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SUMMARY

X-ray diffrerction wethods have been used to show the
existence of BeH?Be bridges and to investigate the associstion,
in the solid state, of alkylsulnhides of methyl -zinc.

The disthylether comnlex of sodium hydridodiethylberyllate

forms monoclinic cr-stals with a = 5.044 2, b = 11.17 &, ¢ = 20.90 &,
ﬁ;: 101?15' and space group P21/c. There are two units of NazEthﬁesz .
2Et2&)in the unit cell. The crystal can be thought of &s being made
up of [{:IaOEtz_]+ and [Eth_Besz] 2- ions. Peairs of[ﬁaOEtz] * ions
are related by the centre of symmetry at (0,0,0), the Na-Ne distance
being 3.620 & and the Na-0 distance 2.350 8. The carbon atoms of
the ether molecule appear to be disordered. The centrosymmetric
@thpezﬁzjlz' ions are positioned around the centre of symmetry at
($,0,0). The Be-Be distance is 2.221 R. The two Be-C distances

of 1.766 and 1.809 R are significantly different from each other.

The bridging hydrogen atom lies almost 'n the & axis, the mean

Be-H and Na-H distances being 1.49 and 2.40 2 respectively. The
Na-H-Na and Be-H-Be angles are the same within experimental error

as are the H-Na-H and H-Be-H angles. There are some similarities
in the environment of the bridging hydrogen atom with respect to

the sodiums and berylliums.

Methylzine tetiarybutylsulphide is monoclinic with

a=9.59 ﬂ, b= 59.04 K, c=12.15% ﬂ, g= 11678' and space group

PZI/c. There are 20 units of MeZnSBu't in the unit cell.
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The comiound evists in the crvstel as descrete nentomeric
molecules, in egreement with the degree of a2ssociation found from
molecular weight measurements in benzene solution. The zinc atoms
lie near the corners of a square-based pyramid with the epicel
atom, Zn5, closer to Zn3 and Znk. 82, 33 and S4 lie above the
centres of three of the triangular faces. S1 is above the face
defined by Znl, Zn2 and Zn5 but is much closer to Znl and Zn2.

It is three-coordinate and nyranidal, 35 lies below the besal
nlane, is closer to Zn3 =2nd Znl ond ic five-coordinate. All of
the zinc atoms and 32, S3 and 3k =re four-coordinate. There appears
to be no annrecizble Zn-%n or 3-S5 bonding. The Zn-S bonding
distances range from 2.273 to 2.9R2 2. The meen In-C » 5-C and
C-C bond lengths are 2.01, 1.87 and 1.57 & respectively.

Methvlzine isonronvlsilnhide is tetragonel with 2 = 13.60 R,

[

c = 15.16 R ena spane proun th/nnm. There sare 16 nnits of
CH3Zn363H? in the wnit cell. 1In benzene solutinn the compound is
hexameric but it must have 2 different degree of sssociation in the
solid. Prom the Patterson fimection it seems that ztoms lie in
special nositinns. Atomic pod tions which lead to o satisfactory
sgreement between observed and calenlated structure factors have

not vet been ohtsined.
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Two computer nrogrammes have been written. One correlstes, by e

lre.st squares treatment of common reflections, intendty date

which have been recorded ebout two or three crystal sxes. The
other programme will correct intensity data, which have been
recorded by equi-inclination Weissenberg technique, for absorntion,
Lorentz and polerisation factors and snot length. The absorption
correction can be comnuted for a crvstal of any shepe subject to
the conditions that it must have plene surfaces and no re-entrant

angles.



ACKNOWLED/TSMENT3

I shonld like tn evnres: mv thanks to Dr. H.k.M. 3he2rer,
for his guidance and interest thronghont the course of this work,
and to Professor G.E. Costes for the interest which he has shown.
I em 21so indebted to Prof. D.J.%. Cruickshenk, Dr. J. Sime and
their associ=tes at Glaseow Miversity for meking sveilable computer
nrogrammes and to Dr. N.A. Bell, Mr. P.T. Moselery 2nd Dr. D. Ridley

for help in obtaining ecrystsls suitable for the analyses.



vi
CONTENTS

Summary.

Acknowledgements.

Contents.

List of Pigures.

List of Tabhles.

INTRODUCTION.

COMPOUNDS CONTATINING HYDROGEN BRIDGES.

THFE _CRVYSTAL STRIJCTJRE OF THE DIETHYLETHERATE

OF SODTITM DTETHYLBRRYLLT/MHYDRIDE.

Introduction.

Fxperimentel.

Descriontion of the Structure.
Discnssion.

THE CRYSTAL 3TRUCTURY OF THE

\THYLZING T-BUTYLSULPHIDE PENTANER.

Introduction.

Exnerimental.

Description of the 3tructure.
Discnssion.

THE CRYSTAL STRUGTIRE OF

METHYLZTNG T-PROPYLSTLPHIDE.

Introduction.

Fyxnerimental.

Page.

ii

vi

viii

ix

1y



vii

COMPUTER PROGRAMES .

Data Correction Programme.
Correletion Progremme.

APPENDIX I.
Elliott Algol Version of the Date
Correction Programme.

REFERENCES .

114

113

120

130




Na kKt Re H .
92 tLF

22

viii

TTST OR FISTRWS

oRt N,

2

Fig. 1.

Tig. 3.

Pie. L.

Fig. 5.
(Me'ﬂn‘"&!ntt).,:J

Tig. 1.

Fig. 2.

View dovm the 2 »yis, <howing
bond Ileneths and angles.
Fnvironment of the brideing
hvArosen atoms.

Bond 1eﬁgths in the disordered
ether mnlecule.

View down the & avis, showing
some non-honding distonces.

(170) »rojection of the unit cell.

Yarker sections (wu,_,w)
and (0,%,w).

Zinc-sulphur nolyhetiron.
View of molecule showing
some non-bonding distances.

(100) orojection of the unit cell.

Poce,
D ——

51
52

67

93
I



3J
(V4]

LIST OF TARL

Paze.

Ne?EtbﬁeDH? ZEtDO
Table 1. Finel values of the stomic coordinsates and

their stenderd devistionc, .
Teble 2. TFinel values of the »nisofronir

temnerature norameters and their

etandard Aevisations. 36
Tabhle 3. Carrelation coefficients. 3R
Tahle 4. Rond lensths and their stendard

devistinns, 39
Toahle K. Rond sneles and their standerd

Aeviatimms. L0
Table 6. Non..-honding distanres. 33
Table 7. Observed and calcnlated structure

factors. 57
(MeZnS‘But)5
Mahle 1. Finel values of the stomic coordinstes

and their standard devisti nns. 76
Teble 2. Tinal wvalues of the anisotronic

tempersture narameters and their

standsrd Aeviahi ons. 78



Teble 3.
Table L.
Tabla 5.
Table 6.
Table 7.

Table R.

Correlation coefficients. RO
Bond lengths and their standerd devietions. 81
Bond snples and their standerd deviations. 82

Intrsmoleculer non-bonding distences.

N ]
U

O\

Intermolecular non-bonding distences. 3

Obeerved and calculsted structure factors. 100

(MeZnSPrl}x

Table 1.

Observed structure factors. 112



1
INTRODUCTION

Conditions for diffraction.

A crystal is an arrangement of atoms, ions or molecules which
is periodic in three dimensions. If an arbitrary point is chosen
as origin then that point and all other points with an identical
environment form a space lettice. The lattice can be described in
terus of three non-coplaner vectors, a, b, and ¢.  The parallelipiped
formed by these vectors is named the unit cell. The orystal is
generated by the action on the unit cell of operations involving
translation alone.

Assume that there is one electron at each lattice point. ILet
A and B (Fig.1) be two lattice points related by the vector r such
that

I=x2+3b+ 3 : 1

where x, y and z are integers.

i
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If & beam of %-rays is incident on the lattice, each lattice
point will act as a source of secondary radiation. Consider the
resultant diffracted beam in the direction s. Let the unit vectors
in the direction of 5, be X§° and in the direction of s belks
where]XEOI = |A\s) . The phase difference}in the direction

of s between the rays from A and B is

“Y'

AD - CB
= XMz .5-z.8)
where r . 8 is the scalar product of rand s . LetR=5 -3 .
-4/ =X§ - R 2.
Diffracted rays will have a non-zero intensity when
Y = m (2T) 3.
m A

where m is integral and\is the wavelength of the incident X-rays.

Eliminatingqfrom 2end 3 gives r . R=m
or (xa+yb+2c).R=m
The above equation can be rewritten as three esquations which are

known as the 'Laue equations'.

2.R=h
2l5=k
213=1

Where h, k and 1 are integers.

The reciprocal lattice

The Laue equations can be rewritten to give three equations

of the form & e« R =1 L.
h
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If the equetions L4 are taken in pairs then three equations of the

type below are obtained.

( E _ )._R_:O 5'
h k

The three equations5. describe the fact that (Fig.2.) the vector

-4

- R is perpendicular to the plane PQR which hes intercepts along the

a,b and c axes of a, b and ¢ respectively. The vector R
y = —_

h™ k 1
is thus in a direction normal to the plane of Miller indices hkl.

im

Fig.4.
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.If 8 makes an angle of @ with the plane (hkl), then as
'20 = |8 | s R must bisect the angle between the incident
and diffracted rays. The diffracted ray can thus be regarded as
having been reflected from the nlane (hkl).
R may be described in terms of three non-coplanar vectors

E*, E* and -c-*

[ 9
B=.§§:* + nb* + [c* 7-
If equation 7 is substituted into the Laue equations then the

following equations result.

a. (Ea* +mp* +0ec*)=h
b- (§a* +m1* +[c*) =k
c. (5a* +nb* +/c*)=1 8.

The equations are only satisfied if

T

5 =hy)

k, E =1,

o

-

o
*
|

= b. b¥ = ¢c. ¢* =1,

and a. b*=a. c*=Dh.a%*=Dh.c*=¢c.8%=p0.D0%"=0

The lattice defined by the vectors a*, b* and c* is known as the
reciprocal lattice. Each point corresponds to a reflection from a
plane with Miller indices (hkl), and is et a distance of l/d(hlr_l),

along a vector in the direction of the normal to the plane (hil).

The structure factor

In the previous discussion the scattering was assumed to be
by one electron et a lattice point. In crystals, atom; are positioned
at various places in the unit cell, and the waves scattered by the
different atoms will have different phases. The resultant

intensity and phase of the scattered ray will be found by combining

the waves from each atom.
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In Fig.3 1let the electron density bep(:'qyz) at some point
P in the unit cell where P is at the end of the vector.

r =xa +yb + z¢ : 9
In equation 9;x, y a2nd z are non-integral and are expressed as
fractions of the unit-cell edge. The dotted line in Fig.3
reoresents a plane (hkl). The perpendicular from the origin to
the plane corresponds to a phase change 2T, this vector (see

equation 7) is R. The point P can be th -ought of as lying on a

plane parallél to the plane (hkl). The projection of r on R will
be the length of the normal from this plane which contains P to the
origin.

