was coincident (263cm""'^). Zelonka et a l (17) reported only 
~1 

2 IR bands i n the 150-300cm range in the bromo analogue 

but t h i s work found 4 IR bands and 2 non-coincident Raman 

bands. The Raman bands i n (RuBr2CgHg)2 were weaker than i n 

{RXXCI^GQE^)2' Table 7-19 l i s t s the assignments made using 

the above previous data, 
,19: IR and Raman Ru-X Stretch Bands 

. (RuCl2CgHg)2 (RuBr2CgHg)2 

Stretch Our 
Work 

Previous 
Work 

(17,23) 

Our 
Work 

Previous 
Work 
(17) 

'Terminal ' 
Ru~X s t re tch 

330(IR) 
296(IR) 
285(IR) 

295(IR) 
282(IR) 

257/264(IR) 
203(IR) 

'Bridged' 
RuXRu s t re tch 

263(R) 
263(IR) 
250(IR) 
244(R) 

256(IR) 
248(IR) 

206/209(IR) 
200(R) 

183/190(IR) 
168(R) 

182(IR) 

At lower frequency there are a number of strong IR and 
— i 

Raman bands i n the 70-150cra region. They are non-coinci­

dent i n the chloride compound, though coincident i n the 

bromide. No IINS bands are found i n t h i s region and they 

are thus t en t a t i ve ly assigned to RuX^Ru and X^RuXg deformation 

bands (B = br idg ing , t = te rmina l ) . No s imi lar assignments 

were discussed i n the l i t e r a t u r e . However i n L^!'!!.^ species 
—1 

XMX deformations have been found at ~ 170cm in IR spectra. 

For example, in Py2PdBr2 at 99 and 122cm"'' and Py2PdCl2 at 
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122 and 166cm ^ (52,53) . 

(b) Intramolecular "benzene vibra t ions 

The intramolecular benzene vibra t ions are assigned i n 

Table 7.20. This was achieved by comparing the TINS data 

wi th that of benzene. The values i n brackets are the r e l a ­

t i v e i n t ens i t i e s of the bands i n each spectrum. 

Table 7-20; Intramolecular Benzene Vibrat ions 

Benzene 
• Only 

I INS 

RuCl2CgHg RuBr 2^6^6 
Assignment 

Benzene 
• Only 

I INS TINS IR R TINS IR R 
Assignment 

700(34) 870(24) 842 — 866(26) 833 — % 1 
602(14) 635(28) 610 611 631(28) 611 610 ^6 
401(52) 439(^8) 440 450 439(4-6) 437 445, "16 

The most notable point i s that v) can be assigned at 

such a high frequency. The evidence f o r t h i s i s that there 

i s only a single band i n the IINS spectrum above 0^ at 
—1 1 630cm . Further, the strongest IR band occurs® 840cm 

ind ica t ive of the IR active i> 11-
-1 0 g, assigned to the strong I UTS bands at 530-635cin~ '» 

has IR and Raman equivalent bands. This ^QI^(^2S'^ ^axid i s 

only Raman active i n and C2j^ symmetry. Thus the benzene 

intramolecular modes would appear to be ' l y i n g ' i n a d i f f e r e n t 

symmetry. I t would be quite plausible that i t could be 

C^.^ since each benzene i s par t of a 'CgHgRuGl^' un i t because 

each ruthenium i s co-ordinated to three chloride atoms. 

This i s f u r t h e r supported by the assignment of VJ^^to 440cra 

i n the IINS, Raman and IR spectra. In D^^ symmetry t h i s 
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band i s an E^^,^ mode which i s Raman and IR inac t ive , i n C2^ 
symmetry i t should be only IR active but i n 0^^ symmetry 
t h i s mode i s IR and Raman ac t ive . Thus 0^^ (or less) 
symmetry must p reva i l i n the so l id state to describe such 
intramolecular benzene v i b r a t i o n a l a c t i v i t y rather than the 
true overa l l molecular 02̂ ^ symmetry. 

(c) C^H^-(Ru2X_^) skeleta l v ibra t ions 

Table 7«21 shows the a c t i v i t y of the skeletal vibrat ions 

under 0^^, C2-ĵ , C^^ and symmetry. These vibra t ions w i l l 

take the f'orm shown in Figure 6.13- I t i s presumed that the 

motions of the benzene uni t s are not coupled. 

Table 7 '21; Skeletal Vibra t ion Symmetry and A c t i v i t y 

Skeletal 
Vibra t ion ^6v ^2h 3v C 

s 

Torsion A2(-) Ag(R) A2(-) A " ( I R / R ) 

Symmetric 
Stretch 

A ^ ( I R / R ) Ag(H) A ^ ( I R / R ) A ' ( I R / R ) 

Deformation E ^ ( I R / R ) ' 2 B u ' ( I R ) E ( I R / R ) A ' + A " ( I R / R ) 

T i l t E ^ ( I R / R ) ' 2 B u ' ( I R ) E ( I R / R ) A ' + A " ( I R / R ) 

The t i l t and s t re tch modes are expected to l i e at 

higher frequency than the tors ion and deformation modes. 

Further, the t i l t and tors ion bands w i l l have greater IINS 

i n t e n s i t y . In the IINS spectra there are strong bands at 
—'1 —'I 

380-390cm and medium intense bands at 280cm . There i s 

a strong IR analogue of the higher frequency IINS band but no 

Raman counterpart whereas there is a Raman analogue of the 

medium intense IINS band but no IE counterpart, . This 
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non-coincidence i n the IR and Raman spectra implies that 

the skele ta l modes can be described in terms of 02̂ ^ symmetry. 

Further, from the pa r t i cu la r a c t i v i t y and IINS in tens i ty 

of these v ib ra t ions i t can be assumed that the IINS bands 
—1 

at 380-390cm can be assigned to the doubly degenerate t i l t 
—1 

modes and the ~ 280cm IINS bands to the s tretching mode. 

With C^^ symmetry there was a p o s s i b i l i t y that some s p l i t t i n g 

of the t i l t mode could take place hut t h i s was not observed 

i n the IR or IINS spectra. 

In C^T^ symmetry then the deformation would be only IR 
—1 

ac t ive . This band i s expected i n the 100-200cm IINS region 
and to be of some i n t e n s i t y , since i t i s an E mode. The 

-1 -1 

IINS bands at 168cm and 150cm are assigned to the 

deformation i n the chloride and bromide complexes respectively, 

Each has a medium strength IR congener. Since the t i l t mode 

was not s p l i t i n any way i t i s f e l t that the doubly degene­

rate deformation would also not s p l i t , so the weak shoulder 
-1 

i n the BFDDIDO spectra at 140cm in the complexes, which 

has strong IR counterparts i s probably due to some associated 

proton motions due to mixing wi th a ruthenium-halide defor­

mation. In the IINS spectra, a band of weak-medium in tens i ty 

i s found at 220cm i n both spectra which i s not IR or Raman 

ac t ive . This band i s assigned to a difference band involv ing , 
—1 

f o r example, the two skele ta l E modes, i e . 387-168 = 219cm 

and 380-150=230cm'" .̂ 

The assignement of the tors ional mode, due to the 

r o t a t i o n of the benzene about the i r s i x - f o l d axes, cannot 

be made due to the lack of t i m e - o f - f l i g h t data. There does 

appear to be some in t ens i ty at '̂ 67cm i n both IINS spectra, 

but these bands cannot be assigned with confidence. 
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In conclusion, the molecules seem to show C2-|̂  symmetry 
character is t ics i n the Ru2X^ and skeletal v ibra t ions 
whereas the intramolecular benzene v ibra t ions are exercised 
under C^^ symmetry, 

7-9 (SbCl^)2 

7-9-1 Previous Studies 

(SbCl̂ )2Cg^Hg^ had been studied by many methods but the 

structure i s s t i l l a matter of much conjecture. 

N.M.R. studies (5^) showed that there was no ro ta t ion 

of the benzene r i n g , about any axis, due to the lack of 

change i n the l i n e width wi th temperature i n the -40-190°G 

range. The authors suggested that the benzene molecules were 

i sola ted from one another by an SbCl^ l a t t i c e and that 

neg l ig ib le complexing took place. N.Q.R. studies (55) ana­

lyzed the degree of SbCl^ pyramidal d i s t o r t i o n but no change 

o'n complexing was found. I t was postulated that the chlorine 

atoms were not bonded to the benzene molecule. An Sb s h i f t 

suggested an Sb-CgHg in te rac t ion through the tt - o r b i t a l s . 

Further studies (56) indicated that two inequivalent Sb 

posi t ions were taken up i n the complex and that two SbCl 

bands were d i f f e r e n t from the other f o u r . Ĉ^ or symmetry 

was assigned to the molecule. They suggested the chlorine 

atoms took part i n the complexation. 

The f i r s t v i b r a t i o n a l study postulated the SbCl^-CgHg 

complex (57) and t h i s was followed by Raskins work (58-60) 

which looked at the intramolecular benzene vibrat ions i n 

{QbCl.-^Q^i^^. I t was suggested that an Sb-C ĴÎ ^ n -complex 

was formed, Daasch (61) postulated the complex had 02-̂ . 

symmetry from the i n t e n s i f i c a t i o n of certain IR bands of 
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the complex, i n solut ion and as a s o l i d . Another IR study 
(62) found l i t t l e spectral d i f ference between so l id benzene 
and so l id (SbCl^)2Cg^Hg, C^, G2^ or symmetry were postu­
l a t ed . Corriu et al (63) reviewed the ea r l i e r work and from 
t h e i r own n.m.r . and IR studies showed that the complex 
was asymmetrical with probably G symmetry, shown in 
Figure__9^» The authors did note that d i f f e r e n t dipole 
moments f o r the G^Hg-SbGl^ system had been found and that 
they lay i n the 3.75-3.93 debye region whereas SbCl^ i t s e l f 
had a dipole moment which had been reported i n the region 
of 2.5--4.1 debye. Gorriu et al f e l t that the dipole 
moment i n (B'bCl-^)^C^E^ indicated an asymmetrical s t ruc ture . 
Contrary to t h i s , a recent study of SbGl^ i n various media 
including benzene implied that a dipole-free quasi-molecule 
wi th the SbClj un i t s arranged i n a 'e thane-l ike ' way was 
formed in so lu t ion (64) . Unfortunately, no comment was 
made on ea r l i e r studies i n the sol id s tate . 

7.9.2 Re^sul,ts 

Table 7.22 shows the data from t h i s study and of others. 

The t i m e - o f - f l i g h t data was collected at I3OK. The BFDDIDO 

and INIB spectra were collected at l i q u i d nitrogen tempe­

ra tu re . The Raman laser power was lOOmW at room temperature. 

Figure 7.19 shows the 4H5 t i m e - o f - f l i g h t data collected at 

82° and 90° scat ter ing angles.. Figures 7.20 and 7.21 show^ 

the BFD spectra. 

7.9»3 Discussion 

The v ibra t ions of the complex can be s p l i t in to those 

involv ing SbCl^ ' l a t t i c e ' , the benzene intramolecular modes 

and the benzene-(SbClj)2 framework v ib ra t ions . . Previous 
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work presented favours a low complex symmetry. I f the 
str-ucture has C symmetry then the f o l l o w i n g analysis i s 

s 
t r u e , i n Table 7-23 f o r the s t r u c t u r e of Corriu et al (38). 

I 
Table 7-23: C„ V i b r a t i o n a l Analysis 

CgHg(SbClj)2 ^6^6 (SbCl^)2 SbCgHg A c t i v i t y 

I 
A 31 17 11 3 IR/R 

A 23 13 7 5 JR/R 

The C symmetry w i l l arise from the asymmetrical 
s 

s t r u c t u r e favoured by C o r r i u et a l ( 5 3 ) . There are two 
'ethane-type' forms which have been suggested. When the two 
SbClj moieties on each side of the benzene are eclipsed 
then Djj^ symmetry p r e v a i l s . I t i s D̂ ^ symmetry when they 
are staggered. 
(a) SbCl-g v i b r a t i o n s \ 

The IR and Raman spectra of the complex d i f f e r from 
t h a t of pure SbCl^. There i s a great increase i n the number 
of l i n e s , which according t o Kozulin et a l (67) i s greater 
than the number expected. SbCl^ gives M- Raman bands i n the 
gaseous state which increase t o 6 i n the s o l i d s t a t e . There 
are many others i n the complex caused by the removal of degen­
eracy, SbCl^ u n i t s l y i n g i n d i f f e r e n t p o s i t i o n s and s o l i d 
s t a t e e f f e c t s which can s p l i t even non-degenerate v i b r a t i o n s . 

—1 
Thus a l l the IR and Raman bands i n the 136 t o 369cm region 
can reasonably be assigned t o SbCl^ v i b r a t i o n s i n comparison 
w i t h e a r l i e r studies (58,59,65-67). At lower frequencies 
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there are strong IR and Raman bands t h a t could be assigned 
t o ClSbCl deformations i n accord w i t h previous studies. 

(b) Intramolecular benzene v i b r a t i o n s 

The assignments, described i n Table 7'24, along w i t h 
the r e l a t i v e IINS band i n t e n s i t i e s of ̂ ^^^^g and ( i n 
brackets) are achieved by a comparison w i t h IINS data on 
benzene. 

Table 7'24: Assignments of Intramolecular Benzene 
V i b r a t i o n s , 0 ̂ ^ and ^ , i n (SbCl2^JZ^Q 

Benzene (SbCl3)2CgHg 
Assignment 

IINS IINS IR R 
Assignment 

401(52) 416(55) 409 - ^16 
602(14) 604(12) 614 - "6 
700(54) 721(33) 725 - ^11 
858 861 873 — ^10 

Only a very poor hal i d e disc IR spectrum could be 
attaine d w i t h (SbClj)2CgH^. The above IR r e s u l t s are from 
a n u j o l spectrum, as described i n section 7.5 f o r 
MHg2(SOT)gCgHg. I n a comparison of the spectra of (SbClj)2 
Gĝ Hg i t can be seen t h a t the v i b r a t i o n a l frequencies are 
very s i m i l a r y e t the IR a c t i v i t y of the intramolecular benzene 
modes i s very d i f f e r e n t . I n NHg^C^'CN')^C^E^ complexes the 
v i b r a t i o n s could be described i n terras of D̂ ^̂  symmetry 
(where only the E^^ and A^^ v i b r a t i o n s were IR a c t i v e ) . 
The m a j o r i t y of the benzene v i b r a t i o n s were observed i n 
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(SbClj)2CgHg i n the manner of Corriu et a l (63 ) . So i t 
appears beyond doubt t h a t the benzene molecule i s l y i n g 
i n a p o s i t i o n of low symmetry, probably Co This i s also 
reasonable since measurements i n the s o l i d s tate showed 
the presence of a dipole moment. 

A f u r t h e r comparison of the IINS spectra of (SbClj)2CgHg 
and MHg^ (SGN)gCgHg_ species shows a great degree of s i m i ­
l a r i t y . I t could be surmised t h a t the benzene l i e s i n a 
s i m i l a r environemnt as i n the Hg--(CgHg)-I3g complexes w i t h 
the benzene l y i n g between two metal atoms. I n iy[Hig2(SCN)g~ 
CgH^ the benzene was l y i n g i n a 'supercage' s i m i l a r t o a 
z e o l i t e w i t h two mercury atoms i n s i m i l a r p o s i t i o n s t o 
z e o l i t e c a t i o n s . However, though the c r y s t a l s t r u c t u r e of 
(SbCl^)2CgHg has not been analysed, r e l a t e d SbCl^ complexes 
have been studied by Lipka and Mootz (25-27) and by Hulme 
and Mullen ( 2 8 ) . Th6 l a t t e r p a i r studied {Q'bGl^)^0^Ej^e^ 
(p-xylene complex) at -110°C. The SbCl^ moieties were i n 
a 'dimer' c o n f i g u r a t i o n w i t h the shortest Sb-Cp TT MO distance 
3.18A. The s t r u c t u r e was b a s i c a l l y the same as t h a t postu­
l a t e d by C o r r i u et g.1 f o r the benzene analogue (63 ) . The 
e s s e n t i a l f e a t u r e of the s t r u c t u r e was the l a y e r - l i k e nature 
of the c o n s t i t u e n t s : layers of SbCl^ separated by layers of 
p-xylene. The SbCl^ e n t i t i e s were too f a r apart t o form 
formal Sb-Cl-Sb bridge bonds (3.241), The Sb-Cl distances 
i n SbClj i n d i c a t e d one was longer by O.Oei. We propose 
t h a t the {SbCl^)^^^^ complex i s s i m i l a r t o (SbClj)2CgH^Me2 
i n s t r u c t u r e and t h a t the benzene i s layered and separated 

by SbCl-, u n i t s . The Sb-C^ TT distance (3.181) would be 
3 ^6^6 , 

s u b s t a n t i a l l y shorter than the Hg-C^ distance i n 
6" 5 
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MHggCSCEOgCgĤ ^ complexes (3.6A). I t i s l i k e l y t h a t the 
benzene i n the layered compound 'sees' the environment, 
i n which i t l i e s , t o a greater extent than as a guest i n 
the c l a t h r a t e . Therefore, though the IINS spectra are 
s i m i l a r , i t i s the IR and Raman spectra which i n d i c a t e t o 
a greater extent, i n these weak complexes, the e f f e c t of 
the environment on the benzene intramolecular v i b r a t i o n s . 

(c) The benzene - (SbCl-^) s k e l e t a l v i b r a t i o n s ' — — — ' :7^x " ~ 
The s t r e n g t h of the complex can be gauged by the 

s k e l e t a l v i b r a t i o n s . I f the complex can be described w i t h 
only one Sb-CgHg i n t e r a c t i o n (C^ symmetry) then the v i b r a t i o n s 
w i l l take the form shown i n Figure 6.15 . However, due t o 
the possible l a y e r i n g a f f e c t then perhaps the v i b r a t i o n s 
could be described as shown i n Figure 7.1'̂ » Overall they 
should consist of a doubly degenerate t i l t and deformation 
and a s i n g l y degenerate s t r e t c h and t o r s i o n (about the benzene 
z a x i s ) . I n accord w i t h the weak benzene complexes there 
no strong TIN'S bands i n d i c a t i v e of the t i l t above 200cm , 
as found i n the stronger benzene complexes. There are, 
however, bands at 50, 65, 88 and 124cm"^ (from the 4H5 study) 

-1 
and a shoulder at 142cm and a broad medium - weak band at 
236cffi"^ (from the BFDDIDO st u d y ) . 

I n the Raman study of Kozulin e t a l (67) of (BbX^^^C^E^ 
(X = 01 or Br) weak bands were observed at 424 and IJOcm"'' 
i n the ch l o r i d e analogue amongst the SbCl^ deformations and 
l a t t i c e v i b r a t i o n s . I n the bromide analogue these l a t t e r 
v i b r a t i o n s were s h i f t e d down i n frequency below 120cm but 
s t i l l weak bands were found at 126 and 131cm . We propose 
t h a t these bands are of a s k e l e t a l nature which are weakly 
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—1 

Raman active i n the s o l i d s t a t e . The 124/126cm~ Raman 
—1 

band has a strong TINS analogue at 124cra 
At lower frequency the band due t o the t o r s i o n i s 

expected t o be IR and Raman i n a c t i v e since i t does not 
inv o l v e a dipolemoment or p o l a r i s a b i l i t y change. Also 
i n the weak NHQ^^SCN)^C^^ complexes i t was r e a d i l y assigned 
at 63cm"''. Thus the TINS band at 65cm"'', i n Figure 7.19, 
i s reasonably assigned t o the t o r s i o n . The lower frequency 
bands at 50 and 27cm are assigned t o the l a t t i c e modes on 
the grounds of t h e i r displayed dispersiveness. The weaker 

-1 -1 
band at 88cm and the shoulder at 142cm may be i n d i c a t i v e 
of SbClj deformation modes (There are IR and Raman analogues 
at 87/84cm"'^ and 138/I40cm"'' r e s p e c t i v e l y ) . Since the 
c h l o r i n e has a modest incoherent s c a t t e r i n g cross-section 
and w i t h 6 c h l o r i n e atoms per (SbGl^)^'^^Q moiety t h i s then 
may b r i n g about some weak s c a t t e r i n g i n t e n s i t y from the 
ch l o r i n e atoms. 

At higher frequency there are TINS bands at 124/142cm"'^ 
—1 —1 

and at 236cm without IR or Raman analogues. The 236cm 
band could be a second harmonic of the strong 124cm band 
(2 X 124 = 248cm~ ) . However, w i t h comparison t o the 
MHg2(SCN)gCgHg complexes, again, i t was noted t h a t the t i l t 
and stretches had very much reduced IIHS i n t e n s i t y . I t i s 
f e l t t h a t t h i s i s also the case i n (SbClj)2CgHg. The t i l t 

—1 

and s t r e t c h would be assigned t o the 'v236cm region. I t 
i s seen t h a t since the TINS i n t e n s i t y i s weak then the 
hydrogen v i b r a t i o n amplitudes engaged i n these motions 
must be very small. Therefore, the modes w i l l involve 
very small changes i n dipole moment and p o l a r i z a b i l i t y and 
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thus be very weakly a c t i v e i n the IR and Raman spectrum. 
The strong I H S band at I24cm~'^ i s assigned t o 
the doubly degenerate deformation. I t would appear t h a t 
the t o r s i o n , i n the 4H5 spectrum, i s less intense than 
the deformation mode. This i s not usual but has been 
reported f o r a number of organometallic t-complexes. Howard 
et a l (68) assign a strong IINS band at 85cra~^ t o the 
deformation (E) i n C^H^Ee(C0)j and the t o r s i o n (A2) t o a 

—1 
weaker band at 60cm 

The f i n a l assignments f o r (SbClj)2CgHg^ are shown i n 
—1 

Table 7'22. Using the t o r s i o n a l frequency of 65cm and 
the reduced moment of i n e r t i a of benzene, the e f f e c t i v e force 

—1 

constant, EEC, can be c a l c u l a t e d to be 255kJmol . I f the 
m u l t i p l i c i t y , N, can be gauged t o have a value of 6 then 

-1 
the t o r s i o n a l b a r r i e r t o r o t a t i o n , V-g, would be l4.8kJmol 
This value i s s l i g h t l y l a r g e r than t h a t found f o r NiHg2(SGN)g-

~1 

GgHg, 13.9kJmol . This i s reasonable i f the benzene i s 
perturbed t o a greater extent i n the SbCl^ l a t t i c e . 
7-10 (PdAlCl,^C^H^)2 and .(PdAl2GlnC^H^)2 
7.10.1 Previous Results 

A l l e g r a et a l (16) l i s t e d IR bands i n the 200~3000cm"^ 
re g i o n (nudol) of these two complexes. No analysis of the 
r e s u l t s was c a r r i e d out. 

7.10.2 Results 
Table 7.25 l i s t s the v i b r a t i o n a l data on both benzene 

bis-arene complexes. Eigure 7.22 shows the BEDDIDO spectra, 
again, of both complexes which were run at l i q u i d nitrogen 
temperature. The IR spectra were run at t h i s temperature 
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whereas the Raman spectrum was run at room temperature 
a laser power of 8mW. Figure 7.23 shows P(a,/5) IN4 spectra 
of (PdAl2Clr;,CgHg)2 run at 10K using an i n c i d e n t neutron 
energy of 287cm . Each spectrum i s summed over 5 angles. 

7.10.3 Discussion 

The two complexes can be described, t o a f i r s t approxi­

mation i n the case of (I'dAl^Glr,C^^)in terms of G^-^ 

symmetry. Tabl^7.26 and 7.27 describe the v i b r a t i o n a l 

analysis of both systems. 

Table 7-26: V i b r a t i o n a l Analysis of (PdAlGl;^C^H^)2 

^2h Whole 
Molecule ( P d A l C l ^ ) 2 A c t i v i t y 

Ag 

\ 
K 
Bu 

28 
23 
24 
27 

10 
5 
6 
9 

16 
14 
16 
14 

2 
4 
2 
4 

R 
R 
IR 
IR 

Table 7.27 V i l oration Analysis of (PdAl^ClnC,::!^^ 

^2h 
Whole 

Molecule (PdAl2Clr7)2 (CgHg)2 Pd2(CgHg)2 A c t i v i t y 

Ag 

\ 
-*u 
Bu 

35 
28 
29 
34 

17 
10 
11 
16 

16 
14 
16 
14 

2 
4 
2 
4 

R 
R 
IR 
IR 

Thus the s k e l e t a l v i b r a t i o n s have 2Ag+4Bg+2Au+4Bu 
symmetry. The form of these v i b r a t i o n s can be r e l a t e d t o 
the v i b r a t i o n s of (C^H^)2TaCl3, Z i S E ^ e ^ , which i s also 
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a sandwich complex. 

(a) Vibrations of the (PdAlCl ; , )^ and (PdAl^Clo)^ species 
The vibrations of these complexes may be separated 

into those involving the (PdAlCl^ ) 2 and (PdAl2Glr,)2 units, 
the intramolecular benzene vibrations and the benzene-
s k e l e t a l motions. I n i t i a l l y (PdAlCl^) i s discussed. The 
(A1C1^)~ ion has Raman vibrations at 349, 146, 49 5 and 
180cm due to A^, E and 2T2 symmetries respectively. Only 
the 495cm~'^ band i s IR active (43,44). The Al C l ^ species 
in the bis-arene complexes s t i l l retains t h i s tetrahedral 
s'aape.' As shown in the study of (CgHg)u(AlGl^)^, the high 
frequency (T2) Al-Gl stretch i s expected to s p l i t as in the 
manner of the M-AICI^ species, studied by Rytter et a l (48), 
because of the destruction of the Td symmetry due to complexing 
Rytter et a l observed Raman bands at 512, 498, 473 (due to 
the s p l i t T2 mode), 348 182 and 119cm"'^. Bands in the 
vibration spectra of (GgHg)U(AlCl^)^ were similarly assigned, 

at 566, 492, 385, 3^0, 169 and 150cm"''. In (PdAlGl^GgHg)2 
—1 

the strong IR bands at 600 and 530cm are assigned to the 
s p l i t T2 mode. The IR band at 340cm can be assigned, to 
the'symmetric stretch, of Â  symmetry in. the Td group.. At 
lower frequency the deformation bands may be assigned at 

1 —1 
185 and 117cm . (The band at 155cm may also be assigned 
in t h i s manner but t h i s would involve some s p l i t t i n g of 

these deformation modes and t h i s was not observed by Rytter. 

et a l (48).'1 At high frequency, IR bands are found at 671 

and 755cm~'^, 'similar in frequency and intensity to those .found 

in (GgH^)U(AlGl^)^. They are thus assigned to the complexed 

'AlCl^ ' group. 
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The (Al2Clr; ) '" ion has been studied by Raman spectro­

scopy (69). Bands were found at 429, 316 and 97cm~'̂ . A 

s i m i l a r Raman study observed bands at 432, 312, 164 and 

99cm . However, the structure of the ion has been inferred 

to be ( C l - j A l C l A l C l , ) " (48) with only one A l C l A l bridge 

whereas the X-ray study of (PdAl2Clr;,CgHg)2 has shown the 

Al2Clr; unit to have two A l C l A l and two P d C l A l bridges 

on each side of the molecule ( l e 2 x PdCl A l C l p A l C l ^ ) . A 

study of Kl^l^ ( 7 0 ) , with two A l C l A l bridges, observed 

Raman bands at 606, 506, 3^0, 284, 217, 164 and 112cm"'^ and 

IR bands at 625, 484 and 420cm and calculations indicated 

others existed in the same region. Thus, m th i s complex 

situation those IR and Raman bands without IINS analogues 

are assigned to the complexed 'Al2Clr7' species. Similarly 

the high frequency bands at 672, 690 and 752cm are 

assigned as m the manner of (CgHg)U(AlCl^)^ and (PdAlCl^CgHg)2. 

I t w i l l be noticed that m the assigned regions that there 

are more bands associated with the ' A l ^ C l r ; ' species than the 

' A l C l ^ ' species. 

(b) Intramolecular benzene vibrations 

The low frequency intramolecular benzene vibrations are 

assigned from a comparison with IINS data on solid benzene 

m Table 7.28. 

i ; ^g, -0̂  and iJ^r, are assigned above 900cm due to their 

r e l a t i v e IR and Raman a c t i v i t y . Generally the symmetric 

vibrations are Raman active e.g. whereas the asymmetric 

are IR active, i s assigned to the strong IINS band m 

(PdAl2Clr;CgHg)2 at 87^cm"''. This band i s of E^^ symmetry 

(Dgj^) and thus i s only Raman active m a molecule with a 
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centre of symmetry. There i s however, no Raman or IR 

analogue of the IIES band, 
1 Table 7.28: Intramolecular Benzene V i b r a t i o n s (cm" ) 

Benzene 
( s o l i d ) 
IINS 

(PdAj.Gl^GgHg) (PdAl2Gl^CgHg)2 
Assignment 

Benzene 
( s o l i d ) 
IINS IINS IR R IINS IR R 

Assignment 

401(52) 430(38) 430 - 4 3 9 ( ^ ) 431 ^16 
602(14) 615(15) - 620(16) „ - "6 
700(34) 798(47) 800 - 782(40) 775 - "11 
858 - - 874 "10 

The region i n which resides i n the IR spectrum i s 
qu i t e complex i n these bis-arene complexes, however, strong 
IINS bands e x i s t at 780-800cm"^ which have strong IR 
counterparts. These frequencies mean t h a t v»̂ ^ has increased 

—1 
by more than 100cm due t o complexing. These values w i l l 

be compared w i t h other complexes in section (7.11). 
—1 

I n the IINS spectra there are bands at 620cm which 
can be assigned to ̂ A Raman counterpart was expected 
but no band was found i n the r a t h e r poor q u a l i t y Raman 
spectrum of the dark brown/black (PdAl2Clr7CgHg)2. The 

—1 
strong IINS bands at 430cm , with medium intense IR 
analogues, are assigned t o the out-of-plane r i n g deformation, 

Now also i t i s noted t h a t the IR and Raman techniques 
d i d not locate and which have E^^ and E2g symmetry 
but t h a t '̂ 2̂u''' ̂ 11 ̂ ^2u^' ^18 ^17' °^ "^lu symmetry, 
were found t o be IR a c t i v e . Eurther, of A. symmetry 

I ig 
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—1 was assigned t o a Raman band at 1005cm" i n (PdAl^ Clr,CgHg)2. 

This trend i n d i c a t e s t h a t the intra-molecular benzene v i b r a t i o n s 
can be described i n terms of 02-^. 

(c) C^H^-M2-C^H^ s k e l e t a l v i b r a t i o n s 

Table 7.29 i n d i c a t e s the symmetry of the s k e l e t a l 

v i b r a t i o n s i n D̂ ^ (as i n a symmetric (C^E^)^}'i complex), C2j^ 

and a f u r t h e r p o s s i b l e symmetry. The Dg-̂  symmetry a r i s i n g 

from the Pd2(CgHg)2 core. 

Table 7.29: S k e l e t a l V i b r a t i o n A c t i v i t y 

S k e l e t a l 
Motion 

6h 
System System 

^2h 
System 

Torsion 1 B,g(R) (R) 
Torsion 2 B,^(IR) A u (IR) 
Sym. s t r . A,g(R) Ag(R) (R) 

Antisym. s t r . B,^(IR) g (IR) 

Deformation 2u . B^^'dR) 2B (IR) 
Antisyra. t i l t 'B„ 

2u 3u 2B (IR) 
Symm. t i l t 2g + B^ '(R) 3g 2B (R) 

Both D2-̂  and 02-^ have the same a c t i v i t y so they cannot 

reasonably be separated. 
—1 

Above 500cm the r e are no bands i n the IINS spectra 
t h a t could be i n d i c a t i v e of s k e l e t a l v i b r a t i o n s . The strong 
band i n the IINS spectra assigned t o has two components 
at lower and higher frequency, t h a t are not f u l l y resolved 

—1 
from i t . The stronger band l i e s at 475cm w i t h the weaker 
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band at 400cm , and both have IR counterparts of medium-
strong i n t e n s i t y . These IINS bands are thus assigned to 
the antisymmetric t i l t ( a t 'v475cm~'^) and antisymmetric 
s t r e t c h ( a t '-400cm'" ) and t h i s i s reasonable on i n t e n s i t y 
grounds since the t i l t is a doubly degenerate mode. No 
s p l i t t i n g was apparent i n the IR of the t i l t . 

At lower frequency i n the IINS spectra there are two 
—1 

medium-strong bands of which the stronger i s at 303cm 
i n (PdAl2Gl^GgHg)2 and 315cm~'' i n (PdAlCl^CgHg)2' These 
bands are assigned t o the doubly degenerate symmetric t i l t . 

An analogous Raman band was found i n (PdAl2Clr;Gg^Hg)2 at 
—1 

315cm~ . (No Raman spectrum was successfully run f o r 
(PdAlCl^GgHg)2). A breakdown i n the s e l e c t i o n r u l e s may 
have occurred since weak IR bands are also found at these 
frequencies. This may be a s o l i d state e f f e c t . The weaker 

—1 
IINS band at 230cm i n both compounds i s assigned t o the 
s i n g l y degenerate symmetric s t r e t c h . A Raman band was found 
at 235cm"'^ i n (PdAl2Glr;GgHg)2 of medium i n t e n s i t y and an 
IR analogue was also found. 

The doubly degenerate deformation, an antisymmetric 
mode i s assigned t o the 147cm"'^ (PdAlGl^GgHg)2 band and the 

~1 
170cm" f e a t u r e i n (Td^Al^Glr^C^E^)^. Both have medium-strong 

- • I 
IR components at 145 and 168cm . I n the former case the 
stronger IINS band appears at 147cm but using the curve 

-1 ' -1 r e s o l v e r i t i s centred at 125cm with the 147cm peak 
—1 

due t o a weaker component. The analogue of the 125om 

(PdAlCl^CgHg)^ band i s at 135cm"'' i n (mAl^Clr^C^E^)^' They 
are assigned t o the out-of-phase t o r s i o n ( t o r s i o n 2 ) . The 
IINS i n t e n s i t y of the t o r s i o n a l bands i s us u a l l y greater than 
the deformation. The in-phase t o r s i o n ( t o r s i o n 1) i s 
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t e n t a t i v e l y assigned t o the lower frequency IINS bands at 
75-80cm"'''. 

In the IN4 spectrum' (0-83-8°), Figure 7.23 , the very 
—1 

strong band at 22cm could w e l l be an a r t i f a c t since i t 
i s absent from the other spectrum ( 0= 133.9°). Table 7.30 
l i s t s the IINS data on the two bis-arene complexes w i t h 
the other w e l l - s t u d i e d bis-arene, (C^E^)^Gr. The assign­
ments are s u r p r i s i n g l y comparable even though the bonding 
s i t u a t i o n s are not. 
Table 7.30: V i b r a t i o n a l Comparison of Bis-Arene Complexes 

V i b r a t i o n 
(CgHg)2Cr 
IR/R am an 
(71,72) 

(PdAlCl^CgHg)2 

(This World 

(PdAl2Clr;CgHg)2 

(This work) 

Antisymmetric 
s t r e t c h 

490 406 397 

Symmetric 
s t r e t c h 

277 235 227 

Antisymmetric 
t i l t 

459 474 473 

Symmetric 
t i l t 

335 315 303 

Deformation 171 147 170 
Out-of-phase 
t o r s i o n 

152 125 135 

>16 409 430 439 

% 604 615 620 
^ 1 794 798 782 

^ 0 811 - 874 

Vi7 - 981 975 

^1 - - 1005 

^ 8 999 1030 1030 
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The analysis of the vibrations f o r the two compounds 

has shown that they can be described i n 02-^ synmetry terms 

though the ̂'̂ 2̂ *̂ 6'̂ 6'̂ 2 '̂'̂ '̂̂^ could be described i n D^-^ 
symmetry. 

I t i s possible to calculate the torsional barriers, 
or at least the effective force constants of the internal 
and external f i e l d s i n the same manner as (Cr^Er))^TaGl^, 

? ? "P using the derived equations - ^ 2 = VjN and 

6t> 
2 1 ' % 

'2*" = -"̂ -̂-̂  where co^ = out-of phase torsion and ̂ 2 = 
-40 2 

in-phase t o r s i o n . With the I-^ value of 295 x 10 gem , 
the effective force constant of the internal and external 
f i e l d s can be calculated. Further, i f the m u l t i p l i c i t y i s 
estimated to be 6 then the actual barrier V-j- and V-g can be 
estimated i n each case:-

(kJmol"^) 
Internal 
f i e l d 

Barrier 
\ 

External 
f i e l d 

I I 0 

Barrier 

i,PdAlGl^CgHg)2 331 9.2 368 10.2 

(Pdi l2Clr^CgHg )2 440 12.2 366 10.2 

The temperature of our study using IN4 was 10K. A 

related X-ray study of the ro t a t i o n a l disorder observed i n 
solid (PdA3.2Clr7CgHg)2 (22) was carried out at 173K. The 
authors estimated that the energy difference between the 

o 1 two orientations, 30 apart, was not more than 0.5kcalmole"" 
(2.1kJmol) from the probabilites of the occurrence of any 
one p a r t i c u l a r orientation i n the X-ray study. I f the 
m u l t i p l i c i t y , N, i s thus 12 i n the case of (Pdil2Clr7CgHg)2 

( i e 3 0 ° jumps) then the int e r n a l barrier to rotation i s 
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estimated to be 3.1kJmol" using the IINS data (10K) which 
i s not too dissimilar from the estimate from the X-ray data 
(-173K) (22). 

7 .11 Conclusion 

This short section indicates that there are a number 
of trends that can be seen to run through the results of 
t h i s study of benzene complexes. Table 7 . j 1 _ l i s t s the 
frequencies of v>g and Ô ^ (benzene intramolecular 
modes) the t i l t s , stretches, deformations and torsions 
(benzene-system skeletal modes) and, where the torsions have 
been confidently assigned, the effective force constants 
'and the barrier to r o t a t i o n , about the benzene z axis. 
(The skeletal bands of the two Pd compounds are not l i s t e d 
because they d i f f e r due to coupling). A b r i e f comparison 
i s made with the well studied CgHgM(CO)j complexes ( 7 3 ) • 

Though the results can be studied i n greater depth, the 
main trends from the frequencies l i s t e d are that as 1)^^ i n ­
creases down i n the table, from that found i n solid benzene 
(700cm"^ ) to that found i n (RuCl^G^E^)^ (870cm"'', an increase 
of 24%):-

(a) l i^g, another out-of-plane mode, also increases but 
the increase i s more modest ("^9%). (An anomaly l i e s 
at 384cm""'̂  i n CgHgCo^(CO)g) 

(b) No similar trend was observed i n the frequency of the 
in-plane mode, 0 though they generally increased 
by up to 5.5% (except f o r ^ ̂  on CgHgW(CO)^ at 600cm"'''). 

(c) The frequency of the t i l t would also appear to increase 
down the table and as t h i s takes place the int e n s i t y 
of t h i s doubly degenerate bond also r i s e s . In 
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(SbGl^)2CgHg i t has weak IINS in t e n s i t y whereas i n 
the (RuX2CgHg)2 complexes i t has approximately the 
same i n t e n s i t y as ̂ ^g-

(d) The frequency of the stretch mode varies i n frequency 
—1 

within the 183-301cm region. No trend i s found 
but i n the weak complexes i t can be at higher frequency 
than the t i l t and i n the stronger complexes i t i s at 
lower frequency. 

(e) Unfortunately there are not enough data to analyse 
confidently f o r the deformation and torsion modes but 
t e n t a t i v e l y the deformation mode would appear to 
increase i n frequency. 

( f ) F i n a l l y there would not appear to be any trend i n 
the IINS band i n t e n s i t i e s of ^ ^ i ^ ^ g and i n the 
systems studied 
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C H A R T E R 8 

An IINS Study of Benzene Adsorbed 

on Ag and Na13X Zeolites 
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8.1. Zeolites; A General Introduction 

I t i s well known that the a c t i v i t y of the heterogenous 
catalysts, zeolites and metals, i s centred i n the cavities 
and tunnels and on the surface interface. This study concerns 
the interaction between benzene, a simple arene which plays 
a major part i n c a t a l y t i c reactions as a main or secondary 
reactant or as an intermediate or product, with zeolite cages. 
The zeolite forms chosen are Nal3X and the 100% s i l v e r exchanged 
form, hereafter called Ag13X. 

Zeolites form a diverse group of porous c r y s t a l l i n e 
adsorbents with an aluminosilicate skeletal framework which 
occur i n nature but have been augmented by the more important 
group of synthetic zeolites. 

The uses of synthetic zeolites are manifold i n industry 
and research. For example, they are widely used as adsorbents 
and drying agents f o r gases and liquids and as sieves i n the 
separation of d i f f e r i n g molecules and the p u r i f i c a t i o n of 
mixtures. Due to t h e i r high cation-exchange capacities they 
can show s e l e c t i v i t y i n ion-exchange reactions and also exhibit 
high a c t i v i t y as catalysts i n various reactions. Over the 
years a number of general a r t i c l e s on zeolite properties have 
been published (1-4). 

8.2. Zeolites; Structures 

The building block of the zeolite skeleton i s the t e t r a -
hedral u n i t formed by four oxygen atoms with a s i l i c o n or 
aluminium atom at the centre. Each oxygen atom has two 
negative charges whereas the s i l i c o n and aluminium atoms have 
four and three positive charges respectively. Thus with the 
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s i l i c o n atom at centre of the tetrahedron e l e c t r i c a l neu­
t r a l i t y i s formed. However, with each aluminium atom i n 
the tetrahedral network, the neutrality must be balanced 
by a cationic charge. These additional ions are rather 
loosely held and may be exchangeable. 

The general formula of the zeolites i s \/^(^^2\^^^^2\' 

ZE^O where y/x i s i n the range of 1 to 5 and n is the cation 
valency. The framework forms a honeycomb structure, with 
long-range order, made up of SiO^ and AlO^ tetraJaedra. Poly­
hedral units such as cubes, prisms, cubo-octahedrons etc can 
be made up producing i n t e r n a l voids int o which guest molecules 
may diffuse and possible reside by bonding. 

Many zeolite types exi s t , both naturally and syntheti­
c a l l y , however, only a few are of i n d u s t r i a l importance. The 
s t a b i l i t y of zeolites i s a very important factor since many 
uses need a framework free of guest molecules, such as water, 
and thus tae framework must be able to survive a process such 
as dehydration without skeletal collapse. 

The zeolite type used i n t h i s study i s a synthetic form 
whose structure compares favourably with the naturally 
occurring mineral f a u j a s i t e (1,5,6,7). The 13X zeolite has 
the following general forraula Mgg(Al02)gg(Si02)-j^Qg .ZH2O where 
M i n t h i s study i s chosen to be Na"*" or Ag'^ with an Si/Al r a t i o 
of 1.23. Many other exchangeable forms do exist. A t y p i c a l 
value of Z, the water content, would be 264. I f the Si/Al 
r a t i o was increased or decreased the number of ca t i o r ^ f o r 
e l e c t r i c a l n e u t r a l i t y would decrease or increase respectively. 

The X-type structure has cubic symmetry and consists 
of combinations of truncated octaiiedra and hexagonal prisms 
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so arranged to produce large voids. Each truncated octa­
hedron consists of 24 s i l i c o n or aluminium atoms at the 
vertices interconnected with 36 oxygen atoms and has 6 
square faces and 8 hexagonal faces of which 4 are connected 
to other hexagonal faces of the four nearest truncated 
octahedra forming 4 small hexagonal prisms. These prisms 
consist of 12 s i l i c o n or aluminium tetrahedra. This arrange­
ment of truncated octahedra and prisms forms a large cavity, 
known as a supercage, which has four large windows opening 
i n t o four tetrahedrally arranged similar supercages. One 
supercage with attendant octahedra and prisms i s shown i n 
Pigure 8'1 ( 8 ) . There are eight supercages per unit c e l l 
and each c e l l occupies approximately 15000^^. 

The zeolite chosen i n t h i s study has a low Si/Al r a t i o 
and thus a high proportion of cations are necessary. These 
cations can be found i n various sites i n the unit cell and 
Pigure 8«2 (9) shows a supercage-octahedron-prism moiety 
with various sites i d e n t i f i e d , though not a l l have been , 
crystallographically found. Pigure 8.2 shows the vertices 
of the tetrahedral u n i t s , ie the aluminium and s i l i c o n atoms, 
whereas the i n t e r l i n k i n g oxygen atoms l i e off the straight 
lines drawn j o i n i n g the vertices. With the high number of 
ions present, a large number of the various sites should be 
occupied. Table 8«1 shows the site occupancies and the 
types of s i t e available to the cation i n a dehydrated Nal3X 
and K13X sample (7). These cation positions can also vary 
r a d i c a l l y with the degree of dehydration. Since only dehy­
drated samples are used i n these experiments, i t i s f e l t a 
comparison with hydrated zeolites i s not necessary. 
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cubooctahedron hexagonal 
prism 

supercoge 

\ 

Figure(8.1) 
Model ofafaiujQsitestructure (81 
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Gubooctahedron 

supercage hexagonal 
prism 

Figure{8.2) 

Cation positions in Faujasites(9) 

Figure(8.3 ) 

Fbssiblearrangement of benzene 
molecules inaFaujasite supercaqe-(27) 
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Table R.l; Cation Site Occupancies i n Nal3X and KI3X 
• Zeolites (dehydrated) 

Site Type of Site 
No. of cations per unit c e l l 

Site Type of Site 
Nal3X KI3X 

1 Inside hexagonal prism 4 9.2 

1' Inside truncated octahedra 32 13.6 

2 Inside supercage 32 25.6 

3 Between truncated 
octahedra and supercage 

4 

38.2 
4 Between hexagonal prism 12 
5 and supercage 

A further comparison can be made with Na"̂ , K"*" and 
Ag"*" positions i n Y zeolites. Y zeolites are a synthetic 
type, similar to X zeolites, and are also based on the 
fauQasite structure. The main difference between X and Y 
zeolites exists i n the cation d i s t r i b u t i o n about the various 
sites i n the u n i t c e l l . Table 8.2 shows the occupancy of 
sit e s 1, 2 and 3 of the Na"*", K"̂  and Ag"̂  cations (10). The 
number of s i t e 2 positions drops from Na"*" through to Ag"*" 
whereas the trend i s vice versa i n s i t e 3 positions. 

Only those cations which l i e in the supercages or i n 
the windows of the supercage are involved i n t h i s study of 
benzene adsorbed i n Nal3X and Agl3X zeolites because benzene 
cannot enter the truncated octahedron or the hexagonal prism. 
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Table 8.2: Cation Positions i n Various Y Type Zeolites 

No. of Cations Pound Per Unit Cell 
Site Na+ . K+ Ag+ 

1 30 . 30 28 
2 19.5 14 10 

3 7.5 12 16 
Total 
found 56 56 54 

Benzene has a length of 7.42. though i t could possibly f i t 
through a 6.5^ hole, and t h i s size constraint only allows 
movement in the supercage. So sites 1 and 1 are not used 
leaving sites 2 and the less localized sites. The s i t e 
5, 4 and 5 cations probably exist further into the superc 
and, thus, interact to a smaller extent with the supercage 
walls than the s i t e 2 cations. As a r e s u l t any interaction 
with a guest molecule w i l l be weaker with a s i t e 3, 4 or 5 
cation than with a s i t e 2 cation. 

No crystal structure studies of the AgX zeolite have 
been carried out. H wever, the studies of Yates ( 11 ) and 
Huang ( 1 0 ) have'led to an> estimate of the cations lying i n 
specific adsorption sites from studies of ethylene and 
carbon monoxide adsorption. They are that 2Ag"'" are i n SI 
positions, none in SI positions, 4.75 are distributed on 
the supercage walls i n S3, S4 and S5 positions on 4 are in 
the hexagonal windows i n s i t e 2 positions. 
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8.3• Benzene/Zeolites; Previous Work 

( i ) Adsorption/Desorption Studies 

A temperature programmed desorption of benzene from 
NalJX z e o l i t e found two desorption maxima at 7 5 ° and 160° 
implying t h a t possibly two forms of adsorbed benzene were 
present i n the supercages ( 1 3 ) • 

Adsorption isotherm data was recorded f o r various 
benzene/zeolite I3X systems and i n a l l cases the benzene 
was r a p i d l y adsorbed at low pressures (14 , 1 5,16 , 1 7 ) -

C a l o r i m e t r i c adsorption data (15) was used t o study the 
possible 7 r - i n t e r a c t i o n between the benzene and the cations, 
the l o c a l i z a t i o n of the cati o n and the i n t e r a c t i o n s expected 
between benzene molecules i n the same cage. The heat of 
adsorption of benzene was found t o be greater than t h a t of 
n~hexane and i t was suggested t h a t t h i s was due to a ^ - i n t e r ­
a c t i o n between the benzene and the cations i n the supercages. 
As the benzene coverage was increased, the heat of adsorption 

(^H ) remained constant t i l l * 4 benzene molecules were au s. 
adsorbed per superc^e then 4H^.^ f e l l t i l l •"5 .5 benzene 

au s • 
molecules per supercage had been adsorbed. I t was postulated 
t h a t the f i n a l ~ I . 5 benzene molecules per supercage were 
not forming -bonds t o the S2 cations though they may have 
i n t e r a c t e d w i t h the non-localized cations forming weaker bonds. 
( i i ) K i n e t i c Studies 

The s o r p t i o n c a v i t i e s of Nal3X were found to be r e a d i l y 
accessible t o benzene (18) and the r a t e of d i f f u s i o n was 
found t o be determined by d i f f u s i o n through the i n t r a c r y s -
t a l l i n e secondary pores between the supercages. A comparison 
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between CaX and NaX z e o l i t e s was c a r r i e d out by using 
benzene k i n e t i c and adsorption data (19). I n CaX,.an 
i s o s t e r i c break occurred i n a p l o t of 4H , against cover-

3.C1 S • 

age. at 3 C ^ H ^ u p e r c a g e whereas ^H^^jg rose very s l i g h t l y 

i n NaZ t i l l approximately 4 benzene molecules were adsorbed 

per supercage. The Ca^^-C^E^ i n t e r a c t i o n was found to be 

twice as str-)ng as the 'Na^-C^E^ i n t e r a c t i o n . A benzene-

sodium - i n t e r a c t i o n was p r e f e r r e d to any other. 

( i i i ) C.N.P.O. C a l c u l a t i o n s 

The benzene-cation i n t e r a c t i o n energy was studied (20) 

using C.N.D.O.calculation. The benzene was found to p r e f e r 

t o be TT-bonded to Ka"^ and Mg"̂"̂  ions at d i s t a n c e s of 3.1 and 

2.3^ r e s p e c t i v e l y . 

( i v ) - N.M.R. Studies 

The majority of s t u d i e s of the CgH^/zeolite systems have 

been c a r r i e d out using the n.m.r. technique. 

The temperature dependence of the proton r e l a x a t i o n time 

of G^E-^^, ̂ 6^10' ^6^6 ^° ^al3X showed a marked s h i f t 

of the minimum to high temperatures i n the above order (21). I t 

.was postulated t h a t the molecules were, adsorbed s p e c i f i c a l l y 

at the c a t i o n s i t e s but by a s i n g l e ;r-bond i n each case whereas, 

with cyclohexane, the adsorption s i t e was not l o c a l i z e d . 

Benzene had i t appeared, a more r e s t r i c t e d r o t a t i o n than the 

other .. adsorbed molecules. 

;:' The behaviour of the proton magnetic resonance of adsorbed 

benzene .in the supercages of f a u j a s i t e s was measured (22). 