The phase ¢ of the wave scattered by the volume element dV

around P is given by

. S

2T

i
1=
L]
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(h a* + kb* + lc* ).( xa + yb + zg)

¢

The emplitude of this ray will be F-(xyz) dV. The resultant

2 (hx + ky + 1lz).

scattered wave in the direction s is

P(hkl) = VJ"(‘I plxyz)exp 2Mi (hx + ky +lz). dxdyds.

F(hkl) is the structure factor corresponding to the plane of Miller
indices (hkl).

The structure factor can be expressed in a way which is
more convenient for computational purposes. The electronic
distribution in atoms can be calculated and thus the atomic scatt-
ering factor fo can be found. This is the ratio of the scattering
power of the atom compared with that of one electron. Because
of interference between waves scattered by different parts of the
same atom the scattering factor decreases with increasing € . The
structure factor can be expressed as a summation, which is made over

all N atoms in the unit cell.
N

™

F(hkl) = fﬁ exp 2TTi (hxj + kyj + 1zj)

-
]

In the above egquation fj is the scattering factors and xj, y.j

th

and z, are the fractional coordinates of the atom. The

J

quantity F(hkl) is complex and may be expressed in terms of its

real and imaginary parts.

=i
~~
=
~
[}
~—
‘ ,Z
" ]
©
[~}
w0
!\7
|
~~
[~
»
[ 4
+
+
=
[
-4
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The modulus of the structure factor:, |F(hk1)| = [a? + 32

and the phase constant «(hkl) = tan " (Q/A).

The atoms in a crystel perform thermal vibratiomsat all
temperatures, Corresponding atoms in different unit cells will
not be at the same point in their oscillatory movement at the same
time and so F(hkl) will be reduced by an amount which increases with
6. his is allowed for by'reducing the atomic scattering factor
fo for an atom at rest by multiplying it by an exponential term,

exp ( - B sin ZE»/)?)
It 52 is the mean square displacement of an etom from a plane
and the thermal motion is isotropic then

B=-8T2%

The thermal motion is in general not isotropic and is
better described in terms of an anisotropie vibration.

The vibrations are described by a symmetrical tensor U which has

six independent components, such that the mean square amplitude

1,)

of v1bration in the direction of a unit vector 1 = ( 11, 12, 3

is 02 Z:Z@ 1y
l'lt'
The transform of the smearing function is
S) = ex °1T U. . 8. 8, J
a(e) = exp[-2T° (TX U, 8, o))
where s = (51, 52, 33) is the reciprocal vector, If the units of

Uij are 32 and those of 8; are 3-1 then at a reciprocal lattice
point: 8 = (ha%, Ko, do¥),

¢(hkl) = exp [-2-T2 (U h a* +U, kzb* +U3312 52
o™ g # *
+2U23klb + 2U q1he®a® + 20, jhka®b )]
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Fourier series (Duane, 1925; Havinghurst, 1925; Bragg, 1929)

The electron density of a crystal is periodic in three

dimensions and it can be :,gepresented in terms of a Fourier series.
a

p(x,y,z) = >__ L Z C(b'k'1') exp 2TWi (h'x+k'y+1'z),
h 1' = -w

Cis a Fourier coefficient and h', k' and 1' are three indices
which are allotted to it. If this expression for the electron
density is substituted into the structure factor equation then the

following results. 4+

1
F(hk1) =JIIZ Z z C(h'k'1l') exp 2Wi (h'x+h'y+1'z)
° - ¢ sexp 2Ti (hx+ky+lx) V dx dy dz.

Both of the exponential functions are periodic and the integral of
their product will be zero unless h = -h', k= -k' and 1 = -1'.
In a crystel the integral cannot have a zero value so that the
above condition must hold. |
J” C(h'k'1') V dx dy dsz,

v

.]: ° F(hkl)n
v

Thus F(hkl)

or  C(HKY)

the Fourier coefficients are directly related to the structure factor,

and the electron density&nction is

i (x,¥,2) = % Z Z Z F(hk1l) exp E—2"Ti (hx+k;y+lzj]
hkl = - w

or p(x,y,2) = %Z-‘-f E |F(hk1)l cos [_21T'(hx+ky+lz) -°¢(hk1)]
hkl = =

- . where o(hkl) is a phase angle
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The Patterson function (Patterson, 1935)

The electron density in a crystal at a point x,y,z is given

oy

+
8

f)( X,¥,2 ) = % F(h k1) exp -~ 2Wi (hx+ky+lz)

A

=[]
~
1

[
|

- kD

and at a point (x+u), (y+v), (z+w) by

4 w0 -
P(x+u, Y+V, Z+W) = l[ >_ >_ F(h'k'1') exp - 2ri El'(x+u)+k'(y+v)+1'(z+w)_|
¥ h'k'i7—= ::;

If the two electron density functions are multiplied together and

integrated over the unit cell then the value of the Patterson

function at a point'(u,v,w,) is given by

P(u, v, w) i/;( X,¥,%) ]p(x+u, y+v, z+w) dv.
The integrals of ;;ch of the products is zero except when
h=~h', k= -k' and 1 =-1'.

Thus

4
8

Fhk1). {( h k1) exp 2vwi (hu + kv + 1w)

1

P(u,v,w) = % 5__-

w2

[}

- DO

F( hk 1) and F ( hk1 ) are complex conjugates and hence their
product equals ‘F(h k1l )lz. The Patterson function is calculated
from the sguares of the observed structure factors.

If there are atoms at (x,v,z) and (x+u, y+v, z+w) in the

crystal then the Patterson function will have a maximum at (u,v,w).
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The height of a peaki: will be equal to the product of the electron

densities of the atoms causing it.

The heavy atom method (Robertson and Woodward, 1940)

The electron density distribution of a érystal cannot be
computed directly from the qbserved structure factsrs as their.
phases are not experimentally observable quantities. An atom of -
high afoﬁic number will glve rise to large, e@sily identifiab}e
peaks" in the Patterson function from which its ebordinates ﬁéy be
deduced. Structure factors may now be dhlcuiated based on thege
kn;wn parameteré,_and an electron density map computed using

‘Fo | as Fourier. coefficients, and giving them the phases of the

Fc. Frgm fhis electron density map improved parameters for the
heavy atoms will be found and the pogitions of some or all of

the 1ighter atoms in the crystal may also be found. This process
can be continﬁed until the positions of all of-the atoms are known.

Structure refinement.

Two @ethods of.refinemenf have been used in the work
described in this thesis, namely the methods of successive Fourier
syntheses and of least.ssquares (Hughes, 1941). TFourier metho§s
are most useful when additional features of the sfructunahave to
be determined during refinement.

Structure factors-are calculated and from these an electron
density map is computgd. The posifions of the atoms are then
determined from the electron density map. These improved positions

are used to compute further structure factors. The atomic coor-

dinates which are obtained from Fo syntheses are subject to errors
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due to termination of series effect as in practice only a finite
nunber of terms are available, These can be obviated by calculating
an Fc synthesis and applying a back shift correction,

If the coefficients used in a Fourier summation are of the form
(Fo(hkl) - Fo(hkl) ) then the resulting electron density map shows
the difference between the electron density in the crystal and that
in the postulated structure (Cochran, 1951), From & difference
synthesis corrections to positional and isotropic or anisotropio
temperatire factors can be found (Leung, Marsh and Schomaker, 1957),
These parameters are not subject to series termination effects.

If the parameters defining a structure are N L U

then the calculated structure faoctor can be rewritten as a funoction

of these parameters,

F°=f(u,|, \*1,---, LL.\.\)

and Fo=f (u+e, W, +€,..., wu + €,)

where é:’. are the shifts required to give the true structural
parameters., The expression for F° can be expanded as a Taylor
series, If the approximation is good then only the first term

need be considered.

n
F°=f(u|,u.z,...,un) +L A-F(u_nu,“..., \,\.L)
i=|

b,

Ev

n
or (Fo-+Fc) - BFL (I
duw.

(,-.L v
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Each Fo is subject to random errors. The theory of errors
gives the result that the most acceptable set of Ei is that which
minimises the sum of the weighted squares of the discrepancies.

i.e. [ w (IFol - IFcl )2 - [ w2

h : h

where the summation is carried out over all observed structure

factors., The weight w allows for the reliability of the observation

and its value should be chosen so that w(hkl) is equal to 1 /0.2( hkl)

", whereo-is the standard deviation in lFo(hkl),.
When the last two squations above are combined a set of

equations known as the normal equations result.

W w.

A —_ LS
A oFc = oFc - w .9 Fc afFce . €.
;w éui Ew(éui)e +}_ d (};L r)u.:\ .

The computations involved in finding the E&i can be simplified by
making certain assumptions i.e. if the atoms are well resolved then
some of the off-diagonal terms in the full matrix can be neglected
( Cruickshank, Pilling, Bujosa, Lovell and Truter, \Qb\ )

It has been shown (Cochran,1948) that the methods for determining
corrections to the atomic parameters by least squares method and by
difference syntheses are equivalent if the least squares weights

w = 1/ .
h Fh

)
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Accuracy of parameters obtained from least squares refinement

The normal equations are of form
n

Cab
i €i%ij 3
1= 1

in matrix notation. The variance of the parameter u, is given by

i
( Cruickshank and Robertson, 1953)

o 2( u, ) =( a1 )ii’ where (a-1%iia a diagonal term of the
matrix whioh is the inverse of the matrix whose elements are aij'
In most cases however, only relative weights are known and the
experimental standerd deviation (e.s.d.) S(ui) is given by

52 (ui) = (a-1)1i>:w02/n -n
where (m - n) is the number of degrees of freedom of the system
i.e. the excess of the number of observation over the number of
parameters. In the block diagenal approximation the variances
of perameters may be estimated from the diagonal terms of the
inverses of the block matrices, however, this may lead to an
underestimation because of the neglect of some interactions

(Hodgson and Rollet, 1963).



14

COMPOUNDS CONTAINING HYDROGEN BRIDGES

In the compounds which are to be discussed in this chapter,
hydrogen atoms are bonded to two metal atoms forming a bridge.
In these compounds there are not sufficient valence electrons to
provide two electrons for each bond if only localized electron
pair bonds are formed. For this reason the compounds are sometimes
referred to as being electron-deficient, The structures and
bonding of some compounds of boron containing hydrogen bridges will
be discussed so that comparisons may be made with compounds of
beryllium.