At low temperatures evidence ind i c a t e d that at low coverages 

the adsorbed benzene rot a t e d about a C2 a x i s i n the plane of 
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the molecules. T h i s would take place with r e l a t i v e ease 
i f the benzene was bonded to Na"*" ions by a s i n g l e CC ̂  -bond 
as suggested ,in ( 2 1 ) . At higher coverages, 5.4 benzene 
molecules per supercage, t h i s r o t a t i o n was hindered and a 
s i x - f o l d 3?otation took place implying that benzene was 
bonded to the. sodium which l a y on the s i x f o l d a x i s immed­
i a t e l y below the arene r i n g . At higher temperatures an 
a d d i t i o n a l m o b i l i t y was observed i n d i c a t i n g that Jumps were 
ta k i n g p l a c e between benzene sorption s i t e s . 

Wide l i n e proton n.m.r. s p e c t r a l measurements were 

c a r r i e d out on benzene adsorbed on NaX and NaY z e o l i t e s at 

77K ( 2 3 ) . The second moment of benzene was found not to 

be dependent on coverage (between 0 = 0 . 2 — 0 . 8 5 ) . T h i s was 

accounted f o r by a s i x f o l d r o t a t i o n of benzene and an i n t e r ­

a c t i o n between the sodium ions and the aromatic ;r-electrons. 

I t was thought the a l t e r n a t i v e 2-fold r o t a t i o n models postu­

l a t e d i n ( 2 1 , 2 2 ) would give a marked intermolcular c o n t r i ­

bution, to the second moment and were thus dismissed. Further, 

C.N.D.O. c a l c u l a t i o n s i n f e r r e d that a CgHg-Na"^ i n t e r a c t i o n 

would be p r e f e r r e d with the sodium l y i n g below the benzene 

on a s i x . f o l d a x i s . 

An.n.m.r. study of benzene adsorption dependence on the 

type of c a t i o n i n f a u j a s i t e s found t h a t Câ "*" formed a stronger 

i n t e r a c t i o n , t h a t 'Na!*" with benzene ( 2 4 ) . La^"*" z e o l i t e s con­

tai n e d no benzene-La^"*" i n t e r a c t i n g s p e c i e s since La.^ was 

not found i n the supercages. There appeared to be more mobil-
•. • • • O 

i t y i n t h e C a . z e o l i t e s after, approximately 3 benzenes had 

been adsorbed. F u r t h e r m o b i l i t y was found with high S i / A l 

r a t i o z e o l i t e s due to the l a c k of f i x i n g ions. 
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A l a t e r paper (25) by Lechert et a l , contrary t o 
e a r l i e r work (22) which had postulated t h a t from ^=0 t o 0.8 
the benzene was adsorbed v i a a single C=C i n t e r a c t i o n w i t h 
Na"*", found t h a t at a l l coverap;es the benzene ro t a t e d about 
a s i x - f o l d a x i s . This was, once again, shown by C^^ n.m.r. 
t h e o r e t i c a l s h i f t c a l c u l a t i o n s t o be corre c t due t o the 
pr e f e r r e d model of the overlap of fr e e cation electron 
o r b i t a l s w i t h the o r b i t a l s of the benzene (26,8) Lechert 
et a l went on t o discuss f u r t h e r n.m.r. r e s u l t s and showed 
t h a t above 200K most benzene m o b i l i t y i n Nal3X took the 
form of t r a n s l a t i o n a l d i f f u s i o n , at 200K or less i n t e r c a v i t y 
motion took place whereas at much less than 200K r o t a t i o n 
about a s i x - f o l d axis was the only form of motion (27).When 
the coverage was l e s s than 4 benzene molecules per supercage 
( i e when each benzene was bonded to a c a t i o n ) Jumps took 
place between S2 s i t e s and the Jumps were preceeded by a 
t i p p i n g motion about a two f o l d axis. The arrangement of 
4 benzene molecules i n s i d e a supercage above the S2 . cations 
i s p i c t u r e d i n Figure 8.3 according t o Lechert et a l who 
went on t o discuss the p o s i t i o n of the remaining -v 1.5 benzene 
molecules i n the supercage when sa t u r a t i o n took place. Three 
models f o r p o s i t i o n of the f i f t h molecule were discussed: 
l y i n g i n the centre of the supercage or l y i n g perpendicular 
or p a r a l l e l t o the plane of a window between two supercages. 
The c o n t r i b u t i o n s of the second moment of the nuclear-proton 
resonance were cal c u l a t e d and compared w i t h experimental 
r e s u l t s and evidence was overwhelmingly i n favour of the 
f i f t h benzene molecule l y i n g p a r a l l e l t o the supercage window. 
This p o s i t i o n would also allow a s i x t h molecule t o f i t i n t o 
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the supercage. The p o s i t i o n of the f o u r l o c a l i z e d Na'̂ -CgĤ ^ 
moieties and the f i f t h benzene molecule are depicted w i t h i n 
the supercage i n ̂ Figure 8.3' 

( v i ) V i b r a t i o n a l Spectroscopic Studies 

The f i r s t i n f r a - r e d v i b r a t i o n a l study was car r i e d out 
on benzene adsorbed i n sodium and calcium f a u j a s i t e s . This 
study looked at the sta t e and p r o p e r t i e s of the adsorbed 
molecules, the displacement of the v i b r a t i o n s , changes i n 
i n t e n s i t i e s and any infringement of the i n f r a - r e d s e l e c t i o n 
r u l e s ( 2 8 ) . On adsorption 0^g, a GC s t r e t c h i n g mode at 
1486cm~'^, was increased i n i n t e n s i t y t e n f o l d compared to 
other i n f r a - r e d bands. Also a band appeared at 730cm'""^ which 
was postulated t o tie>)-j^g, a forbidden in-plane r i n g deformation, 
Combination bands i n the 1800-2000cin~"'" region of benzene were 
also s h i f t e d t o higher frequency on adsorption. However, 
the i n f r a - r e d a c t i v e 0̂ _̂ , a CH out-of-plane deformation was 
d i f f i c u l t t o assign because of z e o l i t e framework bands i n 
the same r e g i o n . The authors went on t o suggest t h a t these 
changes were due t o the cation e l e c t r o s t a t i c f i e l d and the 
TT-electrons of the benzene i n t e r a c t i n g . I t was noted t h a t 

greater changes were found w i t h the calcium form than the 
sodium form. 

A more d e t a i l e d i n f r a - r e d study of benzene adsorbed on 
various type I z e o l i t e s was c a r r i e d out and no v i s i b l e 
d i f f e r e n c e was noted between Mg, Na, Zn, La, Ce, Ag and CoY 
types i n the measured range of 1400-31OOcm'"'^ ( 2 9 ) . The 
authors found t h a t the out-of-plane benzene vibrat iorB s h i f t e d 
t o higher frequencies whereas in-plane v i b r a t i o n s d id not 
s h i f t . S i m i l a r conclusions were gained from deuteration 
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experiments. The authors d i f f e r e d from (28) i n the i n t e r ­
p r e tation of the 730 and 1850cm~"^ bands, suggesting t h a t 
the former band was of z e o l i t e framework o r i g i n and t h a t the 
l a t t e r was due t o another combination band found at 1854-cm~'̂  
i n l i q u i d benzene. The authors admitted t h a t the TT-complexing 
model was a t t r a c t i v e but noted t h a t s i m i l a r s p e c t r a l changes 
occurred i n benzene on s o l i d i f i c a t i o n . They thus f e l t t h a t 
the cations were not involved i n br i n g i n g about these changes 
and s h i f t s . Further, since the same changes occurred when 
M"*" and M"*""*" exchanges forms were used, i t appeared t h a t the 
bonding must be s i m i l a r i n each case and t h a t the benzene-
benzene i n t e r a c t i o n s were of prime importance. 

A la s e r Raman study has been c a r r i e d out on a l k a l i X 
and Y type z e o l i t e s w i t h adsorbed benzene ( 3 0 ) . I t was noted 
t h a t sample fluorescence was d i f f i c u l t t o remove and sample 
cooling was necessary at low frequencies. The r e s u l t s i n d i c a t e d 
t h a t the r i n g breathing and in-plane v i b r a t i o n s moved t o 
lower frequency and t h a t the r i n g breathing mode,0-j^, formed 
a doublet which was b e t t e r resolved i n the z e o l i t e s w i t h the 
l a r g e r c a t i o n s , Cs"*" and Rb"*", than those w i t h K"*" and Na"*". On 
increasing the coverage, the band s p l i t t i n g occurred implying 
a second adsorption s i t e was available t o benzene i n the CsX 
and RbX types. Previous work had indicated t h a t the i n t e n ­
s i t i e s of the bands v a r i e d whereas the band p o s i t i o n s d id 
not, on increasing the coverage, and t h i s study corroborated 
t h i s a t high 0 . At low 0 , the CC bond s t r e n g t h appeared t o 
decrease due t o a drop i n frequency of the in-plane modes 
whereas the out~of-plane modes increased. I t was postulated 
t h a t the f i r s t two benzene molecules complexed t o cations i n 
s i t e 3 p o s i t i o n s then the f i n a l 5-4 benzene molecules 
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bonded i n s i t e 2 p o s i t i o n s , which i n Cs"*" and Rb"̂  types 
were obviously q u i t e e n e r g e t i c a l l y d i s t i n c t . This appears 
to be contrary t o a l l the e a r l i e r k i n e t i c , adsorption and 
n.m.r. work which implied the f i r s t f o u r benzene molecules 
were bonded s t r o n g l y on s i t e 2 sodium ions and t h a t the 
f i n a l 1-2 benzene molecules were weakly held i n p o s i t i o n 
over the i n t e r c a v i t y windows. The authors went on t o 
i n d i c a t e t h a t each of the f i r s t two adsorbed molecules may 
be bonded t o two cations then on f u r t h e r coverage the 
molecules only involve s i n g l e cation-benzene i n t e r a c t i o n s . 

8.4 . The Benzene-cation I n t e r a c t i o n 

The M'̂ '̂ '-benzene i n t e r a c t i o n i s expected t o d i f f e r when 
M i s Ag"̂  or Na"̂ . I f the e l e c t r o s t a t i c f i e l d at the aromatic 
nucleus i s increased on increasing the cati o n i o n i c radius 
i n the confines of the I3X supercage, then since the i o n i c 
r a d i u s of Ag i s 1.25A, a much more s p a t i a l l y extensive 
e f f e c t i s expected than w i t h Na"̂ , since i t has i o n i c radius 
of only O.97A, 

Further, the i n i t i a l Ti-bond between the f i l l e d 2p^ 
7 t - o r b i t a l s of the benzene and the ca t i o n o r b i t a l s of s u i t a b l e 
symmetry can lead t o a f u r t h e r enhancement of the bonding. 
The accumulated negative charge on the s i l v e r cation being 
back donated by the d o r b i t a l s of the cati o n t o the low l y i n g 
;r-acceptor o r b i t a l s of the benzene. This produces 7r-bonding 
and antibonding o r b i t a l s and hybridized metal o r b i t a l s . This 
model i s described i n terms of the Chatt-Dewar model ( 3 1,32). 

The removal of the benzene electrons from the 7t-bonding 
o r b i t a l s and the donation i n t o the ̂ r-antibonding o r b i t a l s 
tends t o weaken the C~C benzene bond and should p e r t u r b the 
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intramolecular benzene v i b r a t i o n s i n the Ag"̂  s i t u a t i o n 
f u r t h e r from the 'free ' benzene v i b r a t i o n s than found i n the 
Na'^system. Figure 8.4 shows the bonding concepts i n the 
Na"*" and Ag"̂  system. The b a r r i e r t o r o t a t i o n , created by 
the f i x i n g of the c a t i o n onto the z e o l i t e supercage waJ-1 and 
the f i x i n g of the benzene t o the c a t i o n , w i l l be a f u n c t i o n 
of the degree of TT-bonding. Thus, a less hindered r o t a t i o n 
about the Ĉ  axis would be obtained i n the Na"*" z e o l i t e than 
i n the Ag"*" analogue due t o s i g n i f i c a n t TT-overlap i n the 
l a t t e r case. I t must be noted t h a t t h i s simple model neglects 
other i n t e r a c t i o n s t h a t may be possible i n the z e o l i t e super-
cage, e.g. the ^Q^ji^^zeolite i'^'tei'action. 

8.5. E'al3X and Benzene 

8 . 5 . 1 . Experimental and r e s u l t s 

The type X z e o l i t e was dehydrated and treated as discussed 
Chapter 3» Incoherent i n e l a s t i c neutron s c a t t e r i n g spectra 

of benzene adsorbed on Nal3X z e o l i t e were measured. The 
dehydrated z e o l i t e , before adsorption was nearly transparent 
t o neutrons, thus on adsorption, the t o t a l sample s c a t t e r i n g 
cross-section increased due t o the hydrogeneous adsorbed 
m a t e r i a l . The Nal3X was white before adsorption and became 
white-grey on benzene adsorption. This contrasted w i t h the 
Ag^3X z e o l i t e , which was l i g h t grey before dehydration. Pre-
treatment produced a b r i g h t yellow colour which became grey-
white on benzene adsorption. 

The IINS measurements of the Nal3X/CgH(D)g system were 
c a r r i e d out on the t i m e - o f - f l i g h t and b e r y l l i u m f i l t e r detector 
spectrometers at A.E.R.E. Harwell. The 4H5 experiment was 
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recorded at II3K whereas the BFDDIDO and BFDPLUTO spectra 
were recorded t a l i q u i d n i t r o g e n temperature. A l l the 
spectra were analyzed and had the z e o l i t e background 
subtracted. Table 8.3 i n d i c a t e s the experiments c a r r i e d 
out 

Table 8.3: ICTS Experiments on the Ii[a13X/Benzene System 

Adsorbate Spectrometer Temp. 
(K) 

Over pressure 
of benzene 

( t o r r ) 
Approx. No. 
of CgHg per 
supercage 

^6^6 BFDDIDO 77 30 3 

^6^6 BFDDIDO 77 100 5.4-

^6^6 4H5 113 30 3 

^6^6 4H5 113 100 5.4-

^6^6 BFDPLUTO 77 100 5.4-

Figure 8.5 shows the two BFDDIDO protonated adsorption 
spectra. Figure 8.6 depicts the BFDPLUTO deuterated 
adsorption and Figure 8.7 the P(a,/}) data p l o t t e d against 
energy t r a n s f e r at a s c a t t e r i n g angle of 82° f o r the NaL3X 

background only, Nal3X+'^3 benzene molecules per supercage 
and Nal3X +'^5.4 benziene molecules per supercage (before 
background s u b t r a c t i o n ) . I t w i l l be noted t h a t i n Figure 8.7 
the spectiun of the Nal3X background and a f t e r '^3 benzene 
molecules per supercage had been adsorbed appear very much 
the same, i n contrast t o t h a t w i t h 5.4 benzene molecules 
adsorbed per supercage. I t cannot be concluded t h a t the 
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adsorption had not taken place since there was a small 
colour change a f t e r adsorption. Further, the z e o l i t e 
sample appeared saturated w i t h benzene a f t e r the second 
adsorption t o 5 - 4 - benzene molecules per supercage. However, 
no s i g n i f i c a n t s c a t t e r i n g was found due t o the adsorbed 
benzene only ( 3CgHg/supercage) a f t e r the ]!Ial3X background 
had been subtracted. No explanation can be offered f o r 
t h i s . Figure 8.8. shows the P(a',^) data at the higher 
benzene coverage ( " 5.4CgHg/supercage) w i t h the Nal3X back­
ground subtracted. Table 8.4 shows the data acquired from 
these experiments. 

From the exact q u a n t i t i e s of benzene adsorbed by the 
various samples, o v e r a l l , s a t u r a t i o n of the z e o l i t e super-
cages occurred at ~5«4- benzene molecules i n accordance w i t h 
previous published data. 

8.5*2. Discussion 

I t would be reasonable t o expect t h a t the i n t r a ­
molecular benzene v i b r a t i o n s would not be perturbed t o any 
great extent from those found i n 'free' benzene. This 
a r i s e s because of the type of n - i n t e r a c t i o n t h a t i s l i k e l y 
t o take place between the sodium cation and the benzene and 
also due t o the possible long Na-C^Hg (plane) distance of 
'«3.1A ( 2 0 ) . This makes the I^a-C^^^^g^-j distance 3.42. 
which can be compared w i t h the I^-OQ^JJ^ distance i n the weak 
benzene TT-complexes discussed i n Chapter 7 (3*59^ i n 
MHg2(SCN)gCgHg and 3-0-3.5^ i n (SbClj)2CgHg). This weak 
i n t e r a c t i o n arises from the l a c k of sodium 'd' o r b i t a l s . 

S u r p r i s i n g l y , no changes are found at a l l i n the two 
spectra recorded at d i f f e r e n t Ĉ Ĥg coverages, i n Figure 8.5» 
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Table 8.4; TINS V i b r a t i o n a l Features of C^H^ and Ĉ D̂  
Adsorbed on Na13X Z e o l i t e 

Adsorbed C^H^ Adsorbed 
C6D6 

3 CgHg 5.4 CgHg adsorbed 5.4 CgDg 
adsorbed 

per 
per supercage adsorbed 

per 
Assignment 

supercage supercage 
BFDDIDO BFDDIDO 4H5 BFDPLUTO 
(77K) (77K) (110K) (77K) 

38(m) Torsion (in-phase) 
75(s) 75(s) 73(s) Torsion ( o u t - o f -

phase) 
148(sh) 148(sh) 160(m) 93(vs) Deformation 

2l9(w) 2l9(wm) . 
177(ni) 
2lO(ssh) 

T i l t 
S t r e t ch 

4 l 4 ( s ) 414(s) 374(ms) 
427(ms) 

v^g o/p Ring Def. 
Overtone band 
(2 X 2l0cm-l) 

725(ms) 725(ms) 543(m) v^^o/p CHDsf. 
619(m) 619(m) 585(m) 

688(w) 
837(vs) 

^6 i / p Ring Def. 
v̂ Q o/p CH Def. 

'17''18'^15'^5 
-composite band 

i/p = in-plane, o/p = out-of-plane Def. = Deformation 
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I n both spectra ^ j^^i "̂ g and \>-̂ -̂  of the intramolecular 
v i b r a t i o n s can be assigned at 414, 619 and 725cm~"̂  from 
a comparison w i t h the JUTS spectra of benzene ( s o l i d ) and 
benzene organometallic complexes. I n s o l i d benzene these 
fundamentals were found at 401, 602 and 700cm~"''. The bands 
have therefore s h i f t e d by up t o 25cm~"̂  t o higher frequency 
on adsorption. Since the increase, i f s i g n i f i c a n t , took 
place at low and high coverage then i t can be postulated 
t h a t the e f f e c t of s t e r i c crowding, w i t h i n the supercage, 
due t o the increased loading of benzene, i s having a 
n e g l i g i b l e a f f e c t upon the intramolecular benzene v i b r a t i o n s . 
This i s contrary t o the suggestion by Angell and Howell 
(29) which was t h a t the changes i n the benzene spectrum were 
brought about by the benzene-benzene i n t e r a c t i o n r a t h e r 
than any benzene-cation or benzene-supercage w a l l i n t e r a c t i o n . 
Thus, i f the benzene-benzene i n t e r a c t i o n s had been para­
mount i n p e r t u r b i n g the benzene molecules then some change 
would have been expected w i t h an increase i n benzene cover­
age. 

Freeman and Unland (30) thought t h a t at low benzene 
coverage, i n a l k a l i monovalent cation X and Y type z e o l i t e s , 
the v i b r a t i o n a l bands p r i m a r i l y dependent on the C-C bond 
st r e n g t h , i e the in-plane r i n g v i b r a t i o n s , were lowered i n 
frequency on adsorption, and t h a t the out-of-plane v i b r a t i o n s 
increased i n frequency. These trends were also discussed 
by Angelland Howell (29). I n the present study the three 
assigned i n t r a m o l e c u l a r v i b r a t i o n s a l l increased i n frequency 
i n c l u d i n g the in-plane r i n g deformation which increased 
from 606 t o 6l9cm~"^. However, i t must be noted t h a t Freeman 
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and Unland r e p o r t e d i n t h e C^E^/EaX. system a t 607cm'""'", 

c o n t r a r y t o t h e i r p r e d i c t i o n s . 

Abramov e t a l ( 2 8 ) a s s igned x)-]̂ -̂  i n t h e CgH^/WaX system 

•using i n f r a - r e d s p e c t r o s c o p y a t 692cm""'' and a band a t 731cm~"^ 

t o ^-^2 ( w h i c h has been s u b s e q u e n t l y ass igned 1010cm~"^ ( 2 9 ) . 

A n g e l l and H o w e l l ( 2 9 ) sugges ted t h a t the 730cm~"^ band was 

a z e o l i t e i n f r a - r e d b a n d . However, s i n c e -0-^-^ can be q u i t e 

c o n f i d e n t l y ass igned a t 725cm~"'" f r o m these I I N S s t u d i e s , i t 

i s f e l t t h a t t h e ass ignment o f ^-^-^ and the z e o l i t e band 

s h o u l d be r e v e r s e d i n t h e work o f Abramov e t a l and n o t 

r e a s s i g n e d i n t h e manner o f A n g e l l and H o w e l l . 

A t l o w e r f r e q u e n c y i n t h e BFDDIDO s p e c t r a , t h e r e are 

weaker bands a t 75 , 148 and 219cm"''" w h i c h compare w i t h t he 

t i m e - o f - f l i g h t f e a t u r e s a t 38 , 73 and leOcm""^. The 4H5 

spec t rum was r e s o l v e d u s i n g t h e du Pont cu rve r e s o l v e r 

(mode l 3 1 0 ) . Due t o t h e shape o f the spect rum i n F i g u r e 8 .8 

a u n i q u e f i t t i n g c o u l d no t be a c h i e v e d . A band cou ld be 

c e n t r e d a t 73cm"^ s i m i l a r t o t he BFDDIDO band a t 75cm""'-. 

The s t r o n g e s t band c o u l d a l t e r n a t i v e l y l i e a t 38 or 73cm"^ 

depend ing on t h e p a r t i c u l a r f i t t i n g chosen . Due t o t he 

s t r o n g I I N S i n t e n s i t y o f these two bands , compared w i t h I I N S 

f e a t u r e s a t h i g h e r f r e q u e n c y , t h e y can be r e a s o n a b l y ass igned 

t o t h e two t o r s i o n a l bands expected f o r t h e systems s t u d i e d . 

Only one benzene o r g a n o m e t a l l i c compound, (PdAl2Clr7CgE^^, has 

been s t u d i e d ( C h a p t e r 7 ) where the in -phase and o u t - o f - p h a s e 

t o r s i o n s have been a s s i g n e d . The in -phase and o u t - o f - p h a s e 

t o r s i o n s a r i s e because t h e t o r s i o n s o f each benzene e n t i t y 

are coup led w i t h i n t h e m o l e c u l e . Thus t he b a r r i e r t o r o t a t i o n 

i n c l u d e s an i n t e r n a l and e x t e r n a l component. Due t o t h e 

l a r g e hydrogen a m p l i t u d e s o f v i b r a t i o n i n such, a v i b r a t i o n . 
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t h e s e "bands are fo-und t o have a s t r o n g I I N S i n t e n s i t y . 
F u r t h e r , t h e i n - p h a s e t o r s i o n can be ass igned a t l o w e r 
f r e q u e n c y t h a n t h e o u t - o f - p h a s e t o r s i o n . L e c h e r t and 
W i t t e r n ( 2 7 ) f r o m n . m . r . s t u d i e s r e p o r t e d t h a t benzene 
r o t a t i o n o n l y t o o k p l a c e about t he hexagona l a x i s below 
200K. 

The ass ignment o f t h e o t h e r s k e l e t a l m o t i o n s : t h e 

Na"^-CgHg d e f o r m a t i o n , Na'^'-CgH^ s t r e t c h and the doub ly 

degenera te t i l t mode i s more d i f f i c u l t . The low f r e q u e n c y 

band a t 148cm"^(BFDDID0)/160cm"^(4H5) c o u l d r e a s o n a b l y be 

ass igned t o t h e d e f o r m a t i o n mode. The t i l t and s t r e t c h may 

be f o u n d i n t h e 219Gm""^ b road f e a t u r e i n the BPDDIDO spect rum 

t h o u g h t h i s r e g i o n was n o t v e r y w e l l d e f i n e d i n the t i m e - o f -

f l i g h t s p e c t r u m . The weak n a t u r e of t h e 'Ea^-C^E^ complex 

a l l o w s i t t o be compared w i t h t he weak c l a t h r a t e type comp­

l e x e s (Chap te r 7 ) . The lOO-JOOcm""^ r e g i o n i n each i s v e r y 

s i m i l a r where t h e ass ignment o f the meta l -benzene t i l t and 

s t r e t c h become d i f f i c u l t due t o the l a c k o f I I N S i n t e n s i t y , 

u s u a l l y a s s o c i a t e d w i t h such mot ions i n complexes such as 

CgHgCr(CO)^ and (G^E^RuX^)^. Table 8.3 l i s t s the s k e l e t a l 

and l o w e r f r e q u e n c y i n t r a m o l e c u l a r benzene v i b r a t i o n s o f 

t hese r e l a t e d systems and i t can be seen t h a t t he s i m i l a r i t i e s 

a re e x t a n t . 