Boron Compounds

The structure of diborane has been investigated by several
physicel techniques. The rotation - vibration spectrum (Price, 1947),
vibration spectrum (Longuet - Higgins and Bell. 1943), nuclear

amd -y difrmchien: [Smk ad &meb,ms)
magnetic resonance spectrum (Schoolery, 1955xxand electron diffraction
data (Hedberg and Schomaker, 1951) are all consistent with it
having a hydrogen-bridged struocture. The dimensions of the
diborane molecule quoted below are from the electron diffraction
study.

Each boron atom is bonded to two terminal hydrogen atoms,
the terminal H - B - H angle being 120°. The two boron atoms and

four terminal hydrogen atoms are coplanar, The two bridging

hydrogen atoms lie between the boron atoms in a plane perpendicular
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to that of the te?minal hydrogen atoms.

The terminal B - H bonds ere 1..19 + 0.03 £ in length and
can be exnlained in terms of localised electron nair bonds.
Nuclear megnetic resonance studies (Ogg, 1954) indicate that the
bridging hydrogen atoms have larger negetive charges than the
terminal hydrogens. o

There are four electrons available to hind the two bridging
hydrogen stoms and the two boron atoms together. Several explan-
ations of the honding in the hydrogen bridge have been nut forward.
Longuet - Higgins (1949) nronosed thet the bonding should be expl-
ained in terms of three-centre molecular orbitals each covering
both of the boron atoms and one of the bridging hydrogen atons.

The 2s and 2p atomic orbitals of the boron atéms are assumed

to be spz hybridised. Two hybrid orbitals of each boron atom
point towards a terminal hydrogen atom. Two hybrid orbitals are
formed from the sum and difference of the Sp2 orbital which lies

along the boron-boron direction and the 2pT boron atomic
orbital, which lies in the nlane of the two Loron atowms and the
two bridging hydrogen atoms. These hybrid orbitalsnoint directly

towards the bridging hydrogen atoms.



Two moleculsr orbitasls can be formed, each from the 1ls
atomic orbitel of one of the hydrogen atoms (\P’B) and from one
of the hybrid orhitals on each of the horon atoms,\pA and y&c.
Fech molecular orbitsl, jjo 18 of the form,

'\// = a(\/{ +y)+ /1—2a2y/
L A JC B

where 'a' is a normalising constant. Two elachrons are
placed in each molecular orbital. The bridging B - H distance
is 1.33 * 0.03 £ and the bridging H - B - H angle is 100°,
Celcoulations using this model (Hamilton, 1956 and 1958; Yamazaki,
1957) show that the bridging hydrogen atoms carvy negative charges
of 0.22 electrons.

Pitzer (1945) describes the bridge in terms of a boron-
boron double bond with two protons embedded in the resulting

electron density.

H

H
~ o
B

o
\\\\\\

@
H H ®

H

Neither of these explanations is completely satisfactory
(Coulson, 1961), the former because it does not suggest any direct
boron-boron bonding. The boron-boron distance in diborane is
1.77 R, which is 0.15 £ longer than that which would be expected

for a boron-boron single bond on the basis of a covalent radins
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of 0.81 £ for boron. This corresponds to a bond order of 0.74
(Pauling, 1961). Molecular orbital calculatiomsbased on the
three-centre model give a boron-boron bond ordar of 0.4
(Hamilton, 1956).

The higher boranes contain hydrogen bridges which may also
be described in terms of multi-centre bonds. A detailed description
of the boron hydrides is given by Lipscomb (1963).

The borohydrides of lithium and sodium are involatile
solids, with ionic lattices made up of discrete cations and BHL_
anions. Proton resonance (Ford and Richards, 1955) and infrared
spectroscopic (Price, 1949) studies show that in the BHA- ion the
hydrogen atoms have a tetrahedral distribution about the boron
with a B - H distance of 1.25i 0,02 K. This distance is greeter
by 1.7o than the terminal B ~ H distance in diborane, An increase
in length would be expected because of the negative charge on the
borohydride ion.

A partial X-ray structure analysis (Soldate, 1947) gives the
Ne - B distance in NaB, &s 3.07 %,  Price (1947) has celculated
that the Na-H distance in Na.BH4 is 2,50 3 which may be compared
with the Na-H distance of 2.440% 0.001 £ in sodium hydride.

(Brewer and Mastick, 1951). FHarris and Meihbohm (1947) obtained
1i-B distance of 2.56 2 and. 2.L7 K from a partial X-rey structure
analysis of LiBH_.

4

In contrast to NaBHh and LiBH, , beryllium and aluminium - :-:



18
borohydrides are volatile, insoluble in polar solvents and violently
hydrolysed by cold water at room temperature. Price (1949)
combined the known intermetallic distances in the borohydrides with
infrared measurements and calculated the metal-hydrogen distances.
In Be(BHh)h and Al(BHL'_)3 hydrogen atoms lie in bridging positions
between the two different metal atoms. The distance from the
boron atom to the bridging hydrogen atom is greater than the
terminal B - H distance. It has been suggested (Longuet -
Higgins, 1946) that there is a continuity in metal-~hydrogen bond
type from the more covalent interaction in diborane, through the
mixed covalent-ionic interaction in Be(BHh)2 and Al(BHh_)3 to the
ionic structures of LiBH, and NaBH

4 L

Beryllium Compounds

Several compounds have been prepared which contain
beryllium-hydrogen bonds, but little structural information is
availaeble,

Beryllium hydride, in contrast to diborane which is a gas
at room temperature, is an involatile insoluble solid. Several
different methods of preparation have been reported (Barbaras,
Dillard, Finholt, Wartik, Wilzbach and Schlesinger, 1951;

Coates and Glockling, 1954, Banford and Coates, 1966) but none

has yet yielded a crystalline sampls. The compound is thought to
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be polymeric with bridging hydrogen atoms and its physical
properties suggest that the bonding in it is more ionic than in
diborane. This would be expected as beryllium is more eleg-
tropositive than boron,
Berylliiyn atoms bridged by hydrogen atoms are known to

be present in some compounds of formula M Bt H2 (Coates and

thZ
Cox, 1962; Wittig and Hornburger, 1952) where M is an alkali
metal and R is an organic group. Some of these compounds
crystallise as ether oomplexes, While the X-ray structure
analysis of Na h;iezH2 2Et20 was in progress, Bell and Coates
(1965) assigned bands in the infrared spectrum of the unsolvated

compound to the BeH,Be group. If these compounds contain

2
discrete anions of formula (R Be H ) then these anions are

isneleotronic with tetra-alkyl diboranes.

Bthylberylldum hydride has been prepared (Bell and Coates,
1966,a) but not isolated in pure form. Bell and Coates have
found that certain compounds containihg: berylldUn-hydrogen
bonds will reduce unsaturated organic groups giving rise to
reactions comparable to the hydroboration reactions.

The compound Na _BeH huas been prepared (Bell and Coates,

2 4

1966,v), which is analagous to NaBHh- It is reactive to oxygen
and vwater and is insoluble in solvents with which it does not
react, It is thought to be an electron-deficient polymer

containing highly polarised metal-hydrogen bonds.
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THE CRYSTAL STRUCTURE OF THE DIETHYLETHER COMPLEX OF SODIUM
HYDRIDODIETHYLBERYLLATE

Introduction

The work to be described was carried out in order to obtain
--—q@irect evidence for the existence of BeHzBe bridges and to ascertain
details of their structure.' While this structure analysis was in
progress Bell and Coates (1965) investigated the infrared spectra .

of some compounds thought to contain BeH, Be bridges and assigned

2

bands to absorptions due to this group.
Sodium hydridodiethylberyllate is a solid with a melting point

of 198% (Coates and Cox, 1962). It is soluble in diethylether

from which it orystallises as colourless needle shaped crystals.'

The compound is stable at room temperature in the absence of

oxygen and water, The presence of sodium atoms in the crystal

made it possible to apply heavy atom methods with a reasonable

chance that they would be successful. Initially it was thought that

the substance whose structure was being examined was of formula

NazEthpesz. However during the course of the anelysis it became
apparent that the compound was the ether complex NazEtLBe2H2.2Et20
Experimental

Freparation of (rystaisand Preliminary X-ray Examination

The crystalsinflaeme immediately in air and react violently
with water. They were prepared by heating sodium hydride with

diethylberyllium in diethylether solution under reflux, in an
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atmosphere of dry nitrogen. The resulting solid was transferred to
a Soxhlet apparatus and extracted with diethylether when crystals
formed in the receiver. The crystals were picked out of the
mother liquor in the dry nitrogen atmosphere of a glove~box and
immediately sealed in pyrex glass capillary tubes. The corystals
were needles, elongated along the a axis. -

Some orystalswere filtered from the solution, washed with
diethylether, pﬁmped under reduced pressure to remove excess
solvent and then stored in a sealed glass tube., A density
determination was later carried out on these crystal by floatation
in a mixture of benzene and benzotrifluoride,

_ The unit cell dimensions were determined from precession
photographs of the h0l, hIl, and hkQ0 reciprocal lattice nets taken
with Mo K« rediation. The standard deviatioms ok the unit cell
lengths are of & 0.006 %, ok b 0,02 & and of: ¢ 0,032,

However if systematic errors are included, the uncertainty is
probably of the order of 0.25% The standard deviation on e is
about 10',

The crystals wefe monoclinic.

8 = 5.0k, b=11.17, = 20908 = g= 101° 151,

The conditions limiting observed reflections were

ho1, 1= 2n.

0k, k = 2n,
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Space group F2, /o,
dm = 1.01'- 8. Om-3

With four units of NazEe BeZH2 per unit cell
d,x would be 1.052 g. om‘%.

Data (Qollection and Correction

The crystal used for data colleotion was a tapering needle
of mean cross-seotion 0,35 x 0.44 mmz. The reciprocal lattice
nets Okl, Ikl, 2kl, 3kl and 4kl were recorded photographically
using multifilm equi-inclination Welssenberg technique and
Cu. Kex radiation. The reciprocal lattice nets h0l, hIl, h2l
and h3l were recorded photographically using timed exposures on
a precession camera and Mo KXo radiation,

The intensities were estimated visually by comparison
with a graduated scale and were corrected for Lorentz and
polarization factors. The lengths of reflections on the
upper net Weissenberg photographs were found to vary with their
positions across the film as well as with [ and £ . The variation
of spot-length with I and E was allowed for by uaing the expression
derived by Phillips (1956). The variation of spot-length across
the films was allowed for by measuring the spot-lengths of a
number of reflections of similar intensity and with similar
and_g coordinates. The lengths of other reflections were found
by interpolation., No correction was made for absorption.

The data were put on the same relative scale by a least

squares treatment of the common reflsctions.
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Structure Determination

The intensities were multiplied by a weighting function

w where ST

W = -Q.“HL-) (———)\-z—— \
The function was not allowed to take a value greater than 100
80 that too much importance was not given to reflections with
large 5in® values. The magnitudes of these intensities are
small, and thus subject to large errors in measurement,

The Patterson function was computed using as cosfficients
the weighted intensities prepared above, Each vgsymmetric unit
of the unit cell was thought to contain one unit of NazEthpeaﬂ2
thus the positions of two sodlum ions were to be found. The
major features of the Patterson function were easily interpreted
on the basis of there being one sodium ion, Nal, in the
-asymmetric unit. Another soditom ion, Na2, could only be placed
in the rasymmetric unit by using smaller peaks in the Patterson
function,

Further atomic coordinates were obtained by an application
of the superposition method. The origin of the Patterson
function was placed at the position of the single weight peak
due to the vector between Nal and the atom related to it by the

centre of symmetry at the origin. The superposition was carried

out over two assymmetric units.



2

Some of the resulting regions of overlap were eliminated by
e comparison of the two asymmetriec units. This gave six
lerge regions of overlap and several smaller ones,

Two of the large regions of overlep were at the positions
chosen for the two sodium ions and were near the centre of
symeetry at (0,0,0). Five of the other regions of overlep were
nesr the centre of symmetry at (%,0,0) and together with the five
positions related by this centre of symmetry were identified as
veing due to the carbon and beryllium atoms of an (Ethﬁezﬁz)
unit. The beryllium atom was placed at a smaller region of
overlap, and the four carbon atoms at the rewaining four lerger
regions, Positions in the :asymmetric unit had been given to
two sodium etoms and to the atoms of one half of an (thBegﬁz)
unit and so one half of an (EthBesz) unit wvas still to be
located, The space near the centres of symmetry wes occupied
and thus the remaining atoms had to be in the region of the 21
sorew axes, The only other regions of overlap were near Na2 and they
could not be understood in terms of (Ethe2H2) units,

Structure factors were calculated based on the two sodium
ions, four carbon atoms, henceforth C1, C2, C3 and C4, and the
beryllium atom, The residual was 0.475. An electron density

map was computed and showed peaks at the positions to which atoms

had been assigned.
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The height of the peak due to Na2 was about 20% lower than that
of the peak due to NaI, and near Na2 were four broad peaks of
height about 2.OE.X-3. No other peaks of height greater than
0.42.2-3 were observed.

It was not f'ound possible to reconcile the electron density
map and Patterson function with the chemical formula and unit
cell contents given above. It was deduced that the compound
was an ether complex of formula NazEthpezﬂz. 2Et20, with two
formula units per unit cell, The asymmetric unit thus contained
one less sodium atom, one less beryllium atom and one less
bridging hydrogen atom, than had previously been thought. It did
contain an oxygen atom which is located at the position given to
Na2,

The chemical constitution of the compounds was rein-
vestigated (Bell and Coates, 1965). It was found to be an
ether complex with a dissociation pressure of 17 mm. Hg. at 20°C.
This ether is lost during the normel process of removing excess
solvent by pumping at reduced pressure after crystallisation,
and its presence had not been detected previously. In the case
of the crystals which were used in this structure analysis, the
precautions taken to avoid attack by oxygen and moisture also
prevented the loss of ether. Crystalswhich have lost ether retain

their shape, but do not give a sharp X-ray diffraction pattern.
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The density of some freshly prepared crystals, whioh had

not been subjected to reduced pressure was determined.

Dn = 0.958, Dx = 0.955 g. om >
- s t 2Bt

Z = 2 units of NazE 4pezﬂz 2 20

F(000) = 368 electrons.

'S -
Linear absorption coefficient, Cu. Kw. radifion = 8,49 ¢cm 1.

Structure Refinement

The structure was refined by five successive Fourier
syntheses with adjustment of positional and isotropic temperature
paerameters,  This reduced the residual to 0.296. Six oycles
of least squares refinement were then computed with isotropic
temperature factors., This produced & residual of 0,214.
Four cycles of refinement with anisotropic temperature factors
for each atom were calculated giving a residusl of 0,186.

At this stege, an electron density difference map showed
peaks of height 0.3 to 0.64:9.2_-3 due to the hydrogen atoms
which are bonded to C1, C2, C3 and C4. DPositions for these
hydrogen atoms were calculated assuming tetrahe@ral H~-C~H angles
a C-H bond length of 1.093_ and a staggered arrangement for the
methyl hydrogen atoms with respect to the methylene hydrogens,
The observed hydrogen positions were very close to the calculated
ones. The positions quoted in this thesis are those which were

obtained from the difference map.
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In the region where the bridging hydrogen atom was
expected, a well shaped peak of height O.SeK-3 was observed.
This hydrogen atom was designated Hi1.

Up to this point the carbon atoms of the ether molecule
had refined with large temperature factors and the molecular
dimensions had differed considerably from those expected. o
Features on the difference map could be interpreted as arising
from disorder in the positions of the carbon atoms of the ether
molecule,

The hydrogen atoms, H1 to H 10, bonded to the methyl and
methylene carbon atome of the ethyl groups attached to beryllium
were given isotropic tempereture factors of U = 0.15 and 0.11X2
respectively. These values were chosen because they were 507
greater than the values of the tempera#ure parameters of the
carbon atoms to which they were bonded, as obtained from the
last cycle of isotropic refinement. The inclusion of contri-
butions due to the hydrogen atoms H1 to H11 in the structure
factors lowered the residual to 0,16,

The hydrogen atoms of the ether molecule were not located.
The contributions of the alkyl hydrogen atoms H1 to H10 were
included in structure factor calculations from this point but
their parameters were not refined. The other stoms including
H11, the bridging hydrogen atom, wesre given aniszotropic

temperature factors in the subsequent refinement.
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Both the ordered and disordered arrangements were refined
further so that a choice could be made between them. The
parameters used in the ref'inement of the disordered model wers
identical with those used in the case of the ordered model except
that the four carbon atoms of the ether molecule, C5, C6, C7 and
C8 were replaced by eight carbon atoms, C5a, C5b, Céba, C6b, C7a,
C7b, C8a, and C8b which were given oocupation numbers of 0,5.

Five ocycles of refinement were oarried out on both ordered

and disordered arrangements. TFor the disordered model residuals

z:;hFo\ - IFOII

F'IFOI

1 ) z
0.133 and "R' =Y WIIFil"lfﬁll = 0.041
2
Y wlfol

were obtained. In the case of the ordered model the residuals

of R

R and R! were reduced to 0.143 and 0.045, In both ocases,
on the fifth cycle of refinement the parameter.. shifts were less
than their corresponding e.s.d.'s.

The significance of this difference in residuals was
assessed using the tests given by Hamilton (1965). In the
refinement, 1101 independent structure factors were used and the
difference in the numbers of parameters which were refined in the
two cases was 36, For the disordered model 146 parameters were
refined and thus the number of degrees of freedom was 955, There
is 2 99.4% probability that the disordered model is a better

representation of the aotual arrangement than the ordered one.
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The structure with ordered ether carbon atoms was rejected in
favour of the disordered model.

Up to this point refinement had been carried out by the
block diagonal approximation, using a 9 x 9 matrix to calculate

shifts in the positional and anisotropic thermal parameters of

each atoms In the disordered structure, the carbon atoms in the
ether molecule had large temperature factors, and some of them
were within 1X of each other. It was thought that full matrix
refinement might produce more accurate parameters for these atoms.
From this point in the structure analysis, the ether carbon atoms
were refined using a full matrix least squares programme, each
atom having anisotropic temperature factors. Two cycles of
least squares refinement were carried out, in each case the
parameters refined were those of four atoms representing one
.disordered ethyl group. These produced no large parameter
shifts. The e.s.d's of the disordered atoms however were larger
than those previously obtained using the block diagonal approx-
imation.

The indexing of some high order reflections was checked,
To allow for the effects of the changes in the parameters of the
disordered atoms, two cycles of least squares refinement using
the block diagonal approximation were computed without refinement
of these parameters. The parameters of each of the disordered

ethyl groups were then given two cycles of full matrix refinement.
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Finally the parameters of Na, Be, 0, C1, C2, C3, C4, and H11
were refined through two cycles of least squares calculations,

using the block diagonal approximation.

Final gycle of Ref'inement

Z]pq—:—m-oa, [|Fc|
L oied = 214, | vfef

Refinement was carried out over 1094 independent structure

7735,)a= 951, R = 0.117.

207 Ywa2= 5.5, R' = 0.026.

factors. Unobserved reflections were given zero weight in the refinement.

The structure factors were weighted by the function JW
where JW = 1/(32 + lFoI + 2.4 |Fol 2)i-.
The atomic scattering factors used were those given in
"TnternatiomlTables for X-ray Crystallography", Volume III.
The scattering curve used for sodium was that of Na+ and for the
bridging hydrogen atom that of M.

On the last cycle of refinement, no parameter shift was
greater than 0.57 of its e.s.d.

The final values of the atomic coordinates and their
0.3.,d's. are given in Table I. The final walues of the thermal
perameters and their e.s.d's, are given in Table 2, The correls-

ation coefficients, 8459 a,_ and a23, are given in Table 3.

13
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Final Difference Map

An difference electron density map was computed using the final
values of the structure factors. This showed no pronounced features

near any of the atomic positions.
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Description of the Structure

The arrangement of the atoms along the direction of the
a axis, is shown in Fig. 1. Sodium ions are arrenged in pairs
about the centre of symmetry at (0,0,0) and the beryllium atoms
in pairs about the centre of symmetry at (3,0,0). The pairs
of beryllium atoms are bridged by hydrogen atoms which lie almost
on the a axis, The bridging hydrogen atoms are surrounded by
two beryllium atoms and two sodium ions which lie at the corners
of a distorted tetrahedron, An ether molecule is coordinated
to each sodium ion by its oxygen atom, and two ethyl groups are
bonded to each beryllium atom. The bonding interactions ere
confined to chains which run through the crystal in a direction
perallel to the a axis. The structure can be most simply
described as being built up of (NaOEt2)+ and (EtLBeZHZ)Z-ions.
The hond lengths and angles are shown in Table 4 and
Table 5 respectively. The e,s.d.'s of the bond lengths and
angles were calculated using the correlation coefficients a15,
which are shown in Table 3. No allowance was made for the
effect of errors in the unit cell dimensions, In Fig.1. the
carbon atoms of the ether molecules are omitted, and in the
region of the bridging hydrogen atoms the drawing is distorted
slightly., 1In the tables, figures and following discussion the
coordinates of an atom whose symbol is primed (e.g. Na') is related
to the atom whose ooordinates are given in Table 1 by the oper-

ration of the centre of symmetry at (0,0,0).