A f u r t h e r t e s t o f t h e ass ignments i s t o compare t h e 

r e l a t i v e i n t e n s i t i e s o f O-j^g, -0*̂  and -0-^-^ i n t h e I INS s p e c t r a 

o f t h e adsorbed s p e c i e s w i t h t h e r e l a t i v e i n t e n s i t i e s o f 

t h e s e bands i n s o l i d benzene and i n t h e o r g a n o m e t a l l i c spec i e s 

( C h a p t e r 7 ) w h i c h have comparable band f r e q u e n c i e s . 
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Tab le 8 . 5 : Comparison o f I n t r a m o l e c u l a r V i b r a t i o n i n 

V a r i o u s Q r g a n o m e t a l l i c Complexes, t h e E"al3X/ 

Benzene System and i n Benzene Only 

O 

•H 

M 

% 

OJ 

o 
o 

0^ 

o 

o 
o 
w 
o 

IX) o eg 

H 
O 

CQ 

<X) CD 

+ O 

Benzene 

Only 

gas l i q u i d s o l i d 

T o r s i o n 63 ( ? ) 66 

D e f o r m a t i o n 110 117 105 

S t r e t c h 287 282 223 

T i l t 227 202 269 

^16 ' 418 421 394 

^6 635 623 623 

^ 1 1 729 741 737 

65 

.124 

75 

148 

236 | 2 1 9 - - -
401 414 404 404 407 

615 619 606 606 607 

723 725 671 675 687 

T a b l e 8 . 6 shows t h i s compar ison where t h e r e l a t i v e i n t e n s i t i e s 

f o r t h e t h r e e bands , w i t h i n a p a r t i c u l a r system are expressed 

as a pe r cen t age o f t h e t o t a l i n t e n s i t y o f t h e t h r e e bands . 

A f u r t h e r compar i son i s made by comparing y)-^-^ and t he 

two s t r o n g e s t i n t r a m o l e c u l a r benzene v i b r a t i o n s . . 

O v e r a l l t h e compar ison o f t h e r e l a t i v e i n t e n s i t i e s o f 

'* ' l6 ' ^6 ^ 1 1 I I N S s p e c t r a of t h e weak benzene 

complexes , s o l i d benzene and t h e Nal3X/CgHg sys tem, i s q u i t e 

g o o d . T h i s adds f u r t h e r w e i g h t t o t h e above ass ignments and 

f o r t h e a s s e r t i o n t h a t t h e Nal3X/CgHg system resembles weak 
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complexes . The s l i g h t d i f f e r e n c e i n t h e CgH^/AglJX system 

i s d i s c u s s e d i n s e c t i o n 8 . 3 . 

Tab l e 8 . 6 : R e l a t i v e TINS I n t e n s i t i e s o f 0 ^ and 

•Qj^-^. i n V a r i o u s Benzene -Con ta in ing Systems (%) 

( L . C . = Low Coverage H.C. = H i g h Coverage 

System ^16 ^6 ^ 1 1 ^ 6 / ^ 1 1 

S o l i d Benzene 52 14 34 1.53 

WiHg2(SCn)gC^Hg 48 18 34 1 .41 

CoHg2(SCN)gCgHg 50 12 39 1.28 

CgH^(SbCl^)2 54 12 34 1.67 

CgHg + N a l J X : L . C . 56 8 36 1.56 

: H .C . 50 10 40 1.25 

CgHg + A g l 3 X : L . C . 36 12 51 0 . 7 1 

"" : H .C . 53 6 4 1 1.29 

(PdAlCl^CgH^)2 38 15 47 0 . 8 1 

(PdAl2Cl^CgHg)2 44 16 40 1.10 

The d e u t e r a t e d benzene expe r imen t produced s i m i l a r 

r e s u l t s . The deu te ro -benzene i n t r a m o l e c u l a r v i b r a t i o n s 

i n c r e a s e d f r o m those f o u n d i n t h e fi>ee non-complexed s t a t e . 

^ 1 6 ' ^ 6 ' ' ^ ^ l l "^10 i'^^^essed f r o m 351 ,579 ,497 and 663cm~^ 

t o 374 ,585 ,543 and 688cm~"'' r e s p e c t i v e l y on a d s o r p t i o n , a t 

t h e s a t u a r a t i o n coverage o f '« '5 .4 OgD^ per supercage . 

T a b l e 8 .7 shows t h e c a l c u l a t e d d e u t e r a t i o n s h i f t s i n benzene 

and i n t he adsorbed s t a t e . The r a t i o s o f t h e p r o t o n a t e d 

f r e q u e n c y t o t h e d e u t e r a t e d f r e q u e n c y are v e r y s i m i l a r i n 

each case . 
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T a b l e 8 . 7 : Frequency R a t i o s o f C^^H^ and C^D^ i n t he 

Vapour Phase and kTien adsorbed on to Iifal3X 

Z e o l i t e s 

W i l s o n 

No. 

Free Benzene 
( v a p o u r ) 

Frequency 
r a t i o 

^6^6^" 

^6^6 

Nal3X + Benzene R a t i o 
( a c t u a l ) 

^ 6 V 

^6^6 

W i l s o n 

No. 

^6^6 ^ 6 \ 

Frequency 
r a t i o 

^6^6^" 

^6^6 

-^^6^6 -^^6^6 

R a t i o 
( a c t u a l ) 

^ 6 V 

^6^6 

16 404 351 1.15 414 374 1.11 

6 606 579 1.05 619 585 1.06 ' 

11 • 671 497 1.35 725 543 1.34 . 

10 849 663 1.28 - 688 -

The I I N S band , i n F i g u r e 8 . 6 , a t 427cm"-'- cou ld no t be 

r e a s o n a b l y e x p l a i n e d , excep t as a c o m b i n a t i o n or d i f f e r e n c e 

band o r p o s s i b l y a second harmonic ( e . g . 2 x 219cm"'^). The 

l o w f r e q u e n c y bands a t 93 ,177 and 210cm"'^ c o u l d no t be ass ­

i g n e d w i t h c o n f i d e n c e due t o t h e l a c k o f d e u t e r a t e d benzene / 

N a l 5 X z e o l i t e t i m e - o f - f l i g h t d a t a . However, t h e s k e l e t a l 

b e n z e n e - c a t i o n v i b r a t i o n s d e r i v e d f r o m the r o t a t i o n a l degrees 

o f f r e e d o m o f t h e f r e e benzene can be e s t i m a t e d f o r t h e 

d e u t e r a t e d sys t em. The r a t i o s o f ^•^CqE^^^G^q^ 

t h e moment o f i n e r t i a o f t h e r o t a t i n g h y d r o c a r b o n about t h e 

x , y and z axes , can be used t o p r e d i c t t o expected s h i f t s on 

d e u t e r a t i o n . T a b l e 8 . 8 . shows the c a l c u l a t e d v a l u e s o f t h e 

moments o f i n t e r t i a and t h e r a t i o o f t h e p r o t o n a t e d and 

d e u t e r a t e d v a l u e s f o r t h e t h r e e t o r s i o n a l modes "^^c'^y ^ z* 
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t h e X , y and z Axes ( x 10"'^^gcm^) 
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Axes 
' ^ 6 ^ 6 \ \ R a t i o "^"^6^6 

' ^ 6 ^ 6 

X 2 9 4 . 7 355.8 0.828 

y 8 8 . 7 106.9 0.830 

z 8 8 . 7 106.9 0 .830 

Tab le 8 .9 shows t h e p r e d i c t i o n f o r t h e CgDg/Ma13X 

system compared w i t h t h e observed v a l u e s c a l c u l a t e d f r o m the 

r a t i o o f t he moments o f i n e r t i a . 

Tab l e 8.9^ Observed and P r e d i c t e d T o r s i o n a l F requenc ies 

For The Na13X/C^H(D)^ systems (cm"''-) 

T o r s i o n CgHg+Na13X CgDg+lTa13X 

Observed P r e d i c t e d Observed 

T - i n - p h a s e t o r s i o n 38 52 -
T : o u t - o f - p h a s e 

t o r s i o n 
73 61 -

' ' ^ \ T i l t 219 181 177 ' ' ^ \ T i l t 

Of t h e low f r e q u e n c y BDPPLUTO bands , F i g u r e 8 . 6 , a t 

9 3 , 177 and 210cm~"'', t h e band a t 93cra'""^ c o u l d be ass igned 

t o t h e d e f o r m a t i o n mode o f t h e N.a'^-CgD^ e n t i t y whereas t h e 

t o r s i o n a l bands can be e s t i m a t e d t o l i e a t l ower f r e q u e n c y 

beyond t h e r e g i o n o f t h e BFDPLUTO s tudy f r o m the p r e d i c t e d 
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—1 v a l u e s o f 32 and 61cm e s t i m a t e d i n T a b l e 8 . 9 . The 
177cm"^ I I N S band has g r e a t e r I I N S i n t e n s i t y t h a n t he 
210cm""'- band- T h e r e f o r e t h e doub ly degenera te t i l t c o u l d 
be ass igned t o t h e 177cm~-^ b a n d . T h i s i s r e a sonab l e s ince 
an e s t i m a t i o n u s i n g t h e CgHg/Na13X d a t a t e n t a t i v e l y p r e ­
d i c t e d a f r e q u e n c y o f 181cm"-'-. Once a g a i n t h e C^D^-Ea^ 
s t r e t c h i n g f r e q u e n c y i s ass igned a t t h e h i g h e r f r e q u e n c y 
of 210cm"'^. T h i s r e v e r s a l o f t he t i l t and s t r e t c h a s s i g n ­
ments was f o u n d i n (SbClg)20^H^ (Chap te r 7 ) . T h i s was a l s o 
t h e case i n Cu^(CFjC02)^ (C^E^)^, ano the r benzene o rgano-
raetallic s p e c i e s where t h e t i l t c o u l d be ass igned f r o m an 
I i n s s t u d y a t 2l9cra"'^ and t h e s t r e t c h a t 269cm"-'" ( u n p u b l i s h e d 
r e s u l t s ) . 

8 .6 -Ag13X + Benzene 

8 . 6 . 1 . E x p e r i m e n t a l and R e s u l t s 

The i n c o h e r e n t i n e l a s t i c n e u t r o n s c a t t e r i n g s p e c t r a o f 

benzene adsorbed on AglJX z e o l i t e were measured u s i n g t he 

I N 4 , BFDDIDO and BFDPLUTO s p e c t r o m e t e r s . Tab le 8 .10 l i s t s 

t h e e x p e r i m e n t s c a r r i e d ou t and t h e c o n d i t i o n s under w h i c h 

t h e y were r e c o r d e d . 

The measured maximum up take o f benzene, i n mo lecu le s 

pe r supercage , by t h e s i l v e r z e o l i t e was f o u n d "bo be 

a p p r o x i m a t e l y 4 . 5 . 

Only a l o w coverage o f benzene was measured u s i n g BFDDIDO. 

The r u n a t l o w cove rage , was c a r r i e d ou t i n a l i q u i d h e l i u m 

c r y o s t a t . On r e m o v i n g t h e sample f r o m the c r y o s t a t , t he 

sample , p r o b a b l y due t o some condensed n i t r o g e n w i t h i n t h e 

sample can caused by a l e a k i n g g l a s s - m e t a l s e a l , e x p l o d e d . 
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T a b l e 8 . 1 0 : I I N S E x p e r i m e n t s on the Ag13X/C^^H(D)^ System 

Adso rba t e Spec t rome te r Temp. 
( K ) 

Approx . No. 
o f benzene 
molecu les 
per supercage 

Over p r e s s u r e 
o f benzene 

( t o r r ) 

BFDPLUTO 77 2-3 . 10 

BFDPLUTO 77 s a t u r a t e d 50 

%\ BFDDIDO 15 2 5 

BFDPLUTO 77 s a t u r a t e d 100 

C^H^ b o IN4 6 2 . 6 100 

«6H6 IN4 6 4 . 5 100 

BFDDIDO r u n s were l a t e r c a r r i e d out i n a l i q u i d n i t r o g e n 

c r y o s t a t due t o t h i s p o s s i b l e e f f e c t . The JEM- expe r imen t 

was r u n a t 6K u s i n g an i n c i d e n t neu t ron energy o f 280cm"-'-. 

F i g u r e 8 .9 shows t h e BFDDIDO and BPDPLUTO s p e c t r a o f 

t h e p r o t o n a t e d benzene adsorbed on t h e Ag13X z e o l i t e a t 

l o w and h i g h coverage and F i g u r e 8.10 t he s p e c t r a f r o m a 

BFDPLUTO d e u t e r a t e d benzene a d s o r p t i o n e x p e r i m e n t . 

F i g u r e 8 .11 shows t h e P(a , /5) IN4 d a t a o f t he background 

and two benzene coverages and F i g u r e 8 .12 d e p i c t s t he two 

coverages o f benzene w i t h t h e ^13X background s u b t r a c t e d . 

A l l t h e IN4 s p e c t r a are f r o m t h e average s c a t t e r i n g angle 

o f 1 3 1 . 5 ° ( ave rage o f seven ang les 121^^-139.5°)• The s p e c t r a 

i n F i g u r e 8 . 1 2 have t h e p o i n t s above 15meV grouped i n t h r e e s . 

Tables 8 . 1 1 , 8 . 1 2 l i s t t h e r e l e v a n t d a t a f r o m t h e p r o t o n a t e d 

and d e u t e r a t e d e x p e r i m e n t s r e s p e c t i v e l y 
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T a b l e 8 . 1 1 : S p e c t r a l Ass ignments o f C^H^/Ag13X System 

( D a t a From BFDDIDO, BFDPLUTO, IN4 and 4H5) 

BPBBIDO BFDPLUTO IN4 IN4 Free 

2 ^ 6 % / s a t u r a t e d 2 . 6 CgHg/ s a t u r a t e d Benzene Assignment 

supercage supercage supercage supercage 

55(tii) 55(in) T o r s i o n ( i n 
phase) 

9 6 ( v s ) 9 2 ( s ) T o r s i o n ( o u t -
o f -phase) 

152(m) 145(wm) 169(m) 168(m) D e f o r m a t i o n 

193(m) 188(wm) 199(m) 197(wm) T i l t 

2 5 7 ( s h ) 271 (rash) S t r e t c h 

4 1 7 ( v s ) 4 l 3 ( v s ) 404 o/p R ing 
D e f o r m a t i o n 

611(m) 611(m) 606 i / p R i n g 
D e f o r m a t i o n 

7 2 5 ( v s ) 7 1 5 ( s ) 673 v^^ o/p CH 

D e f o r m a t i o n 

8 8 0 ( v s ) 8 6 6 ( s ) 849 ^ 0 
D e f o r m a t i o n 

i / p = I n - p l a n e o/p = G u t - o f - p l a n e 
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T a b l e 8 . 1 2 ; BFDPLUTO Da ta on C^D(,/Ag13X System (BFDPLUTO) 

' F r e e ' A p p r o x . S a t u r a t e d 

Benzene supercage Assignment 

Frequency supercage 

118(m) 114(m) D e f o r m a t i o n 

169(m) 173(m) T i l t 

257(wb) 264(wb) S t r e t c h 

345 370(m) 3 6 4 ( s ) "16 o/p Ring 
D e f o r m a t i o n 

503 5 2 2 ( s h ) 525(m) o/p Ch D e f o r m a t i o n 

579 574(m) 5 7 2 ( s ) V 
6 

i / p Ring 
D e f o r m a t i o n 

659 668(m) 662(m) V 
10 

808 ^18 

829 
838(mb) 8 1 6 ( s ) 

V 
5 

824 % 
787 ^ 7 

o/p = O u t - o f - p l a n e i / p = I n - p l a n e 
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8 . 6 . 2 . D i s c u s s i o n 

As i n t h e Na13X e x p e r i m e n t s , t h e Ag13X exper imen t s 

were des igned ( i ) t o s t u d y t h e e f f e c t o f benzene bonded 

t o c a t i o n s , p r o b a b l y i n s i t e 2 p o s i t i o n s i n the supercages . 

T h i s w a s ' a c h i e v e d by a d s o r b i n g enough benzene t o achieve 

"^2-3 benzene m o l e c u l e s pe r supercage . ( i i ) t o s tudy the 

e f f e c t on t h e n e u t r o n s p e c t r a o f s a t u r a t i n g t he supercage 

w i t h benzene. T h i s would have meant up t o 4 CgHg-Ag"' '(site 2 ) 

i n t e r a c t i o n s w i t h t h e excess molecu les e i t h e r a t t a ched t o 

s i t e 3,4 or 5 t y p e c a t i o n s i n l e s s l o c a l i z e d bond s i t u a t i o n s 

or l y i n g i n s i m i l a r p o s i t i o n s t o the excess 1.4 benzene 

m o l e c u l e s i n t h e Na13X supercage p a r a l l e l t o the supercage 

windows . However, i n t h e benzene a d s o r p t i o n on Ag13X i t 

was f o u n d t h a t t h e maximum up take p e r supercage was 4.5 

CgHg m o l e c u l e s . Thus t he second e f f e c t would have been 

n e g l i g i b l e due t o benzene on S3 , 4 or 5 p o s i t i o n s . T h i s 

c o n t r a s t e d w i t h t h e Na13X s t u d i e s where -^5.4 benzene mo lecu l e s 

were t a k e n up a t s a t u r a t i o n . Since t he h i g h e r coverage 

BFDDIDO spec t rum was n o t r e c o r d e d , i t had t o be r epea ted and 

t h i s t o o k p l a c e u s i n g BFDPL"[fTO a t a l a t e r s t a g e . Thus care 

has t o be t a k e n i n compar ing t h e two s e t s o f d a t a i n F i g u r e 8.9 

s i n c e two d i f f e r e n t samples , sample t e m p e r a t u r e s and s p e c t r o ­

meters were f a c i l i t a t e d . From the r e s u l t s , i t i s apparent 

t h a t the e f f e c t o f coverage i s q u i t e s m a l l upon t h e benzene 

i n t r a m o l e c u l a r v i b r a t i o n s as i n the case o f t he K'a13X e x p e r i ­

men t s . The o n l y change would appear t o be a decrease i n t h e 

s h i f t , f r o m t h e non-complexed f r e q u e n c i e s , a t h i g h e r coverage 

o f benzene. T h i s a p p l i e s o n l y t o t h e o u t - o f - p l a n e v i b r a t i o n s 

shown i n T a b l e 8 . 1 3 . These changes are v e r y s m a l l and may 
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n o t be s i g n i f i c a n t t hough t h e y are c o n s i s t e n t . 

Frequency Changes a t Low and H i g h Benzene 

Coverage on Ag13X Z e o l i t e Compared t o Free 

Benzene 

V i b r a t i o n 

D i f f e r e n c e f r o m ' f r e e ' Benzene (cm""^) 

V i b r a t i o n 
2.6CgHg/ 

supercage 

4 .5CgH^/ 

supercage 

*2^g( o u t - o f - p l a n e ) , +13 +9 

^g( i n - p l a n e ) +5 +5 

"l^^ ;̂  ( o u t - o f - p i an e ) +52 +42 

I^Q( o u t - o f - p l a n e ) +35 +21 

I t i s p roposed t h a t I f t h i s i s a r e a l e f f e c t t h e n t he 

p e r t u r b a t i o n t o t h e benzene molecu le must be caused by t h e 

71 - b o n d i n g t o t h e Ag"^ i o n s and t h a t i t would appear t o be 

r e l a x i n g somewhat a t h i g h e r coverage and, t h e r e f o r e t he 

benzene m o l e c u l e s are bound l e s s s p e c i f i c a l l y p o s s i b l e due 

t o i n c r e a s e d benzene-benzene i n t e r a c t i o n s a t h i g h e r coverage 

weakening t h e Ag-C^Hg bond . 

A r e l e v a n t compar ison i s between the Na13X and Agl3X 

z e o l i t e s . S u r p r i s i n g l y t h e r e i s l i t t l e d i f f e r e n c e between 

the two systems. T h i s p a r a l l e l s t he c o n c l u s i o n s o f A n g e l l and 

H o w e l l ( 2 9 ) who f o u n d a s i m i l a r s i t u a t i o n w i t h benzene adsorbed 

o n t o m o n o - , d i - and t r i v a l e n t c a t i o n exchanged z e o l i t e s . I t 

can be surmised t h a t t h e Na"̂  and Ag"*" c a t i o n s , i n t h e benzene / 

z e o l i t e sys tems , s t u d i e d by u s , are h a v i n g the same e f f e c t 
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upon t h e i n t r a - m o l e c u l a r benzene v i b r a t i o n a l modes. However, 

A n g e l l and H o w e l l suggested t h a t the c a t i o n s were no t 

n e c e s s a r i l y i n v o l v e d i n t h e i n t e r a c t i o n t h a t b r o u g h t about 

t he changes i n t he benzene s p e c t r u m . T h i s was p o s t u l a t e d 

because t h e changes f o u n d i n a l l the z e o l i t e systems s t u d i e d 

resembled those f o u n d i n g o i n g f r o m benzene i n t h e vapour 

t o t h e s o l i d s t a t e . W i t h t h e i r model, the changes f o u n d on 

i n c r e a s i n g t h e coverage should have p a r a l l e l l e d t he changes 

shown i n Tab le 8 . 5 , f o r benzene, gas t o s o l i d . T h i s was no t 

f o u n d whereas i t appeared t h e i n t r a - n i o l e c u l a r benzene 

v i b r a t i o n s resembled t o a g r e a t e r degree those i n weak 

benzene o r g a n o m e t a l l i c s p e c i e s . From the compara t i ve Na13X+ 

benzene and o r g a n o m e t a l l i c d a t a i n Tab le 8.5 and the -Ag13X 

ass ignments i n Tab le 8 .11 i t can be seen t h a t t h e i n t r a ­

m o l e c u l a r v i b r a t i o n s o f benzene adsorbed on t h e z e o l i t e s 

can be compared q u i t e w e l l w i t h the o r g a n o m e t a l l i c benzene 

d a t a and n o t so w e l l w i t h t h e change f o u n d i n t h e s o l i d i ­

f i c a t i o n of benzene a lone where has o n l y i n c r e a s e d 

m a r g i n a l l y f r o m 671 t o 687cm""'-, -0̂ ^ has remained a t 606cm~-'-

whereas an increase , o f o n l y 3cm"''- t o 407cm~-'- was f o u n d w i t h 

I n t he benzene o r g a n o m e t a l l i c complexes and o f t h e 

b e n z e n e / z e o l i t e systems i ^ ^ ^ has inc reased f u r t h e r i n f r e q u e n c y 
- 1 —1 

t o g r e a t e r t h a n 710cm , \ ) g has inc reased t o more t han 610cm 
—1 

whereas "Oĵ g has g e n e r a l l y i n c r e a s e d by 10cm . Thus , i t i s 

f e l t t h a t t h o u g h t h e changes are comparable i n b o t h c a t i o n 

exchanged z e o l i t e s , t h e y b o t h i n v o l v e a ca t ion -benzene 

i n t e r a c t i o n s i m i l a r t o those benzene-meta l i n t e r a c t i o n s i n 

t h e weaker benzene complexes such as t h e WJg^^QGN)^C^E^ 

c l a t h r a t e s , (SbCl^)2CgHg e t c . and not w i t h t h e s t r o n g e r 
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benzene complexes such as CgHgM(CO)^, (RvX^C^^)^ etc. 
which show greater changes i n the frequencies of i ) ^ ^ , v>̂ ^ 
and 'Og. 

Further i t can he noted t h a t i n Table 8.6,which shows 
the r e l a t i v e i n t e n s i t i e s of , "0̂  and (the three 

major low frequency intramolecular benzene v i b r a t i o n s ) t h a t 
the r e l a t i v e i n t e n s i t i e s found i n the benzene/iglJX system 
at low coverage are somewhat d i f f e r e n t from those found 
at higher coverage, s o l i d benzene and i n the c l a t h r a t e s . 
However, they are comparable t o those found i n (PdAl2Clr,CgHg)2 

and (PdAlCl^CgHg)2 which contain benzene bonded t o more 
than one t r a n s i t i o n metal. Freeman and Unland (30) suggested 
t h a t at low benzene coverage t h a t each benzene may have been 
associated w i t h more than one cation. Perhaps, t h i s i n d i ­
cates a s i m i l a r bonding s i t u a t i o n . 

The deuterated benzene studies can be treated i n the 
same manner as those f o r the NalJX system. Table 8.14 
compares the changes found i n f r e e benzene (vapour) w i t h 
those i n the AglJX system. Again, very good comparisons can 
be made between the changes found i n f r e e benzene and i n 
the adsorbed s t a t e . This adds f u r t h e r evidence f o r the 
assignments. 

The s k e l e t a l Ag"^-CgH^ v i b r a t i o n s , which would take the 
form depicted i n Figure 6.1^, i f a simple M-Ĉ Hg i n t e r a c t i o n 
takes place, may r e f l e c t a stronger cation-benzene i n t e r ­
a c t i o n than found i n the Na13X/benzene system. The s h i f t 
i n the benzene intr a m o l e c u l a r v i b r a t i o n s did not show t h i s . 
IINS v i b r a t i o n s e x i s t i n the data,from the IN4 and BFDDIDO/ 

BFDPLUTO experiments,at approximately 250 ,190,160 ,90 and 
1 

50cm . No p a r t i c u l a r trend was found w i t h increasing 
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benzene coverage. This s i t u a t i o n i s d i f f i c u l t t o understand 
since the number of benzene molecules per supercage increases 
from 2 t o 4. Perhaps i f two benzene molecules i n a super--
cage i n t e r a c t t o such an extent then also f o u r benzene mole­
cules i n the supercage would also i n t e r a c t and i f the r e s u l t i n g 
v i b r a t i o n a l spectrum, i s complex at the lower coverage i t may 
be d i f f i c u l t t o observe any increase i n spectrum complexing 
at higher coverage. 