(%7}
A"}

Double priming of a symbol denotes that the coordinates are
operated on by the centre of symmetry at (3,0,0), and Na"*

is related to Na by a translation of one unit cell length

along a. The environments of the sodium, beryllium and
bridging hydrogen atoms are shown in Fig.2. The distance
Na-Na'is 3.620 £ 0.004 2 , which is shorter than the distance
found in sodium metal, but longer than the distance of 3.0783
in the Na, molecule in the gas prase (Herzberg, 1950). The
Be-Be'' distance of 2,219 % 0.013  is the same as that found
in metellic beryllium (2.226 & )e The four Na-Be distances
range from 3,051 % 0.006 £ to 3.574 2 0.006 K, which can be
compared with the value of 2,97 X for the sum of their respective metallic
radii . In diborane the B-B distanes is 0,15 L longer than
that expected for a B-B single bond and corresponds to a bond
order of 0.6 (Pauling, 1960). 1In Me AL, (Lewis and Rundle,
1953) the Al-Al distance of 2.55 R is 0.03 % longer than that
expected for an Al-Al single bond. The Be-Be distance in
(HezBe)n (Rundle and Snow, 1951) is 2.11 & and corresponds to
a bond order of 0,3. Thus in the bridged compounds ment-
ioned above, the direct Be-Be interaction. -is weaker than that

between boron or a2luminium atoms.
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Atom

Na

C1
c2
c3
Ch
C5a
C5b
Céa
Céb
Cle
C7b
C8a
C8b
Be
H14

38

Ne 2Etl"Be 2H o° 2Et 20.

8,5
0+10505
~0+00949
000079
~0+03456
0+03760
~0-03637
~0+01313
0-08788
~0+31028
0+ 06863
~0l)s4 94
0+42658
~0+522}
0-45014
=0+04142
F 0031440

TABLE 3

Correlation Coefficients

%43
0+ 06460
0+ 25556
034705
0-22415
0°21496
017433
0:29189
0-06066
007087
~0:03915
0-40722
=0°+57951
0+26586
0430850
0-26813
0+ 24454

23
-0+22079
~0+20287
=0-05443

001180
-0+ 00892
~0+00959

0-14581

0+ 061 7
~0°47632
~0+18933
-0+61805
~0°*50511
=0°27932

0+ 03884
~0°05099

0° 02640



Bond lengths and their Standard Deviations
3.6208 * 0-0042

Na-Na'
Na=0
Na-H11
Na'=H11
0-Cé6a
0-C6b
O=C7a
0-C7b
C1-C2
C3-Ch
C2-Be
C3=Be
C5a=C6a
C5b-C6b
C7a=C7b
C8a-C8b

Na2EtLBeZH2-2Et20-

39

2350
2+38
249
1397
1°385
1514
1350
12542
1532
1766
1810
1+32
1+59
154
118

0005
0°03
003
0037
0+036
0031
0-034
0-008
0-008
0-008
0-008
0-06
0-06
0-0%
0-05

TABLE &.

Be-H11
Be''=H11
Be-Be"
C1-H1
C1-H2
C1-H3
C2-Hh
C2-H5
C3-H6
C3-H7
CL.-H8
Ch-H9
CL-H10

153 0-03

14k 003
2°219 0:013
1°02

1-08

102

107

103

100

1-03

0-99
1+07



NaZEthBeaﬁa'ZEt20° TABLE 5.

Bond Angles and their Standard Deviations

Na'-Na-0 167+2° 0.2°
O-Na=H11 15043 0.8
O-Na~-H11' 1273 048
H11-Na-H11" 81.9 11
Na-0-C6a 1394 1.9
Na-0-C6b 1114 2¢3
Na-0-C7a 1151 1e7
Na-0-C7b 130.0 149
C6a-0-C7a 1126 2.8
C6b=-0-C7b 118.5 30
Cc2-C1-H1 114

C2-C1-H2 110

Cc2-C1-H3 106

H1-C1-H2 100

H1-C1-H3 110

H2-C1-H3 117

C1-C2-Be 116.0 0ol
C1-C2-H4 100

¢1-C2-H5 112

Be-C2-Hk4 114

Be-C2-H5 116

H4-C2-H5 95

Ch-C3-Be 114+6 Os 4
C4-C3-H6 103

C4~C3-H7 108

Be-C3-H6 112

Be-C3-H7 117

H6-C3-H7 100

Cc3-Ch-H8 105



TABLE 5 (cont.)

C3-C4-H9 117

C3-C4-H10 102

H8-CL4-H9 119

H8-C4-H10 106

H9-CL4-H10 - 107

0-C6a-C5a 11443 37
0-C6b-C5b 105.7 2¢5
0-C7a~C8a 1080 19
0-C7b-C8b 119+9 L5
C2-Be-C3 118.0 0+4
C2-Be-Be" 123.9 0+ 4
C3-Be-Be" 118+ 1 Okt
H11-Be-H11" 83e4 17
Na-H11-Na! 98+ 1 101
Na-H11-Be 110-1 145
Na-H11-Be" 103+2 1.8
Na!-H11-Be 108.9 1.5
Na'-H11-Be" 1363 2:0

Be-H11-Be" 966 1.8
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The Na - H11 and Na' - H11 distances are 2.38: 0.03 and
2.41 0.03 X respectively and do not differ significantly from
each other. The mean value of 2.40% 0,02 K does not differ
significantly from the Na - H distance of 2.h40: n.001 in
sodium hydride (Brewer and Mastick, 1951). Likewise the Be- H11
and Be":_H11 distances of 1.53: 0,03 and 1.h4: 0.03 '} respectively
are the same within experimentel error.

The tetrahedral covalent radius of beryllium is 0.18 X
greater than that of boron, (Pauling, 1960), The length of
the bridging boron-hydrog;n bond as determined by electron
diffrection in the gas phase (Hedberg and Schomaker, 1951) is
1633 R. ¥rom an x-ray structure analysis of p-diborane
(Smith and Lipscomb, 1965) bridging B - H bond lenghts of
1.23% 0.02 and 1.25% 0,02 & were obtained. If 0.18 £ is added
to these values for e bridging B — H bond lengths then the
possible values for the length of a Be - H bridging bond.are.i}hzx
and 1,51 X. jhe value of 1.49t 0,02 K obtained in this analysis
does not dié;er;?;; either of these values. In Be(BHh_)2
there is an unsymmetrical hydrogen bridge and infrared (Price,1949;
and electron diffraction (Bauer , 1950) studies give values for
the Be - H distance of 1.43 and 1.63 2 respectively, No. e.s.4.'s
are quoted for thcse values. The shortness of bond lengths
determined by x-ray methods, as compared with electron diffraction
is apparently a general phenomenon (Lipscomb, 1954). In the

case of NazEthBEHZZEtéD any lengthening of the Be-H11 bond lengths



L5

would result in shortening of the Na-H bond lengths.
T +. o - + o
The H-Be-H'and H-Na-H'' angles are 83.4-1.7 and B8l1.9-1.1
respectively end are not significently different from each other.
Likewise the Be-H-Be'' and Na-H-Na' angles of 96.611.8o and

98.1%1.1° are the same within experimental error.
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The bond lengths of C2 - Be (1.765- 0,008 &) and ¢3 - Be
(1.810: 0.008 K) differ significantly from one another, and no
satisfactory reason can be given for this observation., The
environments of €2 and C3 with ;espect to the sodium ions are

bend lencths

different., The \ are both shorter than the sum of the tetra-
hedral covalent redii of beryllium and carbon, which is 1,84 R
(Pauling, 1960). The bond lengths of Gi - C2 (1.542% 0,008 3)

and C3- C4 (1.532: 0.008 K) do not differ from each other or

from the value of 11,5445 K found in diamond., The angles

C1 - C2 = Be (116.6% 0.4°) and C4 - C3 - Be (114.6% 0.4°)

ars slightly larger than the tetrahedral angle as would be
expected from a congideration of the relative sizes of the

atoms bonded to €2 and C3. The angles C2 - Be - €3 (118.0% 0,4°)
c2 - Be = Be' (123,92 0.4°) and ¢3 - Be - Be" (118.1% 0.4°) are
all near 1200, as are the corresponding angles in dibo rane,

The atoms, €2, C3, B=, Be", 02: 05" are coplanar within
experimental error. The equation of the mean plane is

-0,9957x" & 0,0919y + =0.01462' _2,.4556 = 0
The equation is referred to orthogonal axes where c¢' is
perpendicular to a and b. The largesst deviation from the plane
is 0,002 §.

The € - H bond lengths in the ethyl grouns which are

0
bonded to the beryllium atoms lin between 0,99 and 1.08 A.,

compared with a value of 1,094 & in methane (T.I.D. 1965).
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The positions of the hydrogen atoms were determined from a Fo - Fc
synthesis and no significance is attached to the different values
obtained for the C = H bond length.

One ether molecule is bonded to each sodium ion by means
of its oxygen atom. The Na - 0 distance of 2.3501 0.005 K is
equal to the sum of the ionic radii of sodilm and oxygen
(Pauling, 1960). This distance is similar to the value of 2.33 §
found in Na(H (Krnst, 1948). The atoms Na, Na', 0, 0O',
H11, F11' are nearly coplanar, the equation of the mean plane
through t:wse atoms being

-0.2364x" + 0.7063y - 0.6672z' = O

The devietions of the atoms from the plane are

Na +0.07 &
0 -0.03

A drawing of the disordered ether molecule, giving the
bond lengths is shown in I*ig.3. In the disordered ether
molecule the four carbon-oxygen distances range from 1.3501 O.thx
to 1.51410.031 X, none of which is considered significantly

different from the value of 1.43% 0.03 % found.
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in Me,0 (Schomaker, 1951). The mean C-0 bond length is 1.4} £.
The bond lengths C5b-C&b (1.590.06 £) and €7a-C8a (1.54%0.04 £)
are the same within experimental error as that found in dieamond.
The lengths C5a-Céa (1.3220.06 £) and C7vb-C8b (1.18%0.05 £)
deviate significantly from the accepted value for a C-C single bond.
The bond angles in the ether molecule do not differ greatly from
those which might be expected.

The sums of the C-0-C and C-0-Na angles at oxygen in respect
of the two sets of positions for the ether molecule are 598°and
3600. In both cases the oxygen atom lies almost in the plane of
the three atoms to which it is bonded. 1In EtMgBr. 2Et20
(Guggenheimer and Rundle, 1964) there is a similar arrangement of
atoms around the oxygen. In PhMgBr. 2Et20 (S£ucky and Rundle, 1964)
however the two carbon and one magnesium atom bonded to oxygen lie
at three of the corners of a distorted tetrahedron. In the
compounds in which the oxygen atom is coplanar with its three
near neighbours, the bonding is said to be more ionic than that in
which the oxygen has a tetrahedral environment (Guggenheimer and
Rundle, 1964; Stucky and Rundle, 1964b).

It would seem that the disordered model used in the refinement,
although a better representation than the ordered one, does not
lead to a reliable set of molecular parameters. In the disordered
ether molecule four non-bonding cearbon-carbon distances of less

that 1 & are found and the temperature parameters are large.
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There is thus considerable overlap of the electron densities due
to the disordered ;toms.

The correlation coefficientsbetween the parameters of
different disordered carbon atoms are large and thus the covariance
term in the expression for calcukting bond length e.s.d.'s will
be large (Cruickshank and Robertson, 1953). No 2llowance vas
made for this coverieance in calculating the e.s.d.'s and they will
thus be underestimted. In addition the thermal parameters of the
disordered carbon atoms are large and so some avparent shortening

die to e mobrewfly Cbiniens
of the C-C bonds would be expecte@x This effect would be
greatest for the C-C bonds in the ether molecule, and the mean
value of the C-C bond length in the ether molecule is found to be
1.1 B,

In view of the high dissociation pressure of the ether in
this complex, the possibility of ether loss must be considered.

The temperature parameters of the oxyvgen atom are not appreciably
grester than those of the other ordered atoms, suggesting that any
such loss must be small.

Some non-bonding distances are shown in Table 6 and Fig. L.
and the arrangement in the unit cell is shown in Fig. 5. If the
value of the van der Weals radius of an alkyl hydrogen atom is taken as
1.2 R, and those of a methvlene or methyl carbvon atom as being
2.0 £ (Pauling, 1960), then none of the van der Weals distances are
unusually short. There are six alkyl hydrogen-sodium contacts runging

from 2.48 to 2.97 R and two carbon-sodium contacts



No,Et,Be,H,2Et0O H/

B! ) L.

Non-bonding Aistances,



c sinB
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NazEthneéﬁz'ZEtzo' TABLE 6

Non~bonding distances (£)

The position of the second atom is indicated by the operations given
in colum 2,

Na-Be - 3245
Na-Be" 3051
Na'-Be 3675
Na!-Be" 3483
Na-H5" 2+49
Na-H6 (=, 0, 0) 2-60
Na-H? 275
Na-H2" 279
Na-H8 280
Na~C 2! 2+86
Na-H7 (-1 » 0, 0) 2:97
Na-C3 (= > 0, 0) 3-02
Na-C3!' 3°13
C1-Ck 381
C1-C8 (1=xs =% + g, =% = z) 3.8l
c1-C7 (1=x, =% + yy =% = 3) 395
c1-C8 ( x ¥-y, %+ 3) 397
C3~C9 (-1, 0, 0) 37
€3-0 (- 05 0) 379
Cl=C11 (-x » ¥ +yy =% = 2) 3.7k
Ch-C10 (1=x; =2 + y, =% = 2) 388
Cl~C11 (-x, 2 +y, =% = 32) 37k

Ch=C11 388
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of 2.86 and 3.02 £. Five of the shorter non-bonding distances are
for contacts between sodium and C3, or hydrogen atoms bonded to it,
whereas there are only two comnarable contacts between sodium and
C2 or the hydrogen atoms bonded to it. This mey be related to the
observed difference in the Be-C bond lengths.

T'he Allred-Rochow electronegativities of beryllium and
carbon are l.47 and 2,50 respectively. Thus it would seem
reasonable that in =2 (Ethpezﬁz)z_ ion, the negetive charge would
be associated with the bridging hydrogen atoms end the ethvl
eroups, rather than with the beryllium atoms. The sodium ions
heve an ether oxvgen atom (2.35 E) and tro bridging hydrogen
ptoms (2.38 »nd 2.41 R) as near neiginnurs £nd siv alkyl hvdropen
stoms at distences of Trom 2.4R8 and 2.97 X, two cerbon ztoms at
2.86 snd %.02 &, 2nd one sodinm ion at 3.620 £, Apart from the
neighbouring sodium ion 211 of the 2toms 2round a2 sodium ion
would be expected to carry some negetive cherge,with which it
can interact bv ion-dipole forces.

The simplest description of the structure of the ether
comlex of sodium hydridodiethylberyllate is in terms of discrete
~9 2)2~ ions. The C2-Be-Be'', C3-Be-Bn''and

) .
2-Be-C3 snrles sre very close to 120" a= are the corresponding

(N20Et,)" and (1t PeH

spneles in dihorene, and it seems reasoneble tn degeribe the RnH?Be

bridge in terms of three-centre moleonlar orbitals, as in the case
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of diborene. In Aihorsne it hes heen celenleted (Hamiltan, 1956.
Yamezeli, 1957) thot the brideing hvdroeen ntome asrrv a pegative
rharge of 0.22 €.  The electroneeativities of horon end beryllium
sre 2.01 end 1.47 respectively. Becauce of the more electrn-
nogitive netura of hervilium snd the over2ll negntiwve cheree
which the [ﬁthﬂesz] 2- ion cerries, it would be exnected thet the
hrideing hvdroeen atomsin this ecomnomnd wwuld carrv s sreater
negative charee than thoee in B2H6'

The nresenre of 2 larse naegetive charge nn the brideing
hvdrngan stoms is consistent with the ohserved Me_H distanges,
which are the szme as that in sodium hvdride. The Be-H bonds wnuld
thus be exnected to he highly nnlarised and it has been rugpested
(#ibb, 1962) that the Wo-H intersction in sodium hydride is of
mixed character.

The angles Na-H1l-Na' and Be-Hll-Be'' are the same within
experimental error, as are the Hll-Na-Hll' and Hll-Be-H1ll'' angles.
The Na-Na' distance is shorter than that in metallic sodium and
the Be-Be'' distance is egual to thet in metallic beryllium. The
similerity in environment of H1l) wth resnect to the heryllinms

and sodinms sugeest thet the M2.H1l and Be-Hll interactions may

not he tao di*ferent in character.
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Table 7.
Final Values of the Observed and

Calculated Structure Factors.
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THE CRYSTAL STRUCTURE OF THE METHYLZINC T-BUTYLSULPHIDE PENTAMER

Introduction

The reaction between equimoler quantities of a dialkylzinc
(Coates and Ridley, 1965) or dialkylcadmium (Coates and Lauder, 1966)
and a compound containing active hydrogen yields a hydrocarbon and
a derivative of the metal alkyl. Thus the reaction between
dimethylyzine and t—butylthiol gives methane and methylzinc
t=butylsulphide.

Me,Zn + Bu ‘s ~> Mezn3Bu' + CH,

The reactions of Me2Zn and MeZCd with alcohols produce
alkoxides, which are all tetrameric except methylcadmium t-butoxide
which is dimeric. The molecular weights were determined
oryoscopically in benzene. An x-ray structure analysis
(Shearer and Spencer, 1966.a) has shown that (MeZnOMe) L is
also tetrameric in the crystalline state, with zinc and oxygen
atoms near the corners of a distorted cube. The wmolecular
symmetfy approximates to ZBm. The X-ray powder diffraction patterns
of (MeZnOMe)h and (MechMe)h are similar (Shearer and Spencer, 19660 )
and crystals of the compounds are probably isomorphous.

It is possible that all of the tetrameric alkoxides of dimethylzinec
and dimethylcadmium are isostructural with (MeZnOMe)h. The
rcaction of acetoxime with dimethylzine (Coates and Ridley, 1966)

glves a compound which is also tetrameric in bterzene solution,
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Dimthylzine reacts with diphenylamine to give the dimerio
compound (MeZnNth)z. In the crystal the molecule contains
a four-membered zinc-nitrogen ring in which the zinc atoms are
three-coordinate (Shearer and Spencer, 1966.c.). It seems
likely that (MeCd.OBut)2 will have a similar structure.

The p;;aﬁcts of reactions with thiols show differing
degrees.of association, Methyl methylzinc sulphide is insoluble
in benzene and is assumed to be polymeric in the solid state.
Methylzinc i-propylsulphide and methylcadmium i-propylsulphide
vere found to be hexameric in benzene solution but msthylzino
t-butylsulphide and ethylzinc t=butylsulphide are pentameric and
methylcadmium t-butylsulphide is tetrameric, All of the molecular
woight measurements were made at more than one concentration,

In a preliminary x*-ray study of (MeZnSBut)5
(Shearer and Willis, 1965) the size and contents of ths unit cell
were determined but the space group was not unambiguously ident-
ified. These observations were consistent with there being five
or ten units of MsZnSBut in the assymmetric unit, The orystal
structure of this compound was determined with the object of
finding the atomic arrangement and the reasons for its degree of
association, It was thought that this information would help
in explaining the different degrees of association and structures

found in the other compounds mentioned above,
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Experimental

Preparation of Cgsta]s and Preliminary X-ray Examination

Methylzine t-butylsulphide was prepared by adding a solution
of t-butylthiol to an equimolar quantity of dimethylzinc in hexane.
Crystals suitable for the structure analysis were obtained by
recrystallisation from hexane and were sealed individually in
pyrex glaes capillary tubes in the dry nitrogen atmosphere of a
glove~box., The crystalswere in the form of transparent needles,
2longated along & and with an eight-sided cross-section.

The unit cell dimensions were determined from precession
photographs of the hOl, h1l, and hiO reciprocal lattice nets
taken with Mo. Kx radiation. The standard deviations of the
unit cell lengths are of &, 0.004, of b 0,06 and of ¢, 0.005%.
However if systematic errors are included, the uncertainty in

these lengths is probably of the ovder of 0.25%. The standard

deviation of p is about 10!,

The crystal were monoclinic.

9.59. b = 39.04 ¢ = 12,138,
117°%08",

2

g

The conditions limiting the observed reflsctions are

hol1, 1= 2n,
oke, k = 2n,

Space group P21/b.

dn = 1.39 g. ca .

With 20 units of CHJZn S C (cH,)

er unit cell the
33 F
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calculated value of the density is 1.382 g. cm-j.

Linear absorption coefficient, Cu. Ko radiation = 58.04 cm

Data Collsction and Correction

The crystal used in the collection of the intensity data
was a needle with parallel faces and about 3mm. in length.

It had an eight-sided cross—section which was in the form of a
rectangle with each corner replaced by an additional face. The
ends of the needls were not well developed.

The 0kl, 1k1, 2kl, 3k1, 4kl, 5kl, and 6k). reciprocal lattice
nets were recorded photographically using the multifilm equi-
inclination feissenberg technique and Cu. K« radiation. At the
end of the data collection it was noted that the crystal,which
was originally transparent,had aquired a milky appearance,

There was, however, no noticeable deterioration in the quality
of the data, The intensities of reflections were estimated
visually by comparision with e graduated scale. The intensities
ﬁere placed on a common scale using intensity measurements
derived from photographs on which timed exposures of different
nets had been made.