U n f o r t u n a t e l y , no c r y s t a l s t r u c t u r e has been c a r r i e d 
out on the benzene/Ml3X z e o l i t e system and, f u r t h e r , since 
the actual c a t i o n s i t e i s i n doubt then the actual H—--H 
and C — f l i n t e r m o l e c u l a r distances cannot be judged w i t h any 
confidence. Therefore, the extent of any intermolecular 
i n t e r a c t i o n cannot be gauged 

To understand the benzene-cation s k e l e t a l v i b r a t i o n s 
the coverages are approximated t o 2 and 4 benzene molecules 
per supercage. (One obvious experiment i n v o l v i n g a single 
benzene molecule per supercage would be worthwhile. This 
would i n d i c a t e the 'type of bonding i e the number of cations 
associated w i t h each benzene molecule. Also the iniCTmolecular 
benzene-benzene i n t e r a c t i o n s , i f any, would be zero i n such 
a case). With two benzene.molecules adsorbed i n the super-
cage an in-phase and out-of-phase t o r s i o n would be expected. 
From the studies of benzene complexes containing more than 
one benzene per molecule which i n t e r a c t (Chapter 7 ) e»S« 
(PdAl2ClyCgHg)2, the t o r s i o n a l bands were found t o e x i s t 
at low frequency ( < 150cm""''). The complexity of the s i t u a t i o n 
increases at 4 molecules per supercage and resembles t h a t 
found i n organometallic species such as lr(C2^^^)^01 which 
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has loeen studied "by IINS techniques by Howard and 
Waddington ( 3 3 ) « However, i n t h i s compound one 02^.^^ 
l i g a n d could be described as a x i a l whereas the other three 
li g a n d s were e q u a t o r i a l and equivalent. I f the 4 benzene 
molecules are arranged i n the t e t r a h e d r a l manner of Lechert 
et a l (27 ) then a l l f o u r are arranged i n an equivalent 
manner w i t h i n the supercage. 

The v i b r a t i o n a l spectrum could, i n theory, be very 
complex because bands may be s p l i t by i n t e r a c t i o n s between 
the f o u r equivalent benzene molecules. I f they were not 
equivalent than a f u r t h e r complexity would arise due t o the 
d i f f e r e n t bonding s i t u a t i o n s . Now studies of complexes 
containing equivalent ligands, such as i n (Pdi\lCl^CgHg)2 

(Chapter 7 ) have shown t h a t the i n t e r a c t i o n s between the 
l i g a n d s does not lead t o s p l i t t i n g of the l i g a n d i n t e r n a l 
modes but i s evident only i n the s p l i t t i n g of the s k e l e t a l 
(M-CgH^)^ v i b r a t i o n s , such as the t o r s i o n about the metal-
l i g a n d axis i e the cation-benzene axes i n the z e o l i t e 
case. S p l i t t i n g of the intramolec-ular benzene bands was not 
observed. The t o r s i o n a l frequencies w i l l be described at 
both coverages i n terms of an in-phase and an out-of-plase 
form. The l a t t e r u s u a l l y i s found at higher frequency. 

From the IN4 experiments two bands at lower frequency 
can be assigned from IINS i n t e n s i t y grounds t o be the 
t o r s i o n s . Using a curve r e s o l v e r (du Pont 310) a medium 
intense band can be observed at 55cm at both coverages 
whereas a stronger band can be found tci e x i s t at 95ctn'''^ 

(low coverage) and 92cm"'^ ( h i g h coverage). 
The uniqueness of t h i s curve f i t t i n g may be i n doubt. 
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However, i t i s f e l t t h a t the f i t t e d curves are reasonable 
since there i s l i t t l e evidence available t o a s s i s t i n the f i t ­
t i n g and only i n (PdAl2Clr7CgHg)2 i s evidence available t o 
i n d i c a t e t h a t the two t o r s i o n s were at a low frequency 
(-^80 and 125cm""^). The frequency decrease ( i f i t i s 
s i g n i f i c a n t ) i n the band at 96cm~"'' t o 92cm"''' as the coverage 
i s increased may be due t o a s t e r i c crowding e f f e c t . 

At higher frequency weaker IN4 TINS bands e x i s t at 169 
and 199 cm""'' which do not vary s i g n i f i c a n t l y w i t h an increase 

—1 
i n coverage. A BFDDIDO band also e x i s t s at 260cm . These 
bands are assigned t o the other benzene-cation framework 
v i b r a t i o n s . The benzene-cation t i l t band i s expected t o be 
more intense i n the TIN'S spectrum than the benzene-cation 
s t r e t c h . These bands are also expected at higher frequency 
than the deformation mode which w i l l be less intense than 
the t o r s i o n a l bands. I t i s d i f f i c u l t t o d i f f e r e n t i a t e the 

—1 
i n t e n s i t y of the TINS bands i n the ^ 190 and 260cm regions. 
Thus t h e i r assignment i s r a t h e r t e n t a t i v e . I n the BFDPLUTO 
and BFDDIDO spectra i t would appear t h a t the bands at higher 

—1 —1 
frequency,260cm , are weaker than those at -v l90cm . 
Thus i n accord w i t h the weaker benzene organometallic complex 

—1 
assignments the t i l t i s assigned to the band at •vl90cm 
whereas the s t r e t c h i s assigned at higher frequency. The 

—1 
band at 150cm i s assigned t o the deformation mode. 

The s k e l e t a l benzene-cation v i b r a t i o n s , derived from 
the r o t a t i o n a l degrees of freedom, can be estimated f o r the CgD̂  
experiments as i n the manner of the Na13X/CgDg^ comparison. 
This may a s s i s t i n the assignment of the t i l t s k e l e t a l 
v i b r a t i o n . The r a t i o s of ( I ^ ^ j j /!„ ) , where I i s the 

5 6 5 5 
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moment of i n e r t i a , can be calculated f o r the modes T , T 
X y 

and . I t was found s u r p r i s i n g l y t h a t i n each case the 
r a t i o was found t o be v i r t u a l l y the same, at 0.83. (The 
intra m o l e c u l a r distances were taken as: CC = 1.397^, 

o 
OH = 1.084A and CD was estimated t o be 1 ,07^ ( 3 4 ) . 
Table 8.8 i n d i c a t e s the calculated moments of i n e r t i a of 
CgHg and Ĉ D̂  about the x,y and z axes. 

Thus the p r e d i c t e d value of the t i l t can be compared 
w i t h t h a t found by the BPDPLUTO study of the CgDg/Na13X 
system. Table 8.15 shows the p r e d i c t i o n s 
Table 8.15: Observed and Predicted Torsional Frequencies 

f o r the Ag13X/C^H(D)^ Systems (cm"''') 

Torsion 
CgHg + i\gl3X Ag13X 

Observed Predicted Observed 

in-phase 55 46 

:out-of-
phase 

96(LC) 
92(HC) 

80 

76 

-

" " ^ ( T i i t • 
199(LC) 
197(HC) 

165 

164 
169 

173 

LC = Low Coverage HC = High Coverage 

The only t o r s i o n a l s k e l e t a l motion t h a t can be compared, 
the t i l t , compares quite w e l l w i t h the predicted value. 
This adds f u r t h e r evidence t o the pre f e r r e d assignments. 
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C H A P T E R 9 

An I n e l a s t i c Neutron Scattering Study of 

Benzene Adsorbed on Platinum Black 
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9.1 I n t r o d u c t i o n 

This i s a study of the i n e l a s t i c neutron s c a t t e r i n g 
r e s u l t s obtained from benzene adsorbed on the surfaces of 
cleaned platinum black. The study of adsorbate-substrate 
i n t e r a c t i o n s i s of great importance w i t h regards t o the 
c a t a l y t i c f u n c t i o n of surfaces. To help understand, i n 
p a r t i c u l a r , the mechanism of hydrocarbon c a t a l y s i s taking 
place on t r a n s i t i o n metal surfaces a simple aromatic system, 
benzene, i s adsorbed onto platinum black surfaces. In the 
conclusions i t i s hoped t h a t the type of i n t e r a c t i o n can 
be derived from the v i b r a t i o n a l spectra. The i n t e r a c t i o n 
i s f u r t h e r studied at d i f f e r e n t overages. 

The geometry of the adsorbate r e g i s t e r e d on the 
substrate surface and the degree of p e r t u r b a t i o n of the 
aromatic r i n g , caused by the i n t e r a c t i o n , i s discussed. 
To help i n t h i s study of the benzene/platinum system, the 
i n e l a s t i c neutron s c a t t e r i n g spectra of benzene and of 
some benzene organometallic species (Chapter 7) have been 
analysed so t h a t the i n t r a - and inter-molecular benzene 
v i b r a t i o n s and t y p i c a l benzene-metal s k e l e t a l framework 
v i b r a t i o n s can be understood. 

9.2. Previous Work 

( i ) K i n e t i c Studies 

K i n e t i c f l o w measurements found a r a p i d benzene covercge 
of alumina supported platinum i n the 26-470°C range ( 1 ) . 

The authors postulated t h a t the molecules l a y p a r a l l e l t o 
the platinum surface. Q u a n t i t a t i v e measurements indicated 
t h a t from the benzene losses from the f l o w system t h a t 
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~ 0.22C^Hg/platinum atom occurred. However, since benzene 
has a surface area of ~43. 622. which produces ~0.185CgHg/ 
platinum atom, a higher density packing arrangement was 

implied leading t o H -H i n t e r a c t i o n s and possible dehydro-
genation. Now t o t a l dehydrogenation would give ~0.33CgH^/ 
platinum atom and therefore p a r t i a l dehydrogenation was 
suggested. Hydrogen was reported i n the gas phase (the 
d e t e c t i n g technique used was not reported) though the 
authors were unsure of the source. Work by others had 
i n d i c a t e d dehydrogenation on metals took place and the ideas 
were extended t o Cg^Hg^/Pt(Al^O^). Wo p o s s i b i l i t y was mentioned 
of the benzene l y i n g at any other angle t o the surface, which 
would have d r a m a t i c a l l y increased the r a t i o . A t h e o r e t i c a l 
study of the r e a c t i o n ra.tes and a c t i v a t i o n energies i n the 
CgHg(gas)/CgHg^(adsorbed) exchange r e a c t i o n at a platinum 
black surface (2) i n d i c a t e d t h a t -complexing took place 
between the C^Hg ^ r - o r b i t a l s and the inner 'd' o r b i t a l s of 
the surface atoms producing a stable surface complex i n the 
same manner as described i n Figure 8.4 . 

( i i ) Low Energy Electron D i f f r a c t i o n Studies (LEED) 

A study of benzene adsorbed on P t ( l 1 l ) and (100) planes 
showed ready adsorption took place ( 3 ) . A poorly ordered 
l a y e r was i n i t i a l l y produced on P t ( l 1 l ) but on f u r t h e r 
exposure an ordered l a y e r , L I , was formed which on f u r t h e r 
coverage produced L2. The u n i t c e l l of L I contained 8CgHg 
(2x4) having hexagonal symmetry l y i n g at some angle or 
p o s s i b l y p a r a l l e l t o the surface. Structure L2 contained 
benzene molecules r e o r i e n t a t e d at an angle or even p e r p i n -
d i c u l a r t o the surface. The authors suggested L2 consisted 
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of s i n g l y dehydrogenerated species c o v a l e n t l y bonded t o 
the platinum surface i n 5 x 2 u n i t c e l l s . Only disordered 
la y e r s were observed on Pt(lOO). Figure 9'1 shows the 
dimensions of the benzene molecule (Van der Waal r a d i i ) . 
Figure 9.2, 9.3 show the suggested L I and L2 structu r e s though 
the exact C^E^/Pt c o n f i g u r a t i o n was unknown. The exact 
coverage at which the L1-*-L2 t r a n s i t i o n took place was not 
given. However, i t appeared t h a t L1 and L2 were found at 
less than or equal t o one monolayer coverage. The change 
from L1 t o L2 occurred more r a p i d l y w i t h increased benzene 
over pressure. A l a t e r study was ca r r i e d out on stepped 
platinum planes. The steps were found t o act as s i t e s f o r 
the nucleation of carbonaceous growths and some disordered 
carbon s t r u c t u r e s were found on the te r r a c e s . I t was 
postulated t h a t the steps had broken the CH bonds ( 4 ) . 

Benzene adsorption on P t ( 1 1 l ) was repeated ( 5 ) . At 
low coverage each benzene molecule was observed t o l i e 
p a r a l l e l t o the plane above a single Pt atom. A f u r t h e r 
s t r u c t u r e was seen but no change in the Pt-C distance was 
found, contrai'y t o the e a r l i e r report ( 4 ) . Auger measure­
ments and the u n i t c e l l size implied,that i n c l i n e d mole­
cules existed i n the second s t r u c t u r e . A LEED study of 
benzene m u l t i l a y e r s , grown on platinum and s i l v e r substrates 
t o a depth of lOOOi observed domaines w i t h d i f f e r e n t u n i t 
c e l l s ( 5 ) . O verall the molecules lay p a r a l l e l t o the surface, 
though somewere i n c l i n e d . Large amplitudes of v i b r a t i o n 
were found due t o the r o t a t i o n of tho benzene molecules about 
t h ( ; i r 6 -fold axes. EVon at lOOOji soma nurfaco ch;jracter was 
found though the appearance was becoming very s i m i l a r t o 
s o l i d benzene. 
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Figure (9-1 ) 
BENZENE structure 
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Figure(9-2) Schematic diagram of 
Pt(111)-C1H--ir (3) 
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Figure(9-3) Schematic diagram of 
Pt(111)-C^H.-L2'(3) ~ 6 5"~~ 
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( i i i ) IR Studies 

The benzene/silica supported platinum system was studied 
( 7 ) i n the CH s t r e t c h i n g region and the authors postulated 
t h a t d i s s o c i a t i o n took place since cyclohexane was detected 
by i n f r a - r e d . A study (8) looked i n p a r t i c u l a r at the C-C 
s t r e t c h i n g frequency of f ^ ^ , which appeared at 1485cm~''' i n 
l i q u i d benzene and at 1430cm"""'' i n (CgHg)2Cr. This band was 
found at 1390cm~"'" an alumina supported platinum which implied 
t o the authors t h a t a stronger TT-complex was formed on 
platinum than found i n iO^^)^v. However, w i t h such 
supports of an a c i d i c nature, much could happen t h a t would 
not be found on platinum alone. For example ( 9 ) on supported 
platinum, benzene was found t o form many types of alkanes 
and c y c l i c compounds from another study of the CH s t r e t c h i n g 
r e g i o n . 

( i v ) Photoemission Studies 
A r e l a t e d study of benzene adsorbed on Pd(lOO) found 

only weak CgHg-----"CgHg i n t e r a c t i o n s took place. (The 
coverage or temperature of study were not stated though i t 
could be assumed t h a t monolayer coverage and room temperature 
p r e v a i l e d ) . A strong Pd-CgH^ T T - i n t e r a c t i o n took place w i t h 
down s h i f t s i n the energy of the benzene TT-bonding o r b i t a l s . 
The u n i t c e l l s t r u c t u r e was postulated t o contain two CgH^ 
molecules at r i g h t angles t o each other ( 1 0 ) . 

( v ) Electron Energy Loss Spectroscopy (EELS) 

This section includes r e l a t e d benzene-nickel studies 

as w e l l as those i n v o l v i n g platinum. B e r t o l i n i et a l (11) 

c a r r i e d out the f i r s t b e n z e n e - n i c k e l ( l l l ) and (lOO) study 

using LEED and EELS. Equivalent carbon p o s i t i o n s were 
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found which were i d e n t i f i e d w i t h the strongest i n f r a - r e d 

active fundamentals of benzene. Table 9-1 l i s t s t h e i r 

r e s u l t s . 

Table 9 . 1 : Results and Assignments of B e r t o l i n j et al (11) 

For The C ^ H ^ ^ i ( l 1 l ) , (100) Systems at 9 =1 (cm"^) 
(o/p = out-of-plane i / p = in-plane) 

CgHg + Ni(lOO) CgHg = N i ( l l l ) Assignment(40) Liquid 
Benzene 

Frequency 

761 769 Ô ĈH o/p def. 671 

1001 1041 v>̂ gCH i/p def. 1038 

1441 1401 x>̂ ĈC S t r e t c h 1478 

3003 2987 )̂2oOH S t r e t c h 3O8O 

In a comparison w i t h l i q u i d benzene. Table 7 .6 , 'O^^ can 
be seen t o have s h i f t e d markedly to higher frequencies, 
whereas '0^(^ and "Ôo ^^'^^ s h i f t e d down. B e r t o l i n i et a l 
postulated a 'crabbed' benzene s t r u c t u r e w i t h the hydrogens 
l y i n g closer t o the n i c k e l surface than the carbon skeleton. 
Such an i n t e r a c t i o n would necessarily r e h y b r i d i s e the n i c k e l 
'd' o r b i t a l s a v a i l a b l e f o r bonding. Lehwald et al (12) 

c r i t i c i s e d t h i s work due t o i t s lack of r e s o l u t i o n and non-
use of the EELS surface s e l e c t i o n r u l e which led to i n c o r r e c t 
assignments. B e r t o l i n i et a l (13) repeated the study at 
higher r e s o l u t i o n . Table 9.2 shows t h e i r r e s u l t s and 
assignments. 

S i m i l a r energy losses were found on both planes which 
im p l i e d s i m i l a r bonding and t h a t the plane character was 
not a f f e c t i n g the actual Ni-CgH^ i n t e r a c t i o n . B e r t o l i n i et a l 
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Table 9 . 2 : Results and Assignments of B e r t o l i n i et a l (13) 

For the C^H^/Ni(l11), (ICQ) Systems at e =̂1 (cm"^) 

Experimental 
loss peak 
CgHg . N i 

750 

845 

1115 

1325 

1425 

3025 

Tentative 
Assignment 

11 

^8 

^ 2 ' ^7 

Liquid 
Benzene Frequency 

571 

992 

1170,977 

1585 

1585 

3062,3047 

thought the benzene was e i t h e r bonded t o a single n i c k e l atom 
or l a y above a two f o l d hollow between two n i c k e l atoms. These' 
co n f i g u r a t i o n s are shown i n Figure 9 . 4 . They also c a r r i e d 
out an out-of-specular beam measurement. This did not produce 
any new peaks but enhanced the low i n t e n s i t y bands at 845, 
1115, 1325 and 1425cm"''' w i t h respect t o the main loss peak 
at 750cra""''. Their analysis used the EELS ' surf ace selection 
r u l e ' . At metal surfaces the p o t e n t i a l of dipoles oriented 
p a r a l l e l t o the surface i s very e f f e c t i v e l y screened by 
t h e i r image d i p o l e . Thus v i b r a t i o n s p a r a l l e l t o the surface 
are not observed. Those v i b r a t i o n s w i t h a p e r p i n d i c u l a r 
component are d i p o l e active at the surface since no symmetry 
plane e x i s t s p a r a l l e l t o the surface. Thus, EELS active 
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Ni(111 ) 

NidOO) 

Figure(9.4 1 

Benzene positions on Ni(111) a (1QQ)[13] 
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modes are those belonging t o the A_̂  r epresentation of the 
surface complex p o i n t group. ' This r u l e has "been generally 
found to be v a l i d w i t h i n 2 ° of the specular beam. Using 
the out-of-specular measurements allowed the assignment of 
modes which involved a d i p o l e moment p a r a l l e l t o the surface. 
I t i s notable t h a t n e i t h e r studies found metal-benzene 
v i b r a t i o n s at a l l . This i s odd since the t r a n s l a t i o n i n 
the z axis.Cie the Ni-CgHg s t r e t c h ) would be EELS active 
i n Cg^, and Q,^^ c o n f i g u r a t i o n s . Lewald et a l ( 1 2 ) carried 

out an EELS study on the N (111) plane at various temperatures 
and coverages and reported two states of benzene. They applied 
the surface s l e c t i o n r u l e t o t h e i r analysis and a l l spectra 
were recorded i n the specular beam. The v i b r a t i o n a l bands 
detected are shown i n Table 9 '3 with t h e i r assignments. 

Table 9 « 3 ' Results and Assignments of Lehwald et a l ( 1 2 ) 

f.or.„%Hg + I ^ i ( l l l ) at 9 =1 (cm"-*-) 

Experimental loss 
Peak 

CgHg + N i ( l 1 l ) 

Assignment 
Symmetry 

^6^6 
Liquid 

Frequency 

520 CgHg-Ni s t r e t c h {k-^) -
730 

820 

t>^^( on-top s i t e ) ( A ^ ) 
v)^^(above 3 f o l d hollow) j ^73(^2^) 

1130 ^15 ^ ^ 1 ^ 1150 

1430 1310 

3000 ^2 u p 3062 

A.t 292K the band at 730cm'~"'' was more intense whereas at 135K 

the 820cm"''" band was stronger. Further the 730/820cm"-'-
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i n t e n s i t y r a t i o decreased towards s a t u r a t i o n coverage. 
Since a l l the other bands did not change, the authors 
suggested t h a t the behaviour was due t o two forms of ad­
sorbed benzene, an bn-top' and a 3~fold hollow type, and 
t h a t the 730 and 820cm"""'' bands were due t o the same normal 
v i b r a t i o n , the CH out-of-plane deformation. The 

a p p l i c a t i o n of the surface s e l e c t i o n r u l e to the specular 
measurements only allowed the assignment of symmetric 
representations of the symmetry point group i n which the 
surface-benzene complex was found. The symmetry implied 
by the above study was 0^^. I t i s notable t h a t they 
observed a band at 320cm~'^ which was assigned t o the benzene--
n i c k e l s t r e t c h . 

Lehwald e t a l (12) also studied the CgHg/Pt(11l) system 
by EELS i n the 140--230K range. Evidence showed the benzene 
r i n g was p a r a l l e l t o the surface and ;r-bonded. I t was 
postulated t h a t the benzene was perturbed more strongly 
on platinum than an n i c k e l due t o the greater s h i f t in"v^^^. 
The r e s u l t s and assignments are shown i n Table 9«4. 

Al low coverage, <10, the spectrum was dominated by the 
loss at 830cm~"'" w i t h a shoulder at 920cm""'". At high coverage, 
>1©, these bands were replaced by a very intense band at 

720cm"""'" and a shoulder at B̂ Ocm"''", probably due to the chemi-
sorbed phase of benzene which disappeared at greater coverage. 

The s p e c t r a did not change with the temperature of adsorption, 

or with cooling and heating, contrary to the CgHg/lTickel 

system. 

The measurements were c a r r i e d out i n the specular beam 

and from the number and type of v i b r a t i o n s found i n the 
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Table 9.4: Results and Assignments by Lehwald et a l ( 1 2 ) 

CgHg + Pt ( 1 1 1 ) 
Assignment GgHgdiq.) Assignment GgHgdiq.) 

Low High 

360 320 CgHg~Pt stretches -
570 -

700 Bulk Benzene, c)^^ j 

830 
850 Chemisorbed benzene, \ ) ^ ^ 

' on-top' s i t e 1 
673 

920 - 'above 3 - f o l d hollow' , 1 ? ^ ^ 

1130 1030 ^12 1010 

1170 ^15 
1150 

1420 „ 

1500 ^14 1486 

3000 3060 ^2 3063 

spectra, i n d i c a t e d t h a t at < 1 monolayer coverage benzene 

was l y i n g i n 'on-top' s i t e s (u'^^ @ 830cm"'^) and ' above-3 

f o l d s i t e s ' (^^^® 920cm""-'"). At high coverage, the 700cm"^ 

band was assigned t o i?^^ from the benzene overlayers. The 
greater s h i f t s i n were seen as an i n d i c a t i o n t h a t the 
benzene-platinum i n t e r a c t i o n was stronger than found on 
n i c k e l . As the 5'd' o r b i t a l s of the platinum are s p a t i a l l y 
more extensive than the 3'd' o r b i t a l s of n i c k e l , then a 
weaker i n t e r a c t i o n of the benzene wi^th the n i c k e l o r b i t a l s , 
was expected i f the benzene p o s i t i o n above the surface was 
s i m i l a r i n each case. At low coverage two bands existed i n 
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the EELS spectrum at 360 and 570cm~''". These bands were 
assigned t o 'C-Pt' v i b r a t i o n s . Presumably, since the 
v i b r a t i o n s must involve a di p o l e moment change perpindicular 
t o the surface, then these two bands must be due t o C^Hg-
Pt s t r e t c h i n g v i b r a t i o n s when the benzene molecules l i e 
i n 'on-top' and 'above- 3-fold-hollow" s i t e s . How these 
bands arose was not discussed. 

( v i ) Other Sp,ectroscopic Techniques 
Renouprez, Jobic and Krasser et a l studied benzene 

adsorption on Raney n i c k e l and sili c a - s u p p o r t e d n i c k e l by 
IINS (14) and Raman (15,16) spectroscopy. The IINS e x p e r i ­
ment, performed on INIB at 77K, was compared w i t h a calculated 
spectrum, using a force f i e l d developed by Pavrot and C a i l l e t 
( 1 7 ) . E x cellent agreement was found and a l l intramolecular 
v i b r a t i o n s of chemisorbed benzene were assigned. "0^^ was 
found t o increase t o 710cm~''' whereas other out-of-plane 
modes decreased by 40-120cm""'". I t was decided th a t did 
not s p l i t and t h a t benzene was bonded t o a single n i c k e l 
atom. Nickel-benzene s k e l e t a l v i b r a t i o n s were assigned at 
529 and 459cm~"'". Prom t h i s study the f o l l o w i n g can be 
noted: ( i ) before the c a l c u l a t i o n of the f o r c e f i e l d , they 
assigned the modes which involved the greatest hydrogen 
v i b r a t i o n a l amplitudes ( i i ) f^^^ was not resolved from ^̂|Q 
i n the observed spectrum of adsorbed benzene ( i i i ) the 
gre a t e s t m o d i f i c a t i o n s t o the v i b r a t i o n s due t o complexation 
occurred i n "0^^ and ( i v ) t h e authors assigned "0^^ and I^Q 
30 and 60cm~"'" le s s than those frequencies reported on the 
N i ( l 1 l ) and (100) planes (11,12). ( v ) They stressed the 
poor IINS r e s o l u t i o n but i t must have been b e t t e r than the 
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EELS techniques which were being compared w i t h i t . ( v i ) 
was calculated t o be h a l f the i n t e n s i t y of V^^ i n the 

force f i e l d of the adsorbed benzene. F i n a l l y ( v i i ) i^c; andUr, 
- 1 P I / 

were assigned a t 868 and 857cm , a s h i f t down i n frequency 
of ~100cm'""''. I n Chapter 7 i n the study of benzene complexes 
the f o l l o w i n g observations were made: ( i ) s t r o n g bands were 

—1 
always found i n the 700-800cm- region i n d i c a t i v e of t ) ^ ^ 
( i i ) a strong band was always found i n the 820-880cm~-'-
region of the IINS spectra which could be assigned t o 
( i i i ) and 0̂ ,-̂  were u s u a l l y found i n the IR/Raman at >950 

cm"̂  (i-v) i t i s f e l t t h a t "ÔQ does not s h i f t down t o 770cm'"''' 

as d i r e c t e d by Jobic et a l (14) (v) t h a t \ } ^ ^ does increase 
t o greater than 714cm~-'- i n the complexed state ( v i ) t h a t "0^^ 
and \)̂ Q can be r e a d i l y resolved using BFDDIDO and BFDPLUTO 
spectrometers ( v i i ) and t h a t i>^^ has an TINS i n t e n s i t y s i m i l a r 
i f not greater than, I^^Q. Table 9 .5 shows the assignments 
of Jobic et a l ( l 4 ) f o r the CgHg/Raney n i c k e l system and h i s 
reassignments of the work of Lehwald et a l (12) and B e r t o l i n i 
et a l (11). 

The i n i t i a l Raman study on s i l i c a supported n i c k e l found 
weak bands at 408 and 684cm"-'' which were assigned t o -0^^ and 
1) ( 1 5 ) . Thus, at l e a s t , Cg^ symmetry on the surface must 
have ex i s t e d . I n another Raman study (16) a l l the fundamental 
benzene v i b r a t i o n s were observed below lOOOcra""'-. They had 
only s h i f t e d by a small amount from those i n f r e e benzene. 
The biggest s h i f t was i n \ ) ^ ^ (673-> 776cra"-'"), The authors 
f)0£itul,Mt()d Ĉ ^ t'.ymnotv.y (^ixinlod ;in iho ourfaco compltrx, rmi 
t h a t a band at; '^(y^cm~'^ was i n d i c a t i v o o f a Ni-CgPlg s t r e t c h i n g 
s k e l e t a l mode. 
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Table 9 . 5 : Results and Assignments of Jobic et a l f o r 
The I^i/C^Hg Systems (14) (cm"^) 

Wilson 
No. 

/ V i b r a t i o n 
D e s c r i p t i o n 

Pree 
Benzene 

( 1 7 ) 

B e r t o l i n i 

( 1 1 ) 

Lehwald 
( 1 2 ) 

Jobic 
(14) 

Predicted 
IINS 

I n t e n s i t y 
( r e l a t i v e ) 

(14) 

18 1035 992 93 
12 1010 1005 9 

1 995 940(sh) 939 9 

5 991 868 87 

17 969 857 143 
10 849 847(1^^) 820(T^^^) 768 164 
4 707 610 13 

11 675 750 730 714 62 

6 607 613 19 

16 404 411 53 
Ni~C 529 33 
Ni-C 363 459 24 

Ni-C 290 320 

Def. 92 15 
Pef. 89 7 
Def, 43 0.01 

Def. 42 0.01 

Bradshaw studied the f i x i n g of an adsorbate onto various 
s o l i d surfaces (18) and the lowering of symmetry, r e s u l t i n g 
i n the l i f t i n g of v i b r a t i o n a l degeneracy, was discussed. The 
f i x i n g of the molecule on the surface r e s u l t s i n t r a n s l a t i o n a l 
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and r o t a t i o n a l degrees of freedom being l o s t g i v i n g r i s e 
t o new v i b r a t i o n a l bands. Using benzene as a model the 
v i b r a t i o n s of the f r e e molecule were corr e l a t e d to the 
adsorbed state i n various c o n f i g u r a t i o n s . The poi n t group 
of the r e s u l t i n g surface complex was thus a sub-group. On 
the ( 1 1 1 ) plane three s i t e s are ava i l a b l e : on the 'on-top-
s i t e ' Cĝ . symmetry i s found, the surface complex sub-group 
i s when pos i t i o n e d above the t h r e e - f o l d hollow, and when 
l y i n g between two surface atoms the sub-group i s C^^ where 
a l l degenerates are l i f t e d . The degree of s e l e c t i o n r u l e 
breakdown depends upon the strength of i n t e r a c t i o n w i t h the 
surface. Por example, on the (100) plane the on-top s i t e 
i s of symmetry but i f the i n t e r a c t i o n i s weak then the 

e f f e c t i v e symmetry viewed by the molecules may have been 
determined only by l a t e r a l i n t e r a c t i o n s w i t h other molecules 
(band s p l i t t i n g can occur due t o symmetric and antisymmetric 
combinations of v i b r a t i o n a l wavef unctions i n a space group 
where there are two molecules per u n i t c e l l w i t h each normal 
to the other, i n other words a c o r r e l a t i o n f i e l d e f f e c t ) , 

Richardson (19) f u r t h e r developed the ideas of Bradshaw. 
Only those v i b r a t i o n s w i t h a dipole component normal t o the 
surface were IR or EELS (specular) active where Raman active 
bands were due t o changes i n p o l a r i z a b i l i t y i n the element 
or^g (z axis 1"^ t o su r f a c e ) . I t was f e l t t h a t the i n t e n s i t y 
of new bands r e f l e c t e d the i n t e r a c t i o n s t r ength responsible 
f o r the lowering of symmetry. The c o r r e l a t i o n between the 
p o i n t group D̂ ^̂  and f o u r possible sub-groups i s shown i n 
Table 9-6. Richardson discussed the work of B e r t o l i n i and 
Ibach (11-12) , f o r benzene on t r a n s i t i o n metals, and saw 
anomalies i n t h e i r analysis (eg. 3000cm~"'" bands seen but 
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992cm"-'- CO s t r e t c h not seen using EELS). This was explained 
as due t o a stronger M-H i n t e r a c t i o n than an M-G i n t e r ­
a ction which consequently produced the non-planar 'crabbed' 
e f f e c t though the Gg axis was s t i l l r e t a i n e d . 

Table 9 - 6 : G o r r e l a t i o n Table f o r D̂ ^ t o Gg.. Symmetry (41) 

5h 
Symmetry °6v °2v 

A. -Ig ^ 

•̂ 28 ^2 Aj 

^ 1 
Ag ^ 

2g ^2 

^1 E E 

=2g =2 E E A^+Ag 

*2 Aj 

^ 1 

Eg Bg 

=1 

^ 1 E E B^+Bg 

^2u ^2 E E 

9«3, . Experimental D e t a i l s , 

The platinum black was cleaned as desrcibed i n Ghapter 3-
This operation was constrained by the s i n t e r i n g of the 
m a t e r i a l , which reduced the sample surface area, at high 
temperatures. The oxygen on the surface was p a r t i a l l y 
removed by r e d u c t i o n w i t h hydrogen at room temperature. At 
~800°G a l l the oxygen would have been removed but s i n t e r i n g 
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would have d r a s t i c a l l y reduced the surface area. The 
oxide r e d u c t i o n produced q u i t e high temperatures f o r short 
lengths of time. Here, most of the chemisorbed oxygen was 
removed. The t e n a c i t y of the more str o n g l y held oxygen 
(5-10%) was dependent on the manufacturing process over 
which there was no c o n t r o l ( 2 0 ) . Use was made of a quad-
rapole mass spectrometer, l i n k e d i n t o the vacuum l i n e , which 
indic a t e d a f t e r f o u r r e d u c t i o n treatments, t h a t no f u r t h e r 
water was being produced. Probably a small quantity of 
st r o n g l y - h e l i oxygen s t i l l remained. 

Background subtractions were c a r r i e d out as described 
e a r l i e r . However, platinum has a f a i r l y high neutron 
adsorption cross-section compared w i t h aluminium from which 
the container was made. Since the sample cans contained 
>80g of platinum, i t would not be s t r i c t l y v a l i d t o carry 
out a normal subtraction because i t would not take i n t o 
e f f e c t any absorption a f f e c t and would only remove s c a t t e r i n g 
from the background sample. The absorption cross-section 
i s energy dependent and can be r e l a t e d t o ( l / n e u t r o n v e l o c i t y ) . 
The IN4 technique produces an neutron energy loss s i t u a t i o n 
since high energy neutrons are used. The e f f e c t w i l l there­
f o r e be minimal a f t e r small energy t r a n s f e r s but w i l l be 
worse f o r slower neutrons. Whereas w i t h 4H5, w i t h a neutron 
energy gain s i t u a t i o n on s c a t t e r i n g , the greater p r o p o r t i o n 
of neutrons being scattered from the sample would increase 
i n energy. Thus the p r o b a b i l i t y of absorption a f t e r s c a t t e r i n g 
would be reduced. A c o r r e c t i v e procedure may have been 
developed, po s s i b l y based on the work of Paalman and Pings 
(2 1 ) , xvho produced a computer programme f o r a c o r r e c t i o n f o r 
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e l a s t i c s c a t t e r i n g . T h i s was not c a r r i e d out and i t 

could lead to two e f f e c t s . R e l a t i v e peak i n t e n s i t i e s can 

now only be t e n t a t i v e l y q u a n t i f i e d and, to a much l e s s e r 

extent, the band cen t r e s could be s h i f t e d . On taking the 

instrument r e s o l u t i o n i n t o account the l a t t e r e f f e c t can 

be ignored s i n c e no intense bands could be generated by 

ignoring the absorption e f f e c t though very weak peaks and 

troughs may be formed. 
Table 9»7 i n d i c a t e s the conditions i n which experiments 

were c a r r i e d out. 

Table 9.7: D e t a i l s of the C^H^/Pt Black Experiments 
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9.4 R e s u l t s 

Table 9.8 and 9»9 show the r e s u l t s gained from the 

experiments on the three spectrometers. F i g u r e 9.5 shows 

the EFPPLUTO s p e c t r a of the platinum background sample 

(approximately 80g i n aluminium container) run at 77K. 

Pigure 9.6 shows the BPDPLUTO data at the two coverages of 

benzene. The platinum background has been^^ subtracted to 
• • r 

achieve the s c a t t e r i n g due to the benzene only. Figure/9.7 

shows the t i m e - o f - f l i g h t data acquired from the 4H5 e x p e r i ­

ment. Pigure 9.7 ( i ) shows the platinum black background 

t i m e - o f - f l i g h t spectrum and Pigure 9.7 ( i i ) the spectrum 

of the benzene adsorbed on the platinum surface and, f i n a l l y , 

Pigure 9.7 ( i i i ) d e p i c t s the spectrum of the benzene a f t e r 

the platinum background had been subtracted. A l l the data 

are taken from the 90° s c a t t e r i n g angle. Pigure 9.8 shows 

the 4H5 P(a ,/3) s p e c t r a at angles of 82° and 90° plotted 
-1 

a g a i n s t the energy i n the region of i n t e r e s t 10-220cm . 

Pigure 9.9 shows the s p e c t r a of three coverages of benzene 

on. the platinum b l a c k achieved on the IN4 instrument. The 

runs covered the region of s c a t t e r i n g angles of 81 to 158°. 

Table 9.10 i n d i c a t e s the average s c a t t e r i n g angle and the 

number of. angles i n each spectrum. P(a;,^) i s plotted i n 

these spectra, against energy t r a n s f e r . 
9.5 D i s c u s s i o n 
9.5.1 Platinum Black Only 

• F i g u r e s .9.5, 9.7 ( i ) show the' IINS s p e c t r a of the 

platinum b l a c k only. These s p e c t r a were plo t t e d to check 

t h e - s u r f ace f o r hydrogeneous i m p u r i t i e s and to observe the 
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Table 9.8: BFDPLUTO V i b r a t i o n a l Data on the C^H^/Pt System 

Platinum 0.75 1.75 
Only ^6^6 ^6^6 

9l(rash) — 75(m) 
175(s) 157(ni) 168(mb) 

215(wra) -
269(mb) 272(s) 270(m) 
381(b) - -

- 422(sh) 41l(m) 
47l(m) -
522(m) 543(wb) 
638(s) 647(in) 

- 686(vs) 
- 810(s) 

863(w) - -
- 882(w) 87l(tnb) 

Table 9 . 9 : Low Frequency V i b r a t i o n s i n the G^E^/Pt System 

4H5 im 

Platinum ~0.5-16 ~ 0.109 ~0.5G ~i.5-2.oe 
Only ^^6^6 ^6^6 ^6^6 ^6^6 

443(sb) 
213(w) 217(s) 209(ms) 211(mb) 

206(msh) I90(sh) 
I75(ni) 17l(m) 168(msh) 

165(s) 163(sb) 
153(m) 158(s) 

127(sh) 
1l5(m) 12l(vs) 1 l 9 ( s ) 

87(s) 90(w) i 

72(vs) 70(wb) 
56(m) 
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T a b l e 9.10: D e t a i l s o f S c a t t e r i n p ; Augi l e s o f I N 4 S p e c t r a 

F i g u r e 

Number 
C o v e r a g e A v e r a g e 

s c a t t . 

a n g l e 

N o . o f a n g l e s 

i n average . 

Range o f 

s c a t t . 

a n g l e s 

6 . 1 3 ( i ) ~ 0 . 1 1 4 0 . 6 137-144-

6 . 1 3 ( i i ) ~ 0 . 5 119.3 5 115-124 

6 . 1 3 ( i i i ) - 1 . 7 5 1 3 1 . 9 17 115-151 

d e n s i t y o f s t a t e s o f b u l k p l a t i n u m b l a c k . The l a t t e r was 

s t u d i e d b y H o w a r d e t a l ( 2 2 ) u s i n g t i m e - o f - f l i g h t t e c h n i q u e s . 

The t w o l o w e s t f r e q u e n c y max ima a r e f o u n d a t 87 and 

165cm~' ' i n F i g u r e 9 . 7 ( i ) o f t h e 4H5 d a t a and a t 91 and 175cm'" 

i n F i g u r e 9.3 o f t h e BFDPLUTO d a t a . T h i s compares w i t h t h e 

H o w a r d d a t a o f 97 and 159cm~"^ f r o m an e x p e r i m e n t c a r r i e d 

o u t on 6 H , a n o t h e r t i m e - o f - f l i g h t i n s t r u m e n t once used a t 

H a r w e l l . T h e s e f r e q u e n c i e s a r e v e r y c l o s e t o f r e q u e n c i e s , 

d e t e r m i n e d f o r t h e d e n s i t y o f s t a t e s o f b u l k p l a t i n u m (23) . 

T h e r e a r e no o t h e r f e a t u r e s i n t h e 4H5 s p e c t r u m b u t f u r t h e r 

weak b a n d s o c c u r i n t h e BFDPLUTO s p e c t r u m . A s h o u l d e r i s 

f o u n d a t 269cm~"^, a b r o a d b a n d a t 381 cm~"^ and an u n u s u a l 

f e a t u r e a t 853cm'"' '". Howard f o u n d a band a t 350cra""̂  i n a 

6H s p e c t r u m o f c l e a n e d and d e g a s s e d p l a t i n u m ( 2 4 ) . The 

c o m p o n e n t a t 855cm~"'" may w e l l be due t o t h e i n s t r u m e n t s i n c e 

a s h a r p jump i n i n t e n s i t y o c c u r s b e t w e e n 8 7 2 and 880cm~"'". 

The r a w d a t a shows a sudden i n c r e a s e i n c o u n t s a t 880cm'"'^' 

f o r t h e same ( a p p r o x . ) l e n g t h o f c o u n t i n g t i m e as a t 872cra""'^» 

—"1 
The 381cm b r o a d b a n d c o u l d be t h e s econd h a r m o n i c o f t h e 
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s t r o n g b u l k p l a t i n - u m b a n d a t 175cm~"̂  t h o u g h t h i s i s n o t 
f a v o u r e d s i n c e 2 x 175 = 350cm~\ b e l o w t h e o b s e r v e d 
f r e q u e n c y o f 381cm"""'". N o r m a l l y t h e o v e r t o n e i s o b s e r v e d 

—1 a t l e s s t h a n t w i c e t h e f u n d a m e n t a l f r e q u e n c y . The 269cra 
b a n d may be t h e c o m b i n a t i o n o f t h e t w o b u l k p l a t i n u m p e a k s 
a t 9 1 and 175cm"" ( t o t a l = 266cm'" ) . I f t h e s e weake r b a n d s 
a r e n o t e x p l a i n e d as above t h e n t h e y may be i n d i c a t i v e o f 
a s u r f a c e o r e v e n a b u l k c o n t a m i n a n t . 

P o s s i b l e c o n t a m i n a n t s a r e o x y g e n , h y d r o g e n , w a t e r , 

c a r b o n m o n o x i d e , s u l p h u r , c h l o r i n e o r e v e n a h y d r o c a r b o n , 

w h i c h c o u l d h a v e b e e n d e p o s i t e d f r o m t h e v a p o u r s o f t h e 

pump s y s t e m t h o u g h t h e i o n pump s y s t e m u s e d was f u l l y 

t r a p p e d u s i n g l i q u i d n i t r o g e n . 

P r e v i o u s v i b r a t i o n a l s t u d i e s o f t h e s e s u b s t a n c e s , a d s o r b e d 

on s u r f a c e s , c a n be u s e d t o i n d i c a t e w h e t h e r t h e y e x i s t on 

o r i n o u r p l a t i n u m b l a c k s a m p l e s . W a t e r a d s o r b e d on t h e 

p l a t i n u m ( 1 1 1 ) p l a n e has b e e n s t u d i e d b y S e x t o n v e r y r e c e n t l y 

u s i n g EELS a t 100K (25) and t h e OH s t r e t c h and HOH d e f o r m a t i o n s 

w e r e f o u n d t o o c c u r a t 34-00 and 1525cm"'^ b e y o n d o f t h e r a n g e 

o f t h i s s t u d y . H o w e v e r , s k e l e t a l v i b r a t i o n s i n v o l v i n g w a t e r 

and p l a t i n u m a t m o n o l a y e r c o v e r a g e were f o u n d a t 700cm~'^ 

( t h e h i n d e r e d r o t a t i o n ) and 250cm'" ( t h e h i n d e r e d t r a n s l a t i o n ) . 

The 269cm b a n d c o u l d w e l l be due t o t h e l a t t e r b u t no 

—1 
v i b r a t i o n a l b a n d was f o u n d a t a l l i n t h e 700cm r e g i o n . 
T h i s m u s t be an i n d i c a t i o n t h a t t h e w a t e r was r e m o v e d i n t h e 

c l e a n i n g o p e r a t i o n . Howard e t a l a l s o f o u n d b a n d s a t 584-, 

- 1 

8 2 4 , 1336 and 1696cm a t t r i b u t e d t o w a t e r on p l a t i n u m b l a c k 

a t 77K, t h o u g h t h e s e f e a t u r e s l i e above t h e r e g i o n o f 

i n t e r e s t ( 2 4 - ) . S e x t o n ( 2 5 ) a l s o f o u n d a b a n d a t 550cffl""'̂  

a t t r i b u t e d t o a P t - 0 s t r e t c h i n h i s s t u d y o f w a t e r on t h e 
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P t ( 1 1 l ) p l a n e u s i n g EELS . H o w e v e r , no i n e l a s t i c s c a t t e r i n g 
w o u l d be e x p e c t e d f r o m o x y g e n s i n c e i t h a s a z e r o i n c o h e r e n t 
n e u t r o n s c a t t e r i n g c r o s s - s e c t i o n . S u l p h u r c o u l d be an 
i m p u r i t y f r o m t h e m a n u f a c t u r i n g p r o c e s s b u t , ^ a i n , s u l p h u r 
has a n e g l i g i b l e i n c o h e r e n t n e u t r o n s c a t t e r i n g c r o s s -
s e c t i o n . C a r b o n m o n o x i d e w o u l d a c t s i m i l a r so c o u l d n o t be 
i g n o r e d as a p o s s i b l e i m p u r i t y t h o u g h t h e ^^^^Q^^^ v a l u e s o f 
C and 0 a r e z e r o . B a r o e t a l ( 2 6 ) f o u n d t h a t CO had b e e n 
an i m p u r i t y i n t h e i r s t u d y o f h y d r o g e n on p l a t i n u m a t 90K. 
T h i s EELS s t u d y o f h y d r o g e n on t h e p l a t i n u m ( i l l ) p l a n e 
d e t e c t e d l o s s e s a t 500, 1130 and 1230cm due t o a d s o r b e d 
h y d r o g e n . Howard e t a l ( 2 4 ) f o u n d v i b r a t i o n a l b a n d s a t 
500, 622 and 8 1 2 c m " ' ' , u s i n g I I N S a t 77K, a t t r i b u t e d t o 
h y d r o g e n . A l l o f t h e s e f e a t u r e s l i e o u t s i d e t h e r a n g e o f 
t h e s u s p e c t b a n d s . As d i s c u s s e d b y Howard (20), c h l o r i n e 
h a s a m o d e s t i n c o h e r e n t s c a t t e r i n g c r o s s - s e c t i o n o f 3.5 
b a r n s , compared t o 79-7 b a r n s f o r t h e h y d r o g e n a t o m , w h i c h 
makes i t a s u f f i c i e n t l y e f f e c t i v e s c a t t e r e r o f n e u t r o n s . 
The m a n u f a c t u r e r h a d i n d i c a t e d t h a t t h e r e was p o s s i b l y a 
0 . 1 % s a m p l e i m p u r i t y and i f a l l t h i s had b e e n c h l o r i n e t h e n 
a p p r e c i a b l e s c a t t e r i n g f r o m c h l o r i n e w o u l d have t a k e n p l a c e 
w h e t h e r i t was i n a s u r f a c e bound f o r m o r d i s s o l v e d i n t h e 
b u l k . P t - C l and P t - C l - P t s t r e t c h e s a r e known t o o c c u r a t 515 

and 350cm"^respect ively ( 2 7 ) . Thus t h e l i k e l i h o o d t h a t t h e 

- 1 
381 cm b a n d was due t o c h l o r i n e c a n n o t be d i s m i s s e d . 
H o w a r d ( 2 0 ) t h o u g h t t h a t t h i s r e a s o n a b l y c o u l d e x p l a i n t h e 

- 1 
s i m i l a r b a n d a t 350cm i n h i s s p e c t r a o f c l e a n e d p l a t i n u m . 

From t h e above a r g u m e n t s , t h e f o l l o w i n g o b s e r v a t i o n s 

c a n be made . 
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( i ) The 863cm""^ jump i s due t o an i n s t r u m e n t a r t i f a c t , 
( i i ) The 269cm"'^ s h o u l d e r may be a c o m b i n a t i o n band 

(91 + 175 = 2 6 6 c m ' " ^ ) . 
( i i i ) A c o n t a m i n a n t s u c h as c h l o r i n e o r o x y g e n may be 

p r e s e n t t o a s m a l l d e g r e e , 
( i v ) The 381cm b r o a d b a n d may be due t o a m e t a l -

c h l o r i d e s t r e t c h , 
( v ) T h e r e w o u l d a p p e a r t o be no h y d r o g e n , w a t e r o r 

c a r b o n a c e o u s m a t e r i a l on o r i n t h e p l a t i n u m b l a c k , 

( v i ) Due t o t h e a c t u a l a b s o r p t i o n and t h e s p e c t r a t h a t 

e n s u e d , i t w o u l d a p p e a r r e a s o n a b l e t o assume t h a t 

b e n z e n e had i n t e r a c t e d w i t h t h e p l a t i n u m s u r f a c e . 

9 . 5 » 2 . A d s o r b e d Benzene on P l a t i n u m B l a c k 

'From t h e f o l l o w i n g d i s c u s s i o n i t i s f e l t t h a t t h i s 

s t u d y o f b e n z e n e a d s o r b e d on p l a t i n u m b l a c k p r o d u c e s t w o 

m a j o r p o i n t s o f i n t e r e s t . 

( i ) T h e r e a r e c h a n g e s i n t h e f u n d a m e n t a l i n t r a - m o l e c u l a r 

v i b r a t i o n s o f benzene a t l o w c o v e r a g e t h a t i n d i c a t e t h a t 

t h e b e n z e n e h a s i n d e e d f o r m e d a s u r f a c e c o m p l e x on i n t e r ­

a c t i o n w i t h t h e p l a t i n u m b l a c k s u r f a c e , 

( i i ) T h e r e a r e p o s s i b l y f i v e new bands t h a t c a n n o t be e x p l a i n e d 

as f u n d a m e n t a l i n t r a - m o l e c u l a r o r i n t e r - m o l e c u l a r b e n z e n e 

v i b r a t i o n s . The new b a n d s a r e e i t h e r c aused b y t h e h i n d e r e d 

r o t a t i o n s and t r a n s l a t i o n s o f t h e c o m p l e x e d benzene m o l e c u l e 

a n d / p r b y t h e s p l i t t i n g o f t h e d o u b l y d e g e n e r a t e b e n z e n e 

i n t r a r m o l e c u l a r f u n d a m e n t a l v i b r a t i o n s . B o t h t h e s e g i v e 

i n f o r m a t i o n on t h e e x a c t s i t e symmet ry seen b y t h e b e n z e n e 

m o l e c u l e . 
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9»5.3» H i g h e r F r e q u e n c y S t u d y o f Benzene on P t B l a c k 

TaMe__^_j_8, w h i c h shows t h e I I N S f e a t u r e s f r o m an 

i n s p e c t i o n o f BFDPLUTO s p e c t r a , i n d i c a t e s t h a t , w i t h t h e 

benzene c o v e r a g e a p p r o a c h i n g 2 m o n o l a y e r s , t h e s i m i l a r i t i e s 

i n c r e a s e b e t w e e n t h e a d s o r b e d benzene and s o l i d b e n z e n e . 

T h i s i s r e a s o n a b l e b e c a u s e CgH^ ^Q^Q i n t e r a c t i o n s w i l l 

i n c r e a s e as t h e m o l e c u l e s s t a r t t o b u i l d up on t o p o f e a c h 

o t h e r . I f t h e s e c o n d l a y e r o f benzene m o l e c u l e s a r e n o t i n 

d i r e c t c o n t a c t w i t h t h e p l a t i n u m s u r f a c e t h e n t h e y w i l l 

i n t e r a c t t h r o u g h t h e i n i t i a l m o n o l a y e r w i t h t h e s u r f a c e as 

w e l l as w i t h t h e i n i t i a l m o n o l a y e r and t h e o t h e r b e n z e n e , 

m o l e c u l e s i n t h e s e c o n d l a y e r . 