The intensities were corrected for anisotropic absorption and
for Lorentz and polarisation fectors. In the case of uppsr layers
the intensities were also corrected for spot length (Phillips, 1956).

As the whole of the length of the crystal was not bathed in

the X-ray beam the absorption correction was computed by dividing
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the cross-sectional area of the crystal into 18 elements. The
transmission coefficient was then determined by carrying out a
summation over two dimensions. The crystal faces were represented
by the 10 inequalities given below. The faces were referred to
three orthogonal axes, X, Y and Z where b* liss along X, c* along

Y and a, the rotation axis, along Z.

-y + 0,080 O
y + 0.080 = O

-x + 0475 = 0

x + 0,175 = 0

-z + 1,500 » 0

z + 1,500 = 0

-0.558 x -y + 0,108 =» 0
0.558 x & + 0,08 = 0
0.558 x -y + 0,108 » 0
-0,558 x +y + 0,108 » 0

The lengths are expressed in millimetres.
The exact values of the constants in the inequalitises involving
z are not important, as faces represented by these inequalities

are included only because the programme requires that the crystal

shape should be a closed solid.
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Structure Determination

The intensities were multiplied by a weighting function w,

n
where w = exp (12 3in ‘E} The weighting function was not
A2

allowed to take a value greater than 100. The Patterson function
was calculated using the weighted intensities as coefficients.

The examination of the Patterson function was carried out
in order to determine the vositions of five zinc atoms in the
asymmetric unit. The Herker sections are shown in Fig.l.
~ On the Harker section at (u,s,w)., where peaks due to vectors

between atoms related by 2. screw axes occur, there were eight

1
veaks of a sufficient height to revresent zinc-zinc vectors of
this type. On the Harker section (o,v,%), where peaks due to
atoms related by the 2xial glide plane occur, there were four
peaks large enough to be due to zinc-zinc double-weight vectors.
Two of these peaks were large enough to arise from the coincidence
of such vectors. From the possible occurrence of multiple peaks
along (0,3,w) and of extra peaks on (u,7,w) it was deduced that,
in the unit cell, gzinc atoms which were unrelated by symmetry
might have similar y-coordinates.

The positions of Zn2, Zn3 and Zn5 were found from this
examination of the Patterson function. These positions were

confirmed by finding suitable peaks on the Patterson function,

corresponding to vectors between Zn2, Zn3 and Zn5 and the atoms
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related to them by the symmetry operations of the space group.
Structure factors were calculated, based on the parameters of these
three atoms, giving a residual of 0.67.

The positions of Zn1 and Zni were found from a superposition
of the Patterson function on the single-weight peak due to the
vector between Zn3 and the atom related to it by the centre of
symmetry at the origin. From this superposition 23 regions of
overlap resulted. All but two of these regions were eliminated
by placing in turn a zinc atom in each of these regions of overlap,
calculating the vectors which this atom would give with symmetry
related atoms and checking the Patterson function for suitable
peaks, Zn1 and Znk were placed at the remaining two regions of
overlaep,

In order to check the correctness of this solution, the
positions of all peaks due to Zn=Zn vectors were calculated and
checked with the Patterson function. No attempt..was made to
determine the positions of the sulphur atoms at this stage.

Structure factors were calculated, based on the five zinc
atoms, giving a residual of 0.543. An electron density map was
then computed and this allowed the positions of the five sulphur
atoms, 81 to S5, to be found. Several small peaks were observed.

Twenty five of these peaks could be interpreted as being due to

the carbon atoms of the molecule,
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The interatomic distances and angles involving the carbon
atoms were in poor agreement with the accepted values and the
heights of the peaks due to these atoms were low. For these
reasons positions were not given to the carbon atoms at this
stage.

The positional and isotropic thermal parameters of the
zinc and sulphur atoms were then refined by two cyecles of
least squares calculations. This produced a residual of 0,360,
Another Fo synthesis was computed and from this,positions
were given to the carbon atoms, C! to C5, bonded to the gzinc
atoms, and to the carbon atoms, C6 to C25, of the t-=butyl groups
bonded to sulphur, The heights of the peaks due to the carbon
atoms ranged from about 1.9 to 4.2 9.3'5.

The parameters of the zine, sulphur and carbon atoms
were refined iy the method of least squares using the block
diagonal approximation. One cyocle of least squares refinement
was computed with isotropic temperature parameters, followed
by six cycles in which the zinc and sulphur atoms were given
anisotropic thermal parameters. This reduced the residual to
0.170. Five cycles of refinement with anisotropic temperature
parameters for the carbon atoms also, further reduced the residual
to 0,138,

Up to this point in the refinement the bond lengths and

angles in the t-butyl group which is bonded to §3 differed
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considerably from the accepted values. An Fo synthesis was
calculated. This showed that the peaks due to the methyl
carbon atoms, C15, C16 and C17, of this t-butyl group were
broad and that their heights were low at about 2.1 e.RfB.

Three cycles of least squares refinement were then
computed using anisotropic temperature factors for the zinc,
sulphur and carbon atoms and with refinement of the individual
scale factors of the reciprocal lattice nets okl to 6kl,
This treatment would be expected to lead to a high correlation
between individual scale factors and the anisotropic vibration
tensor element U11, as the data were collected in nets up the
e axis, In this case quite accurate values of the individual
scale factors were obtained expsrimentally and the refinement
of the structure was almost complete before the refinement of
the individual scale factors was started. The scale factors
changed very little during this process, the mean difference
batween the observed and refined values being 2.74.

The final velue of the residual, calculated over the

observed reflections only, was 0.136.
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Final qycle of refinement

{_ |rd 101011, L— |1?<1
Vord® = w5 eof

Number of independsnt reflections=2230.

95500,)—__A = 13745, R = 0,136
421.4)}& 2 17.7, R'= 0,040

On the final cycle of refinement the largest parameter

shift was 0,61 of its e.s.d. The structure factors

were weighted by a function /W where,

W =1/ (300 4 |Fo| + 0.1 |F0|2 )'12'

Unobserved reflections were given zero weight in the

refinement. The atomic scattering factors used were those

quoted in 'InternaticmelTables for X-ray Grystalloé?phy'

(1962) Vol III. The reel part of the dispersion correction
vias applied in the case of zine and sulphur,

The final values of the positional and anisotro:ic
thermal parameters together with their e.s.d.'s are quoted in
Tables 1 and 2. The final values of the structure fectors are
guoted in Table 8.

Final Difference Map

An electron density difference synthesis was computed
using the structure factors obtained from the final cyole of
refinement.

This showed a peak of height about 0.5 e.27 in the
vieinity of C17, one of the atoms which gave rise to a broad

peek in the previous Fo synthesis. An examination of the



12
electron density in the region of the atoms C14, C15, C16
and C17 of the t-butyl group bonded to S3 did not give any
indication of disorder in the positions of the methyl carbon
atoms, or of free rotetion about the S3 - C1k bond. Qutside
this region there were no pronounced features near any of the

atomic sites,
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Descrintion of Structure.

The bond lengths and angles with their e.s.d.'s are shown in
Table L and Table 5 resnectively. The correletion coefficients
algshown in Table 3 were included in the calculation of the
e.s.d.'s. Some non--hondine intramoleculer distances are shown in
Table 6, and the non-bonding intermolecular distances less than
AR ere shown in Table 7.

In the crvstalline stete, methylzinc t-butylsulphide exists
as discrete oentameric molrcules. The zinc and sulphur atoms are
in a polyhedral arrangement, as shown in Fig 2, which also shows the
bond lengths involving the zinec and sulphur atoms. The numbering
of the atoms is shown in Fig.3. The zinc atoms lie near the
corners of a square-based pyramid. The apical zinc atom, Znb,
is displaced from the position above the centre of the base such
that it is closer to Zn3 and Zn4 than to Znl and Zn2. One sulphur
atom lies above each of the faces of the pyramid formed by the
zinc atoms. S§1, which lies above the face formed by Znl, Zn2
and Zn5, is much closer to Znl and Zn2, and is three-coordinate.
S5, which lies below the basal plane of the figure formed by the

zinc atoms, seems to be five-coordinate. All of the zinc atoms
and 52, 33 and 34 are four-coordinate.

The atoms Znl, Zn2, Zn3, end Znk, which form the base of the
ovramid are almost coplanar. The equation of the mean plane of

the atoms is.

0.6762x' + 0.4568y - 0.5780z' + 4.396 = 0
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The equation is referred to an orthogal coordinate system, in
which ¢' is perpendicular to a and b. All of the atoms lie

0.03 X from the plane. The distance around the perimeter of the
base range from 3.387 to 3.492 X, individual values being shown
in Table 6, The angles are Zn1-Zn2-Zn3 = 9#.50,

Zn2-Zn3-7nk = 86.8°, Zn3-znk-2n1 = 91.5° and Znk-Zni-Zn2 = 57.1°.
The shape of the base of the pyremid deviates significantly from
a square,

Zn5 1ies above this plane, and is closer to zn3(3.514 )
and Znk(3.511 £) then to Zn1(4.418 &) and to zn2(4.343 §).

The shortest zinc-zinc distence is between Zn1 and Zn2, and is
3,387 X. This is greater than the distances of 2,665 and 2.913 'y
found in metallic zine (Intemational Tebles, 1962) and shows that
there is no appreciable zinc-zinc bonding.

One sulphur atom lies above each face of the pyramid
formed by the zinc atoms, the shortest sulphur-sulphur distance
being 3.34 K for S2.85. The single bond tetrshedral covalent
radius of sulphur is 1.04 R (Pauling, 1960) and so there is
no apprecisble sulphur-sulphur bonding in the molecule.