T a b l e 9.11 shows t h e s i m i l a r i t y b e t w e e n t h e f r e q u e n c i e s 

o f t h e i n t r a m o l e c u l a r b e n z e n e v i b r a t i o n s i n s o l i d benzene 

and a t a h i g h b e n z e n e c o v e r a g e on p l a t i n u m b l a c k . V i b r a t i o n a l 

s t u d i e s o f s o l i d b e n z e n e i n d i c a t e d t h a t t h e o u t - o f - p l a n e 

modes were g e n e r a l l y moved up i n f r e q u e n c y w h e r e a s t h e i n -

p l a n e modes i n c r e a s e d a v e r y s m a l l amount compared t o s t u d i e s 

o f b e n z e n e v a p o u r . The b e n z e n e m o l e c u l e s a r e ' f i x e d ' i n 

s p a c e i n t h e s o l i d so t h e c h a n g e s f o u n d i n s o l i d benzene a r e 

t o b e e x p e c t e d t o some d e g r e e on p l a t i n u m s i n c e t h e b e n z e n e 

i s a l s o d i r e c t i o n a l l y f i x e d on t h e p l a t i n u m s u r f a c e . The 

p l a t i n u m ' d ' o r b i t a l s a r e f i x e d i n space and t h e b e n z e n e -

p l a t i n u m i n t e r a c t i o n , i f s t r o n g and i f i t t a k e s p l a c e b e t w e e n 

t h e d o r b i t a l s o f t h e p l a t i n u m and t h e n o r b i t a l s o f t h e 

b e n z e n e r i n g , w i l l e f f e c t i v e l y p r e v e n t t h e b e n z e n e r i n g f r o m 

f r e e l y r o t a t i n g a r o u n d i t s Cg a x i s . The d e g r e e o f o v e r l a p 

w o u l d b e l a r g e b e c a u s e o f t h e s p a t i a l e x t e n s i o n o f t h e 

p l a t i n u m 5'(3' o r b i t a l s . 
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T a b l e 9 - 1 1 • E r e g u e n c y V a r i a t i o n o f Benzene I n t r a m o l e c u l a r 

V i b r a t i o n s ( E . G . = H i g h C o v e r a g e ) 

I R / E l E / E I I W S I I N S V i b r a t i o n 

Gas S o l i d S o l i d P t + G g H g ( H . C . ) ( W i l s o n N o . ) 

( 2 8 ) (29,30) 
P t + G g H g ( H . C . ) 

4-04- 4 0 0 4 0 1 411 ^ 6 

6 0 6 607 602 - ^ 6 

6 7 1 6 8 6 700 686 ^11 

8 4 9 8 5 6 858 871 ^10 

I n s o l i d b e n z e n e t h e s p e c t r u m F i g u r e 7 . 2 , i s d o m i n a t e d 

-1 
b y t h e b a n d s a t 4 1 1 , 700 and 858cni These b a n d s were 

a s s i g n e d t o t h e o u t - o f - p l a n e modes V^^, "^Ij^ and'^^Q. A t h i g h 

c o v e r a g e o f b e n z e n e v i b r a t i o n a l bands 

-1 871cm ' and t h e s e a r e a s s i g n e d t o ^ ^ g v °.uu -̂ Q 

• e x i s t a t 4 1 1 , 686 and 

^ ) . . and "^^Q f r o m 

i n t e n s i t y g r o u n d s and f r o m t h e c o m p a r i s o n w i t h t h e I I N S 

s p e c t r u m o f s o l i d b e n z e n e . The o n l y o t h e r f u n d a m e n t a l 

b e n z e n e v i b r a t i o n s t h a t c o u l d e x i s t i n t h i s a r e a a r e a t 
_ 1 

-700cm . T h i s b a n d o b v i o u s l y i n v o l v e s v e r y l i t t l e h y d r o g e n 

m o t i o n and was n o t s e e n i n t h e s o l i d b e n z e n e s p e c t r u m and 

t h u s has n o t g a i n e d e n o u g h i n t e n s i t y t o be seen u s i n g I I N S 

s p e c t r o s c o p y . S i m i l a r s t u d i e s o f o r g a n o m e t a l l i c compounds 

( C h a p t e r 7 ) a l s o f a i l e d t o r e v e a l t h i s b a n d . L o k s h i n e t a l 

( 3 1 ) f a i l e d t o o b s e r v e i t f r o m an i n f r a - r e d / R a m a n s t u d y o f 

C g H g M ( C 0 ) j c o m p l e x e s . i s i n f r a - r e d and Raman i n a c t i v e i n 

b e n z e n e . I n s o l i d b e n z e n e , a medium i n t e n s e band e x i s t e d 

—1 

a t 602cm w h i c h was a s s i g n e d t o v )^ , t h e i n - p l a n e r i n g 

d e f o r m a t i o n . T h i s b a n d was n o t seen i n t h e a d s o r b e d p h a s e . 
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T h i s can be i n t e r p r e t e d as a r e s u l t o f t h e p r e f e r e n t i a l 

o r i e n t a t i o n o f t h e b e n z e n e r i n g p a r a l l e l t o and l y i n g f l a t 

above t h e p l a t i n u m s u r f a c e . I n a s i t u a t i o n where t h e 

i n t e r a c t i o n i n t h i s p o s i t i o n i s s t r o n g t h e a m p l i t u d e o f 

v i b r a t i o n p a r a l l e l t o t h e s u r f a c e w o u l d be r e d u c e d some-
„ 1 

w h a t and t h u s s i n c e no b a n d i s seen a t ~ 6 0 0 c m t h i s i s 

t a k e n as an i n d i c a t i o n t h a t t h e ~ 2 m o n o l a y e r s o f benzene 

a r e i n s u c h f l a t p o s i t i o n s . 

—1 

Above 400cm t h e o n l y o t h e r f e a t u r e s i n t h e s p e c t r u m 

—1 

l i e a t 543 and 647cm . These bands e x i s t a t f r e q u e n c i e s 

a t w h i c h b a n d s e x i s t a t l o w c o v e r a g e . I t i s f e l t t h a t t h e s e 

a r e due t o b e n z e n e i n t h e c h e m i s o r b e d phase r a t h e r t h a n 

s e c o n d l a y e r b e n z e n e . I t i s t h u s p o s s i b l e t h a t a t h i g h 

c o v e r a g e , t h e I I N S d a t a c o u l d be c r u d e l y d e s c r i b e d as t h a t 

due t o m o n o l a y e r c o v e r a g e and t o t h e s econd l a y e r c o v e r a g e . 

C o m p a r i s o n s w i t h j u s t s o l i d benzene w i l l t h e r e f o r e be o n l y 

t e n t a t i v e s i n c e i n t e r a c t i o n s c o u l d o c c u r t h a t w o u l d n o t be 

f o u n d i n s o l i d b e n z e n e . 

A t l o w e r c o v e r ^ e o f b e n z e n e , a p p r o a c h i n g one m o n o l a y e r 

t h e s p e c t r u m , shown i n F i g u r e 9 « 6 , d i f f e r s q u i t e c o n s i d e r a b l y 

f r o m t h a t a t h i g h c o v e r a g e . The two s t r o n g e s t bands a t 4 1 1 
—1 _ 1 

and 686cm h a v e b e e n r e p l a c e d b y b a n d s a t 638 and 810cm 
—1 

and a number o f f e a t u r e s i n t h e 400 -600cm r a n g e . A t t h i s 

c o v e r a g e i t i s e x p e c t e d t h a t a b e n z e n e - p l a t i n u m i n t e r a c t i o n 

i s o b s e r v e d i e t h a t a l l t h e b e n z e n e i s c h e m i s o r b e d o n t o t h e 

p l a t i n u m b l a c k s u r f a c e . I R s t u d i e s o f c o m p l e x e d b e n z e n e 

h a v e b e e n p a r t i c u l a r l y u s e f u l i n a s s i g n i n g t h e I R ( a n d EELS) 

a c t i v e , t h e s y m m e t r i c o u t - o f - p l a n e OH d e f o r m a t i o n . T h i s 

v i b r a t i o n g e n e r a l l y moves up i n f r e q u e n c y on c o m p l e x a t i o n . 
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I n F i g u r e 9 . 6 t h e r e i s o n l y one band o f any s t r o n g i n t e n s i t y 

—1 —1 

a t l o w c o v e r a g e , a t 810cm , above 671cm t h e f r e q u e n c y 

o f i n b e n z e n e v a p o u i ' . F u r t h e r , s i n c e >5^^ was r e a d i l y 

a s s i g n e d a t h i g h b e n z e n e c o v e r a g e , i t w o u l d a l s o be e x p e c t e d 

t o e x i s t a t l o w c o v e r a g e . The i n c r e a s e i n f r e q u e n c y o f 

139cm a r i s e s b e c a u s e an a d d i t i o n a l f o r c e c o n s t a n t i s 

added t o t h e f o r c e s w i t h i n t h e m o l e c u l e f o r t h e o u t - o f -

p l a n e v i b r a t i o n s . T h i s makes v i b r a t i o n s o f t h i s t y p e much 

h a r d e r and t h e r e f o r e r a i s e s t h e f r e q u e n c i e s . T h i s added 

f o r c e c o n s t a n t i n t h e o u t - o f - p l a n e d i r e c t i o n h a s no a f f e c t 

on t h e f o r c e c o n s t a n t s c o n t r o l l i n g t h e i n - p l a n e v i b r a t i o n s . 

I t w o u l d be e x p e c t e d a l s o t h a t I^^Q and V ^ g , t h e o t h e r o u t -

o f - p l a n e modes , w o u l d a l s o move up i n f r e q u e n c y i n t h e 
—1 

manner o f The weak b a n d a t 882cm i s a s s i g n e d t o "Ĵ Q̂ 
_^ 

and c o u l d be a s s i g n e d t o bands a t 4 2 2 o r 471cm . The 

j u s t i f i c a t i o n t h a t -i?^^, "Ô Q and i ^ ^ ^ a r e o b s e r v e d i n t h e 

I I N S s p e c t r u m and t h e a s s e r t i o n t h a t t h e y move up i n f r e ­

q u e n c y a r i s e s f r o m a s t u d y o f o t h e r s y s t e m s s u c h as CgH^ 

o r g a n o m e t a l l i c s and C g H ^ - s u r f a c e s t u d i e s . The f o l l o w i n g 

p e r t i n e n t s t u d i e s h a v e b e e n c a r r i e d o u t on r e l a t e d s y s t e m s . 

( a ) L o k s h i n e t a l c a r r i e d o u t a c o m p a r a t i v e i n v e s t i g a t i o n 

o f t h e v i b r a t i o n a l s p e c t r a o f a r ene m e t a l t r i c a r b o n y l s 

w h e r e M i s C r , Mo o r W ( 3 1 ) . T a b l e 9 . 1 2 d e p i c t s t h e d a t a 

f r o m t h e r e g i o n o f i n t e r e s t . 

( b ) An I R s t u d y , a t 77K, o f MCgH^' s p e c i e s , f o r m e d f r o m F e , 

Co and N i v a p o u r s c o - c o n d e n s e d w i t h G^E^ i n an argo.n m a t r i x , 

f o u n d e v i d e n c e o f ; r - c o m p l e x i n g ( 3 2 ) . The r e l a t i v e s t r e n g t h s 

o f t h e M-CgHg b o n d s w e r e o b t a i n e d f r o m t h e s h i f t s i n t h e 

i n - p l a n e C=C s t r e t c h i n g modes , w h i c h f e l l i n f r e q u e n c y , and 

f r o m t h e m a g n i t u d e o f t h e s h i f t o f 0 ^ ^ , t h e CH o u t - o f - p l a n e 
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T a b l e 9 . 1 2 : C o m p a r a t i v e D a t a o f L o k s h i n e t a l ( 3 1 ) 

A s s i g n m e n t 
S o l i d 

^ 6 ^ 6 
C g H g C r ( C O ) ^ CgHgMo(CO)^ CgHgW(CO)^ 

398 4 2 2 4 2 3 4 2 4 

6 0 6 611 6 1 5 600 

673 7 8 6 7 6 4 775 

8 4 6 905 8 9 2 8 9 0 

d e f o r m a t i o n , t o h i g h e r w a v e n u m b e r s . An i n c r e a s e , A x ) ^ ^ , o f 

9 l c m ~ ^ was f o u n d i n F e ( C g H g ) , 87ctn~^ i n (CgHg)Co and 77cm"'^ 

i n ( C g H g ) N i , w h i c h compare s r e l a t i v e l y w e l l w i t h -f90cm""^ 

f o r A v ) ^ ^ o b t a i n e d f o r b e n z e n e on n i c k e l s u r f a c e s ( 3 4 ) . 

T h i s t r e n d f r o m Fe t o N i was due t o t h e a b i l i t y o f t h e s e 

m e t a l a toms t o s e r v e as a c c e p t o r s o f T T - e l e c t r o n d e n s i t y . 

I n o u r w o r k on p l a t i n u m - b e n z e n e , was o b s e r v e d a t SlOcm'"'^, 

—1 

an i n c r e a s e o f 137cin . T h i s g r e a t e r i n c r e a s e may w e l l be 

due t o t h e g r e a t e r s p a t i a l e x t e n t o f t h e 5'd' P t o r b i t a l s , 

w h i c h a c t as n - e l e c t r o n d e n s i t y a c c e p t o r s , w h e r e a s F e , 

Co and N i o n l y h a v e t h e l e s s e x t e n s i v e 3'd' o r b i t a l s a v a i l a b l e . 

( c ) L e h w a l d e t a l ( 1 2 ) i n t h e i r s t u d y o f benzene on 

p l a t i n u m ( 1 1 1 ) u s i n g EELS f o u n d a s t r o n g b a n d , w h i c h 
—1 

had s h i f t e d t o h i g h f r e q u e n c y a t l o w c o v e r a g e , 830cm 
and r e t u r n e d t o t h e s o l i d b e n z e n e v a l u e a t h i g h c o v e r a g e , 

- 1 - 1 
700cm . The 830cm b a n d was a s s i g n e d t o b e n z e n e b o n d e d 

above a s i n g l e p l a t i n u m a t o m . T h i s i s t h e f i r s t i n d i c a t i o n 

t h a t p o s s i b l y s u c h a c o n f i g u r a t i o n e x i s t s on p l a t i n u m b l a c k . 



522 

L e h w a l d e t a l f o u n d o t h e r b a n d s a t h i g h e r f r e q u e n c y , a l s o 
a s s i g n e d t o v>^^ , i n d i c a t i v e o f benzene b o n d e d above a 3 -
f o l d h o l l o w . No a n a l o g u e was f o u n d i n o u r C g H ^ / P t b l a c k 
s t u d y - T h u s , t h i s may be an i n d i c a t i o n t h a t o n l y one 
s p e c i e s e x i s t s on P t b l a c k . I t i s n o t s u r p r i s i n g t h a t 
t h e s e l a t t e r b a n d s were n o t d i s c o v e r e d on p l a t i n u m b l a c k " 
where o n l y a s m a l l p e r c e n t a g e o f ( 1 1 1 ) t y p e s i t e s a r e a v a i l ­
a b l e . T h e r e a r e no s u c h 3 - f o l d s i t e s on t h e ( 1 1 0 ) o r ( 1 0 0 ) 
p l a n e s a v a i l a b l e f o r b e n z e n e . So s u c h ^ ^ ~ ( C g H g ) - P t ^ 
m o i e t i e s w e r e n o t o b s e r v e d t h o u g h some may s t i l l o c c u r . 

The m a s s i v e i n c r e a s e i n t h e f r e q u e n c y o f , a t l o w 

c o v e r a g e , may b e due t o a d i s t o r t i o n o f t h e b e n z e n e m o l e c u l e , 

due n o t o n l y t o t h e b e n z e n e - p l a t i n u m n - i n t e r a c t i o n w h i c h 

w o u l d i n v o l v e a r e h y b r i d i z a t i o n o f t h e ; r - o r b i t a l s , b u t a l s o 

t o t h e h y d r o g e n s i n t e r a c t i n g i n some way w i t h t h e o t h e r 

p l a t i n u m a t o m s . T h i s w o u l d p o s s i b l y p r o d u c e a d i s t o r t e d 

b e n z e n e m o l e c u l e . I t ha s b e e n p o s t u l a t e d t h a t t h e benzene 

h y d r o g e n a toms r e s i d e c l o s e r t o t h e p l a t i n u m s u r f a c e p r o d u c i n g 

a c r a b b e d s t r u c t u r e ( 1 1 ) w h i c h has been f o u n d i n o r g a n o -

m e t a l l i c c o m p l e x e s where x)^^ h a s moved up i n f r e q u e n c y t o 

a h i g h d e g r e e . A n e u t r o n d i f f r a c t i o n s t u d y o f C g H g C r ( C 0 ) j 

( 3 3 ) f o u n d t h a t t h e h y d r o g e n atoms r e s i d e d c l o s e r t o t h e 

c h r o m i u m a t o m , o u t - o f - t h e b e n z e n e p l a n e . A p l a n e - h y d r o g e n 

d i s t o r t i o n a n g l e o f 1 . 7 ° was f o u n d w h e r e a s v a l u e s o f 5 - 2 ° 

had b e e n e s t i m a t e d , b y p r e v i o u s w o r k e r s , i n s a n d w i c h compounds 

s u c h as d i b e n z e n e - c h r o m i u m and f e r r o c e n e ( 3 4 , 3 5 ) . 

The p e r t u r b a t i o n t o t h e b e n z e n e r i n g w o u l d appea r t o 

be g r e a t e r on p l a t i n u m r a t h e r t h a n i n t h e o r g a n o m e t a l l i c 

s u c h as C g H g C r ( C O ) ^ o r t h e m a t r i x i s o l a t e d s p e c i e s s u c h as 

C g H g N i o r , e v e n f r o m t h e L e h w a l d e t a l ( 1 2 ) s t u d y o f CgHg/N5 
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( 1 1 1 ) i f t h e s h i f t i n t h e \ ) ^ ^ f r e q u e n c y i s a t r u e i n d i c a t i o n 
o f t h e d i s t o r t i o n . T h i s i s o n l y seen a t l o w c o v e r a g e o f 
b e n z e n e . 

A t h i g h e r c o v e r a g e , ~ 2 m o n o l a y e r s , t h e s p e c t r u m 

a p p r o a c h e s t h a t o f s o l i d b e n z e n e . Thus i t i s f e l t t h a t t h e 

b e n z e n e - p l a t i n u m i n t e r a c t i o n i s changed d r a s t i c a l l y f r o m 

t h a t f o u n d a t l o w e r c o v e r a g e . A t ~ 2 m o n o l a y e r s , i f t h e 

c h e m i s o r b e d l a y e r had n o t b e e n changed t h e n t h e I I N S d a t a 

w o u l d h a v e shown c h a r a c t e r i s t i c s i n d i c a t i v e o f t h e 

c h e m i s o r b e d l a y e r and t h e o v e r l a y e r i n t h e b e n z e n e i n t r a ­

m o l e c u l a r modes . T h i s was n o t o b s e r v e d t h o u g h t h e CgHg-P t 

s k e l e t a l modes w e r e p o s s i b l y o b s e r v e d a t b o t h c o v e r a g e s . 

The e v i d e n c e f o r t h e a s s i g n m e n t o f t h e i n t r a m o l e c u l a r 

b e n z e n e v i b r a t i o n s a t l o w c o v e r a g e i s f u r t h e r enhanced b y 

c o m p a r i n g t h e I I N S d a t a i n T a b l e 9 ' 1 3 w i t h a number o f 

o r g a n o m e t a l l i c compounds s t u d i e d i n C h a p t e r 7 . 

9 . 5 . 4 . S y m m e t r y o f Benzene on t h e S u r f a c e 

F r o m t h e e v i d e n c e p r e s e n t e d , t h e m a j o r i t y o f b e n z e n e 

m o l e c u l e s w o u l d a p p e a r t o be bonded p a r a l l e l t o t h e p l a t i n u m 

s u r f a c e . T h i s r e d u c e s t h e moleculai* s y m m e t r y ( \ } ^ ^ when 

t h e m o l e c u l e i n t e r a c t s w i t h t h e s u r f a c e . I f benzene , was 

b o n d e d t o a f e a t u r e l e s s p l a n e , w i t h o u t s p e c i f i c s u r f a c e 

s t r u c t u r e , t h e n G^^ s y m m e t r y w o u l d be f o u n d . T h i s s y m m e t r y 

i s a l s o f o u n d when b e n z e n e i s P T - b o n d e d t o a p o i n t i n a 

p u r e l y l o c a l i z e d s c h e m e . The s t r u c t u r e can be made more 

c o m p l e x a n d , t h u s , t h e s y m m e t r y l o w e r e d . T h i s d e s c e n t i n 

s y m m e t r y i s shown i n T a b l e 9 ' 1 4 w h i c h e x h i b i t s t h e c o r r e l a t i o n 

b e t w e e n i r r e d u c a b l e r e p r e s e n t a t i o n s o f t h e v a r i o u s g r o u p 

s y m m e t r i e s f o r t h e l o w e s t f r e q u e n c y i n t r a m o l e c u l a r b e n z e n e 

v i b r a t i o n s . 
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C o m p a r i s o n o f Some O r g a n o m e t a l l i c Benzene 

I n t r a m o l e c u l a r Modes W i t h t h e P t / C ^ H ^ Sys t em 

OJ^C_Ol ( L . C . ^ Low C o v e r a g e ) 

S y s t e m 16 ^ 6 
•0 

11 ^10 

P t + C , - H ^ ( L . C . ) 
6 6 

( R u C l g C g H g ) 

( 4 2 2 

4 3 9 635 

810 

878 

8 8 2 

( R u B r 2 C g H g ) 4 3 9 6 3 1 869 

(PdAl_Cl,_^CgHg)2 430 615 798 

(Pdii l2Clr;CgHg)2 4 3 9 620 782 8 7 4 

C g H g U ( A l C l ^ ) ^ 

CoHg2(SCN)gCgHg 

4 1 4 

4 2 1 

611 

623 

790 

741 

M i B g 2 ( S C N ) g C g H g 4 1 8 635 729 

( S b C l j ) 2 C g H g 4 1 6 604 721 8 6 1 

I f t h e b e n z e n e m o l e c u l e i n t e r a c t s w i t h a s i n g l e p l a t i n u m 

a tom on a ( i l l ) t y p e s u r f a c e t h e n t h e r e a r e t w o p o s s i b l e a r r a n g e ­

m e n t s on t h e s u r f a c e and b o t h have C^^ s y m m e t r y whereas on 

t h e ( 1 0 0 ) and ( 1 1 0 ) p l a n e s , t h o u g h a g a i n t w o p o s s i b l e s t r u -

t u r e s a r e p o s s i b l e , t h e maximum a t t a i n a b l e s y m m e t r y i s C g ^ . 

These a r r a n g e m e n t s a r e d e p i c t e d l a t e r i n t h e c h a p t e r . Thus 

a t l e a s t C2^. s y m m e t r y w o u l d a p p e a r t o be h e l d b y t h e b e n z e n e 

p l a t i n u m i n t e r a c t i o n on t h e t h r e e h i g h e s t a t o m i c - d e n s i t y 

c r y s t a l o r i e n t a t i o n s , o f l o w s u r f a c e f r e e e n e r g y , i f t h e 

b e n z e n e i s 7 r - b o n d e d t o a s i n g l e p l a t i n u m a t o m . I f t h e 
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T a b l e 9 ' 1 4 : C o r r e l a t i o n B e t w e e n P o s s i b l e Benzene 

Symmet ry S i t e s 

W i l s o n 

NOe 

" 1 
cm 6 h ^ 6 v 3v C2v G 

s 

16 4 0 4 
2u ^ 2 E A ^ - f i i ^ 

1 

A +A 

^ 6 607 
2g 

E2 E ^ l - ^ ^ 2 A +A. 

"^11 673 ^ 2 u ^ 1 A , A , 

^ 4 707 
2g ^ 1 A , 

^ 1 0 8 4 9 1g ^ 1 E B^ + B ^ 
? 

A +A 

s y m m e t r y i s as l o w as Gg^ t h e n i t may be p o s s i b l e t o see 

s p l i t t i i g i n t h e d o u b l y d e g e n e r a t e i n t r a m o l e c u l a r v i b r a t i o n s , 

^ 1 6 ' '^6 ^'^'^ "^10' r e g i o n o f i n t e r e s t . "^^ as a l r e a d y 

d i s c u s s e d i s n o t s een i n t h e I I N S s p e c t r u m , '̂ ^Q l i e s i n 
„ 1 

a v e r y p o o r l y r e s o l v e d r e g i o n a t 882cm a t l o w c o v e r a g e , 

i ' ^ F i g u r e 9-6 and no s p l i t t i n g c o u l d be o b s e r v e d . I n t h e 

o r g a n o m e t a l l i c compounds s u c h as CgHgM(CO)j t h e r e i s C^^ 

s y m m e t r y and t h u s no . s p l i t t i n g o f any E modes t a k e s p l a c e 

b u t on t h e p l a t i n u m s u r f a c e a t l e a s t s y m m e t r y e x i s t s 

on t h e ( 1 0 0 ) and ( 1 1 0 ) p l a n e s . 

T h e r e i s a b a n d a t 4 7 1 cm""^ i n t h e BFDPLUTO s p e c t r u m 

a t l o w c o v e r a g e o f b e n z e n e on p l a t i n u m b l a c k . F i g u r e 9*6, 

w h i c h may be due t o t h e s e c o n d componen t o f "0^^, w h i c h i s a 

d o u b l y d e g e n e r a t e d e f o r m a t i o n ( ^ g j ^ / E g m o d e ) . F i g u r e 7 ' 4 

—1 
shows t h e f o r m o f The b a n d a t 471cra i s n o t f o u n d a t 

—1 
h i g h c o v e r a g e and n e i t h e r i s t h e weaker componen t a t 422cra 

- 1 
T h e y a r e r e p l a c e d b y a medium s t r o n g i n t e n s e b a n d a t 411cra 
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We p o s t u l a t e t h a t "^^g i s i n d e e d s p l i t i n t h e l o w c o v e r a g e 

s p e c t r u m i n t o t w o b a n d s a t 4 2 2 and 4 7 1 cm and t h i s i s 

e v i d e n c e t h a t b e n z e n e can be f o u n d i n a t l e a s t C^^. s y m m e t r y . 

9-5.5 Low F r e q u e n c y S t u d y o f t h e B e n z e n e / P l a t i n u m B l a c k 

S2;st_em_ 

T h r e e c o v e r a g e s , o f b e n z e n e were s t u d i e d on t h e . 

p l a t i n u m b l a c k . A t h i g h c o v e r a g e s , i n s e c t i o n 9 . 5 . 3 . •> i t 

was shown t h a t t h e c h a r a c t e r o f t h e b e n z e n e l a y e r was 

a p p r o a c h i n g t h a t o f s o l i d b e n z e n e . I n t h i s l o w f r e q u e n c y 

s t u d y s u c h c h a r a c t e r i s a l s o r e f l e c t e d a t h i g h c o v e r a g e i n 

t h e a p p e a r a n c e o f b a n d s o f f r e q u e n c i e s s i m i l a r t o t h o s e o f 

t h e l a t t i c e v i b r a t i o n s o f b e n z e n e . T h i s s i m i l a r i t y b e t w e e n 

l a t t i c e v i b r a t i o n a l b a n d s o f s o l i d b e n z e n e and o f t h e h i g h e r 

c o v e r a g e o f b e n z e n e on p l a t i n u m i s n o t s t r i c t l y r e a s o n a b l e 

b e c a u s e t w o m o n o l a y e r s does n o t c o n s t i t u t e a c r y s t a l l i n e 

s t a t e . One c o u l d e n v i s a g e t h e i n t r a m o l e c u l a r f u n d a m e n t a l 

v i b r a t i o n s o f a d s o r b e d b e n z e n e w o u l d t e n d t o a p p e a r l i k e 

s o l i d b e n z e n e b u t t h e i n t e r r a o l e c u l a r modes w o u l d be c h a n g e d . 

A t o n l y t w o m o n o l a y e r s t h e s e c o n d l a y e r w o u l d r e f l e . c t t h e 

f i r s t l a y e r t o a v e r y g r e a t e x t e n t and w o u l d n o t be l i k e 

t h e c r y s t a l f o r m , w h e r e t h e m o l e c u l e s a r e n o t o r i e n t a t e d 

i n any one p a r t i c u l a r p l a n e . P e r h a p s t h e f i r s t m o n o l a y e r 

o f b e n z e n e can be d e s c r i b e d i n t e r ras o f a t w o d i m e n s i o n a l 

l a t t i c e i n t h e same manner as t h e m o n o l a y e r c o v e r a g e s o f 

i n e r t g a s e s on g r a p h i t e . F o r e x a m p l e , Taub e t a l s t u d i e d 

m o n o l a y e r a r g o n c o v e r a g e on g r a p h i t e . T h e y c o u l d d e s c r i b e 

t h e argo.n i n a t w o - d i m e n s i o n a l mode l f r o m i t s i n - p l a n e 

d y n a m i c a l c h a r a c t e r , t h o u g h t h e mode l i n v o l v e d an o u t - o f ~ 

p l a n e c o m p o n e n t due t o t h e c o l l e c t i v e modes o f t h e s u b s t r a t e 
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and a d s o r b a t e ( 3 6 ) . W i t h t h e second l a y e r o f benzene 

t h e c h a r a c t e r o f t h e v i b r a t i o n a l ' l a t t i c e ' modes c o u l d 

be c o n t r o l l e d b y a 2 -D d e s c r i p t i o n r a t h e r t h a n 3~D t h o u g h 

t h e o u t - o f - p l a n e c o n t r i b u t i o n may have i n c r e a s e d f u r t h e r 

t h a n f o u n d i n o n l y a s i n g l e l a y e r . Thus as t h e c o v e r a g e 

o f b e n z e n e i n c r e a s e s on p l a t i n u m new ' l a t t i c e ' v i b r a t i o n s 

w i l l be f o r m e d , b u t t h e ' l a t t i c e ' i n t h i s case w o u l d o n l y 

i n v o l v e t w o m o n o l a y e r s , p r o v i d i n g t h e c o v e r a g e was even 

o v e r t h e p l a t i n u m b l a c k s u r f a c e . These i n t e r m o l e c u l a r 

v i b r a t i o n s may c o i n c i d e w i t h t h o s e o f c r y s t a l l i n e benzene 

b u t t h e y w o u l d o n l y be c o i n c i d e n c e s . 

I t can be seen i n F i g u r e 9«9 t h a t a t ~ 0 , 1 e t h e r e a re 

—1 
o n l y t w o p o o r l y r e s o l v e d b a n d s a t ~ 1 7 5 and ~ 210cm , On 

i n c r e a s i n g t h e c o v e r a g e t h e s p e c t r u m i s d o m i n a t e d b y t h e b a n d 
_ 1 —1 

a t 121cm . Bands a l s o a p p e a r a t 171 and 209cm o f medium 

i n t e n s i t y s i m i l a r t o t h o s e f o u n d a t ~ 0 . i e . A l s o a weak 

medium i n t e n s e b a n d i s f o r m e d a t 153cm'""'".. T h i s s i t u a t i o n 

i s p a r a l l e l e d i n t h e 4H5 s p e c t r u m w h i c h i s d o m i n a t e d b y a 

- 1 - 1 
b r o a d f e a t u r e a t 72cm w i t h a medium b a n d a t 115cm and 

s i m i l a r b a n d s a t h i g h e r f r e q u e n c i e s . On c o v e r i n g t h e s u r f a c e 

—1 
t o a g r e a t e r d e g r e e t h e b a n d s f o u n d a t 1 2 1 and 171cm do 

n o t i n c r e a s e i n r e l a t i v e i n t e n s i t y compared t o t h e r e s t o f 
_ 1 

t h e s p e c t r u m w h e r e a s t h e b a n d s a t 1 2 7 and 158cm i n c r e a s e 

t o a m a r k e d e x t e n t , as shown i n F i g u r e 9*9. F rom t h i s i t 

—1 

seems p l a u s i b l e t h a t t h e 127 and 158cm b a n d s a r e i n d i c a t i v e 

o f i n t e r m o l e c u l a r b e n z e n e v i b r a t i o n s o r due t o v i b r a t i o n s 

a r i s i n g f r o m t h e s e c o n d l a y e r o n l y . S i n c e t h e y a r e o n l y , - 1 f o u n d a t h i g h c o v e r a g e w h e r e a s t h e b a n d s a t 121 and 171cm 
a p p e a r t o r e a c h t h e i r maximum i n t e n s i t y a t l e s s t h a n one 
m o n o l a y e r c o v e r a g e . These b a n d s a r e p r o b a b l y p r o o f o f t h e 
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exis tence of the benzene-platinum surface complex and are 

CgHg-Pt s k e l e t a l v i b r a t i o n s . The changes i n the band 

f requenc ies at low f requenc ies are shown i n Table 9'15 

w i t h a poss ib le source of the v i b r a t i o n s . 

Changes i n Band f requencies With _Benz_ene_ 

Coverage (< 220cm"^ ) 

im 
!o. ie 

I N ^ 

217(m) 

206(sh) 

175(m) 

90(vwb) 

209(ms) 

171(m) 

153(wm) 

121(vs) 

70(wb) 

4H5 
'0 .56 

213(w) 

165(sb) 

115(m) 

72(vs) 

56(ra) 

- 2 9 

21l(mb) 

I90.(sh) 

I78(msh) 

I 5 8 ( s ) 

127(sh) 

119(s) 

4H5 

Only 

203 (nib) 

156(w) 

109(s) 

89(m) 

77(s) 

68(vs) 

Source 

D i f f e r e n c e Bandl 

Unknown 

Ske l e t a l 

In ter tnolecular 
or due to 2nd 
layer only 

Ske le t a l 

Interraolecular 

9 . 5 . 6 , Poss ib le New Spec t ra l Bands 

At low coverage there are possible bands i n d i c a t i v e of 

the benzene-surface i n t e r a c t i o n . These a r i se f rom the 

r o t a t i o n a l and t r a n s l a t i o n a l degrees of freedom of the f r e e 

benzene molecule , f i g u r e 9°10 shows how these r o t a t i o n s 

and t r a n s l a t i o n s become hindered or f r u s t r a t e d on i n t e r a c t i o n 

w i t h the su r f ace . The r o t a t i o n s produce three to r s ions of 

which two are hindered to such a degree tha t they are 
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3 

HINDERED ROTATIONS 

^ : Torsion on© (torsion) 
1^ : Torsion two (tilton©) 

: Torsion three (tilt two) 

HINDERED TRANSLATIONS 

^3 

Stretch one (symmetric) 
Stretch two (deformation one) 
Stretch three (defornrtation two) 

Figure (9>10) Benzene / Surface modes 

of Vibration 
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t i l t i n g mot ions» The t r a n s l a t i o n s produce a s t r e t c h 
p e r p i n d i c u l a r t o the surface and two deformations of 
the adsorbate-adsorbent bond. The s t r e t c h and the t o r s i o n 
are thus A modes whereas the t i l t s and deformation are 
p o s s i b l y bo th E modes. On the bonding of the benzene 
molecule t o a p o i n t on a f e a t u r e l e s s plane the t i l t and 
deformat ions are doubly-degenerate. However, the symmetry 
of these v i b r a t i o n s are der ived f rom the symmetries, i n 
the f r e e molecule , of the r o t a t i o n s and t r a n s l a t i o n s . On 
the lower ing of the symmetry to a sub-group of D^̂ ^ the 
number of former molecular modes i s constant but the 
degeneracy may be l i f t e d . The c o r r e l a t i o n tab le f o r the 
f a l l i n symmetry of the hindered r o t a t i o n s and t r a n s l a t i o n s 
i s shown i n Table 9 « 1 6 . , 

Table 3.^6: C o r r e l a t i o n Table f o r the Rota t ions and 

T r a n s l a t i o n s of the Benzene Molecule 

Degree 
of 

Freedom ^6h 6v ^2v 

R 
z 

A„ 2g 
1 

A 

(R ,R ) ^ x ' y-̂  E E (B^ + B2) (A' + A ) 

z ^2u \ A^ 1 
A 

^1U E E (A^ + A j ) (A' + 
I t 

A ) 

Whether or not the degeneracy of the t i l t and deformat ion 

modes i s l i f t e d even i f the benzene molecule appears t o l i e 

i n a p o s i t i o n of Q^^ or symmetry depends on the degree 
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of i n t e r a c t i o n w i t h the s u r f a c e . Fur the r , even i f the 

s p l i t t i n g took place whether t h i s would be observed i n 

an exper imental IINS spectrum would be the subjec t of 

some c o n j e c t u r e . 

On adso rp t ion , a degree of mixing of modes i s l i k e l y . 

Not only are the adsorbent l a t t i c e modes ( i f of the same 

symmetry) l i k e l y t o mix w i t h the molecular modes of the 

benzene but also the hindered degrees of freedom may mix, 

again i f of the same symmetry. The observed v i b r a t i o n s 

could each have r o t a t i o n a l and t r a n s l a t i o n a l character . 

The assignment of the f o u r new bands can now be 

at tempted. From s tudies of the v i b r a t i o n a l spectra of 

5^-complexes between metals and C^H^ r i n g s the t o r s i o n 

and deformat ion framework v i b r a t i o n s are ususa l ly found 
—1 

at low f r equenc ie s ( < 200cm ) whereas the s t r e t c h and 
t i l t modes are g e n e r a l l y found at higher f requencies 

- 1 

( > 200cm ) . Fu r the r , i n IINS spectra the i n t e n s i t i e s of 

the E modes can be crudely r e l a t e d to the A and B modes 

by an 2:1 r a t i o . However, added to t h i s l a t t e r e f f e c t , 

t o r s i o n a l modes invo lve l a rge amplitude movement of the 

hydrogen atoms and i n IINS spect ra , cont rary t o i n f r a - r e d 

and Raman spec t ra where the mode i s not o f t e n seen, the 

t o r s i o n i s the more intense of the two low frequency 

modes (This i s g e n e r a l l y so, though i n C^H^Fe(CO)^ the 

t o r s i o n i s l e ss in tense than the deformat ion ( 3 7 ) . ) 

The low coverage benzene spectrum, Figure 9 .6 , show 

bands at 522 and 638cm of medium and s trong i n t e n s i t y . 

These are new bands and cannot be r e l a t e d t o fundamental 

benzene v i b r a t i o n s . Since a band at '^M-^cm at h igh 
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coverage i s of weak i n t e n s i t y and can be assigned to the 
- 1 

weak 540cm band found i n s o l i d benzene, apply ing such 
—1 

an assignment t o the medium intense band at 522cm i n 
'^^^ lower coverage case would appear t o be i n c o n s i s t e n t . 

—1 

F u r t h e r , t h e very s t rong band at 638cm . i f i t had been 

the i>g in -p lane v i b r a t i o n of benzene, one could have 

expected i t to have increased i n i n t e n s i t y i n the same 

manner as "P̂ ^̂  and "0^^ as the coverage increased. This i s 

not the case and i t can be assigned t o a framework v i b r a t i o n . 
- 1 

The s t rong band at 638cra i s thus assigned t o the doubly 
degenerate t i l t mode. The s t r e t c h could l i e at 471 or 

—1 

522cm , however, the l a t t e r band i s favoured since an 

a l t e r n a t i v e assignment i s made f o r the former band. Table 9.17 

shows the assigned s k e l e t a l v i b r a t i o n s where the t o r s i o n 

i s assigned t o the s t ronges t low frequency band at I2lcm 

Table 9.17= Assignment of New Bands i n the Spectra of 

Benzene on Pla t inum Black 
"1 

Frequency (cm" ) 
Desc r ip t i on Symmetry 

121 Tors ion A 

171 Deformation E 

522 S t r e t ch A 

638 . , T i l t E 

The evidence up t o now ind ica tes a s t rong Pt-C^Hg 

i n t e r a c t i o n compared w i t h f i r s t row t r a n s i t i o n metals , whether 

i n d i s c r e t e organometa l l ic f o r m , e .g . CgH^Ni, or on a su r face , 

e . g . C g H g / W i ( l 1 l ) . Thus, i t i s to be expected t h a t the 

ske le ta l , motions wil^L m i r r o r such a s t rong bonding s i t u a t i o n , 

e . g . the barr ic ; r t o the how.v/uv- r o i a i i o n about i t s s ix-fo .Ld 
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axis would be l a r g e . Table 9.18 compares the f requencies 

of the t i l t s and s t re tches and A^^^,the increase i n "^^^ f rom 

671cm , of the P t black/CgHg system w i t h r e l a t e d su r face -

benzene systems and organometa l l ic benzene complexes. 

There would appear t o be a general t rend i n t ha t asAO^^ 

increases so do the f r equenc ies of the s t re tches and t i l t s 

though there are anomalies e .g . the values of AV>^^ would 

appear t o be q u i t e small f o r the h igh frequency s k e l e t a l 

bands i n the CgHg/Mi(Raney) study of Jobic et a l ( l ^ ) and 

i n the 'CgH^M' study (C^Hg+M i n argon mat r ices) of Efner et a l 

( 3 2 ) . From our CgHg/Pt b lack data i t would appear t h a t the 

benzene has changed q u i t e d r a s t i c a l l y f rom the non-complexed 

phase compared w i t h many other systems. 

Prom the pos s ib l e c o n f i g u r a t i o n s t h a t may e x i s t on the 

P t b lack su r face , an est imate of the t o r s i o n a l b a r r i e r can 

be made us ing the v i b r a t i o n a l data. This depends on the 

b a r r i e r m u l t i p l i c i t y of the t o r s i o n a l mode which i s unknown 

though i t may be es t imated . The ac tual geometry underwhich 

the benzene i s found can be considered on the simplest h igh 

M i l l e r index planes ( ( 1 0 0 ) , (111) and (110)) by assuming the 

f o l l o w i n g i n t e r a t o m i c d is tances : P t -Pt=2.78i , C-H=1.085i and 

0-0=1.3972.. These values are no doubt a gross approximation 

of the t rue p i c t u r e but they can be used to f i x the molecule 

i n space above the su r f ace . Placing the benzene molecule 

above a s i n g l e p l a t i num atom on the ( I I I ) , (100) and ( I I O ) 

planes one f i n d s t h a t there are two p o s i t i o n s ava i l ab le on 

each plane Figures (9<.1'119''12) depic t the benzene p o s i t i o n s 

on the (111) and (100) p lanes . Pos i t ions 1 and 2 are formed 

by simply r o t a t i n g the molecule through 30° on the (111) 
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RQure(9.11) 

in'm top' sites on Ptdllj 

Figure(913) 

Figure (912) 
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Table 9.18: C o n ^ l i s o r L . o f ^ 

Assignments 

System 

Pt black+CgHg 

P t ( l1 l )+CgHg 

Ni ( l1 l )+CgHg 

Ni(R)+CgHg 

•CgHgFe-

'CgH^Co-

(RuCl2GgHg)2 

(RuBr2CgHg)2 

(PdAl01^CgHg)2 

(PdAl2Clr;CgHg)2 

CgHgCr(OO)^ 

CgHgMo(CO)^ 

CgHg¥(CO)^ 

GoHg2(SCN)gCgHg 

Cu^(CF3C02)^C^Hg 

NiHg2(SCN)gCgHg 

(SbCl^)2CgHg 

Av> 
11 

+139 

+159 

+ 59 

+ 39 

+ 91 

+ 87 

+ 77 

+207 

+198 

+127 

+119 

+118 

+ 93 

+10A-

+ 70 

+ 62 

+ 5^ 

+ 52 

T i l t 

638 

529 

i^85 

^5^ 

^^5 

387 

380 

315 

303 

332 

312 

516 

202 

219 

227 

125 

S t r e t c h 

522 

350 

320 

459 

366 

366 

3^6 

278 

273 

235 

227 

301 

264 

267 

282 

' 269 

287 

145 

Ref . 

Our Work 

(12) 

(12) 

(14) 

(52) 

Our Work 

(51) 

Our Work 

plane and 15° on the other planes. (There are s i m i l a r 

p o s i t i o n s on the (110) p l a n e ) . On the (111) p lane , C^^ 

symmetry i s found i n bo th c o n f i g u r a t i o n s whereas C^y 

symmetry i s found on the o ther two planes . Since the 

v i b r a t i o n a l ana lys i s i n d i c a t e d tha t the benzene l ay i n at 
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l e a s t Cg^ symmetry, the p o s i t i o n s found on the (110) and 
(100) planes appear reasonable. 

For a lower symmetry p o s i t i o n t o e x i s t on a (111) 

p lane , the benzene would have to res ide over a t h r e e f o l d 

hole g i v i n g i t 0^^ symmetry or b r i d g i n g two p la t inum atoms, 

i n the manner of B e r t o l i n i et a l ( 1 3 ) . There are two 

b r i d g i n g p o s i t i o n s a v a i l a b l e t o benzene on the (111) plane 

C and D, and these are shown i n Figure 9 .13 . Now t h i s 

b r i d g i n g p o s i t i o n , though of symmetry w i l l no doubt 

produce d i f f e r e n t f requency s h i f t s i n the v i b r a t i o n s than 

those found f o r the 0^-^ ' o n - t o p ' s i t e s of the (111) and 

(100) p lanes . Since only one s ta te of benzene upon the 

surface e x i s t s then t h i s b r i d g i n g s i t e i s dismissed. However, 

the benzene could r es ide in ' on - top ' s i t e s on a l l planes. 

This would then a l low f o r the s p l i t t i n g of the in t ramolecu la r 

benzene E mode, ^ ^ g , account f o r the f o u r observed framework 

v i b r a t i o n s and account f o r only one s ing le s ta te of benzene. 

I f there are ( i l l ) type s i t e s ava i l ab le f o r benzene on 

p l a t i num b lack then the s i t e symmetry w i l l be C^^ and no 

s p l i t t i n g would occur but these benzene molecules could not 

be d i f f e r e n t i a t e d f r o m those others i n C^^ s i t e s i n the IINS 

spectrum. Perhaps a h i g h r e s o l u t i o n Raman study would f i n d 

bands due to '^^Sv s i t e s ) and V^gg^ and v>^g^ (02^ s i t e s ) . 

9 .5.7* C a l c u l a t i o n of the Tors iona l B a r r i e r 

The b a r r i e r t o r o t a t i o n , can be ca lcu la ted using 

the t o r s i o n a l mode f requency assigned to the IINS band a t 

—1 

121cm . The reduced moment of i n e r t i a , I ^ , of benzene i s 

ca l cu la t ed f rom the co-ordinates used by F a r r o t et a l ( 1 7 ) . 

This value i s 294.67 x 10 g.cm"^. 
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The e f f e c t i v e f o r c e constant , ^ , can be ca lcu la ted 

i f the b a r r i e r . i s assumed t o be of the fo rm: 

V - (1 - cos n8 ) 
2 

By making the harmonic o s c i l l a t o r approximation the e f f e c t i v e 

f o r c e constant can be ca l cu l a t ed f r o m : 

2 f i 

where N = M u l t i p l i c i t y 

^B =̂  B a r r i e r he igh t 
= Reduced moment of i n e r t i a 

c = V e l o c i t y of l i g h t 
h = P lanck ' s constant 
V> • = T o r s i o n a l frequency 

The e f f e c t i v e f o r c e constant , EFC, i s ca lcu la ted t o be 
1 •I 922kJmol , us ing the t o r s i o n a l frequency of 121cm~ . (A 

—1 — ' I 

value of 1841kJmol would be obtained i f the 171cm band 

had been assigned t o the t o r s i o n ) . This value can be com­

pared w i t h EFC values f o r benzene complexes (Chapter 7) 

e .g . EFC i s 250kJmol~'^ i n NiHg2(SCN)gCgHg. and 273 kJmol"'^ 

i n CgHgCo^(CO)g. Thus the EFC i s ~4 times as l a rge i n the 

C^E^/Ft i n t e r a c t i o n . 

The ac tua l b a r r i e r h e i g h t , "Vg, can then be estimated i f 

the m u l t i p l i c i t y , N, i s known. On the (111) p lane , i n an 

'on-top' s i t e , there are 12 p o s i t i o n s i n which each carbon 

and hydrogen can r e s ide on a f u l l r o t a t i o n of 3 6 0 ° . On the 

(110) and (100) planes there e x i s t s 24 p o s i t i o n s f o r each 

carbon and hydrogen atom. I f these b a r r i e r s were of equal 

he igh t and at each p o s i t i o n the c o n f i g u r a t i o n s were s table 
—1 

then V-g would be ca l cu la t ed t o be 12,8 and 3.2kJmol on 
the two types of planes r e s p e c t i v e l y . 
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However, i n r e a l i t y , t h i s cannot be the case and many 

i n t e r a c t i o n s would have to be taken i n t o account t o under­

stand how the benzene and p la t inum surface were behaving 

as the arene r i n g executed the t o r s i o n a l mode about i t s 

Cg a x i s . An understanding of the f o l l o w i n g would be 

necessary. 

( i ) the e l e c t r c n i c i n t e r a c t i o n between the benzene and 

the p l a t i num a tom(s) . 

( i i ) the bonding o r b i t a l symmetries of the surface ' d ' 

o r b i t a l s and t h e i r angle w i t h the surface plane 

( i i i ) the degree of h y b r i d i z a t i o n of the 7 r - o r b i t a l s of 

the benzene r i n g , 

( i v ) the l o c a l and de loca l i zed aspects of the surface 

chemical bond, 

( v ) the p a r t played by the nearest neighbour pla t inum 

atoms i n the surface plane and below i t . 

( v i ) the i n d i r e c t long range benzene-benzene i n t e r a c t i o n s 

( v i i ) the r e c o n s t r u c t i o n of the p la t inum atoms, i f any, 

and t h e i r movement dur ing a t o r s i o n a l motion, 

( v i i i ) the e f f e c t on the CH band due t o changes i n the 

h y b r i d i z e d r r - o r b i t a l s a f f e c t i n g the band e l ec t ron 

d e n s i t y . 

( i x ) the changes i n the CO, CH, CPt, HPt atom-atom 

dis tances on r o t a t i o n and thus the va ry ing he ights 

above the P t plane of the C and H atoms, 

( x ) the preference shown by the C atoms (o r Cg hexagon) 

f o r a p a r t i c u l a r surface c o n f i g u r a t i o n which must 

be balanced against any preference shown by the 

hydrogen atoms t o r e s ide i n any s p e c i f i c l o c a l i t y . 
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9 .6 , Conclusion 

This TINS study of C^Hg adsorbed on Pt b lack confirmed 

t h a t CgHg i n t e r a c t e d w i t h the Pt atoms. The i n t e r a c t i o n 

took the form of a 7r-bond p a r a l l e l t o the metal atom surface . 

Some d i s t o r t i o n of the molecule i s t e n t a t i v e l y suggested 

w i t h the hydrogen atoms r e s i d i n g closer t o the metal surface 

plane than the carbon p lane . The benzene would appear t o 

be l y i n g i n a p o s i t i o n of at l eas t 02^̂  symmetry f rom the 

s p l i t t i n g of This symmetry i s poss ib le on the (110) 

and ( lOO)-type c r y s t a l planes i f a single-Pt/Cg^H^ i n t e r ­

ac t ion takes p l a c e . The s tudies i nd i ca t e t h a t only one 

surface s t r u c t u r e i s found at < 1 monolayer coverage. 

I n d i c a t i o n s of a s t rong CgH^-Pt bo.nd are the h igh frequency 

s k e l e t a l v i b r a t i o n s , the l a rge increase i n and the 

l a rge EFC of the t o r s i o n a l mode. 
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