S1 lies above the plane of Znt, Zn2 and Zn5 but is much
closer to Zni (2.273i 0.009 g) and zZn2 (2.321% 0..09 R) than to
Zn5 (4.503 X). Thus S1 is bonded to Zni and Zn2 but not to Zn5
and. so is three-coordinate. The bond angles at S1 are
zZnl - 81 - Zn2 = 95.0% 0.3°, Zn1 - §1 = C6 = 110.6%1.1° ana

4n2- S1- C6 = 107.7% 1.1°.
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Zn1
Zn2
Zn3
Znk
Zn5
51
s2
S3
sS4
S5
C1
c2
C3
ch
C5
cé
C?7
c8
C9
c10
C11
c12
Cc13
Cik
c15
c16
Cc17
c18
Cc19
c20
c21
c22
C23
cah
c25

80

(MeZnSBut)s. TABIE 3

Correlation Coefficients.

a42

-0.08312
0408615

’~0+01790

=~0¢04321
~0.08074
0-073%21
-0+ 05460
010016
0.04862
~0.04382
~0+26716
~0-09309
~0.05538
0:17027
~0.38259
0. 32175
0+18991
~0:08513
0+ 34558
011319
019337
=0+ 17715
001692
~0.00110
026341
-0-07022
0.60765
0.01977
0:13112
0-17931
0+13829
000720
=0+56779
0.04739
-0:0953%0

a13
0« 40824
049117
0+ 49684
0¢36851
0-49336
0+46438
0+37538
0. 40456
0. 45292
0+ 44061
0457577
0+ 34431
0.52918
0. 26809
0453819
0. 55540
0+ 26659
070781
050924
0. 30132
0- 34043
024581
0+ 45591
0+ 42285
0.00775
=0+00082
0.75675
0450792
041493
0+50577
0-43788
0+ 54621
07077k
040253
066158

8.23
0.01041
006576

012522

-0.02875
0.06804
011490

~0.00170
012575
002333
0.01291

0023832
0.09371

=0+31760

=0+ 1797k
=0+21059
0+ 37694
0+ 30909
0+13070
0¢11193
=0:21253

=0 21414
0.00118

~0+.00832
0.16128

~0:02230
003620
050707
0.02751
000505
0.09741
0.07899
0.26702

=0+ 55795

=0.12586
0.02378
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(MeZnSBu®) . TABLE 4
4

Bond Lengths (R) and their Standard Deviations (& x 10°)

Zn1-S1
Zn1-Sk
Zn1-S5
Zn2-S1
Zn2-82
Zn2-S5
Zn3-S2
Zn3-53
Zn3-S5
Znk-S3
Znk-Sk
Znh-S5
Zn5-S2
Zn5-83
Zn5-Sk

Zn1-C1
Zn2-C2
Zn3-C3
Znk-Ch
Zn5=C5

2.273(9)
2+457(8)
2.982(8)
2+321(9)
2+ 456(8)
2+713(8)
2:420(8)
2:457(9)
2+513(8)
2:-426(9)
2+ bol(8)
2¢513(8)
2:426(8)
2 474(9)
2.439(8)

1:915(35)
2.072(31)
1.982(33)
2.043(32)
2:023(41)

S1-C6

82-C10
S3-C14
S4-c18
85-C22

C6-C7

c6-C8

C6-~C9

C10-C11
C10-C12
C10-C13
C14-C15
C14-C16
C14=-C17
c18-C19
c18-C20
C18-C21
C22-C23
c22-C2h
Cc22-C25

1.918(30)
1.906(35)
1¢783(36)
1.888(24)
1.845(33)

1.566(53)
1.625(52)
1. 451(47)
1.482(50)
1¢571(55)
1.562(52)
1+ 475(66)
1.619(78)
1.784(81)
1. 445(51)
1.620(49)
1.666(50)
1+599(67)
1+533(50)
1.522(46)



Atoms

S1-Zn1-Sk
$1-Z2n1-S5
S4-Zn1-85
S1-Zn1-C1
S4~Zn1-C1
S5-Zn1-C1
S1-Zne2-S2
S1-2n2-S5
S2=-Zn2-S5
S1-Zn2-C2
S2-Zn2~-C2
85=Zn2-C2
S$2=-72n3=S3
S2-Zn3-S5
S3=Zn3-S5
52-Zm3=C3
§3=Zn3~C3
§5-Zn3-C3
S3=~Znl=-S4
53-Znl=-S5
Sh-Znk-S5
S3=Zn4-Clh
S4=-Znh-Ch
S5-Zn4~Ch
S2-2n5-S3
S2-Zn5-Sk
S3~Zn5-Sk4
82-Zn5-C5
53-Zn5-C5
S4=2n5-C5
Zn1-S1-Zn2
Zn1-S1-C6
Zn2-51-C6
Zn2-52-7Zn5
Zn2-S2-Zn3
Zn3-S2=-Z2n5
Zn2-52-C10
Zn3-52-C10
Zn5=S2-C10
Zn3-S3-Znk
Zn3=83-Zn5
Znl-S3-Zn5
Zn3-S3-C14
Znk-S3=-C14
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(MeZnSButzs. TABLE 5

Bond Angles with their Standard Deviations

Angle

99.0°
928
763
1351
122-4
1111
99«4
990
804
1310
122.0
1120
88.2
853
89.6
1285
125 4
12647
88.5
904
86.9
1273
125-9
1255
87.7
97-9
8646
1255
122-6
125.2
95-0
110:6
107-7
1267
89.0
93-0
11847
108.9
111.8
91-0
91.0
91+5
12241
124+2
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TABLE 5 (cont.)

Zn5=-S3-C1l
Zn1-Si-Znk
Zn1-S4-Zn5
Znk~S4-7n5
Zn1-S4-C18
Znl-54-C18
Zn5-S4~C18
Zn1-S5-Zn2
Zn1-S5-2Zn3
Zn1=S5-Znl
Zn2-S5-7Zn3
Zn2-S5-Znk
Zn3-S5-Znk
Zn1-S5-C22
Zn2-S5-C22
Zn3-S5-C22
Znk-S5-C22
51=C6-C7
51-C6~C8
$1-C6-C9
C7-C6-C8
C7-C6=C9
Cc8-C6-C9
S2-C10-C11
82-C10-C12
S2-C10-C13
C11-C10-C12
C11-C10-C13
C12-C10-C13
S$3-C14-C15
83-C14-C16
53-C14=C17
C15-C14-C16
C15-C14-C17
C16-C14~-C17
S4-C18-C19
84-C18-C20
S4-Cc18-C21
C19-C18-C20
C19-C18-C21
C20-C18-C21
S§5-C22-C23
55-C22-C24
§85-C22-C25
C23-C22-C2k
C23=-C22-C25
C24-C22-C25

1270
91.8
128.9
93.0
117+ 4
109.0
108.8
72.8
1306
784
81.6
130.2
877
1207
1189
108-6
11046
103.0
105.6
109.2
104 &4
1213
11240
104 L4
104+ 6
1063
11441
120 4
105.8
10745
105.7
1063
10441
120+ 4
112.0
110+ 3
1083
107.0
112+ 4
11249
105.0
1101
109.2
108.7
1073
119-1
1019
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As the eanvironment of 53 is pyramidal, the sulphur atom will be

Sp3 hybridised, although it is three-coordinate. 1In a pyramidal
molecule the bond angles woula be expected to be less than 109028'
because the repulsion between non-bonding electrons and the electrons
in the bonding orbitals will be greater than those between the
electrons in the different bonding orbitals (Gillespie and Nyholm,
1957). The small value of the Znl - S1 - “n2 angle will lead to

some increase in the size of the angles Znl - 31 - C6 and Zn2 - S1 - Cé.

32 lies near a point above the centre of the face defined by
Zn2, Zn3 and Zn5, S4 is positioned above Znlk, Zn5 and Znl and 33
is above Zn3, Znk and Znj. 52, 33 and 34 are four-coordinate.

The nine Zn-3 bonds formed by these atoms have lengths between
2.404%0.008 & and 2.474%0..09 . 35 lies below the plane of Znl,
Zn2, Zn3, and Znk, and is closer to Zn3 and Znk (both 2.513%0.0088)
than to Znl (2.982%0.008 &) and Zn2 (2.715%0.008 R).

The seven atoms, 4n3, Zn4, Zn5, S2, 33, 54, and S5 lie near
corners of a cube. In addition the molecule has en approximate
mirror olane which passes near 51, 53, S5 and Zn5. The equation
of the mean plane through 51, 33, 85 and Zn5 is

-0.3838x' -0.4799y -u.7890z' -10.1037 = O

The deviation of the atoms from the plane are.

S1 0.019 R
33 0.033
35 -0.023
Zn5 -0.029
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The lengths of the Zn-S bonds are related in pairs by the approximate
mirror plane, The lengths of pairs of bonds which are related by
the aprroximate mirror plane are listed below, the differences

between the lengths of related bonds are expressed as multiples

of o-.

Zni - 1 2.273 . Zn2 - S 2.321 §, 3.7 o
Znl - 85 2.982 Zn2 = 85 2,713 245
Zn1 - sk 2,457 Zn2 - 82 2,456 Oa
Zn3 - S2 2,420 Znk - Sk 2.40% 1.5
Zn3 - 83 2,457 znl. - S3 2,426 2.6
Zn3 - 85 2.513 Znk - 85 2,513 0.0
Zn5 - 82 2,426 Zn5 - Sh 2,439 1.2

Apart from the lengths Zn1 - S5 and Zn2 - 85 the agreement
between members of a pair is very close., The positions of
the carbon atoms are also related by the approximete mirror
plane,

The outer elesctronic configuration of gzinc is 3d10,432.
In its known ionic compounds zinc does not show an oxidation
number greater than two. In compounds in which zinc is regarded
as forming covalent bonds it is usually four~coordinate involving
the use of 4s and Lp atomic orbitals. Zinc does not use its ‘d'
orbitals to any apprecieble extent in bonding and is not regarded

as a transition element,
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L

Sulphur has the outer electronic oconfiguration 552, 3p .
In the sulphides of the most electropositive elsments it can be
thought of as being present as Sz- ions; however, in most of its
compounds it forms bonds with considerabls covalent character,

The Allred - Rochow electronegativities of zinc and sulphur ars
1.66 and 2.4 respectively.

In zinc sulphide the zinc and sulphur atoms are four-
coordinate with each atom using tetrahedral sp3 hybrid orbitals,
If the elsctrons in the Zn-S bonds were shared equally between the
zinc and sulphur atoms, this would lead to the polarity an’; 82+.
Detailed calculations (Coulon, 1961) suggest that the ionie
character of the bonding is such that the zinc atom carries a
charge of about +0,33%e, The sum of the covalent radii of zinec
and sulphur is 2.35 & (Pauling, 1960), this being egqual to ths
Zn - 8§ distance in zinc sulphide, and in [(NHZ) ZS] p ZnCl,
(Xunchur and Truter, 1958). The sum of the ionic radii of zinc
and sulphur is 2.58 £ (Pauling, 1960). The nine Zn - S honds
formed by 52, 83 and S4 have lengths of between 2.&041 0.008 and
2,474~ 0,009 8.  In zinc diethyldithiocarbamate (Bonamico,
Mazzone, Vaciago and Zambonelli, 1965) four Zn -3 bond lengths
rangs from 2.331 to 2.443 K and there is one long bond of 2.815 X.
The three sulphur atoms S2, 33 and S4 and the five zinc atoms are

four-coordinate. The lengths of the Zn - S bonds formed by S2,S3

and S4 are significantly longer than those in zinc sulphide. The
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difference can be thought of as arising from a larger ionic
contribution to the bonding and, as the bond angless are very close
to 900, from a largerp character in the atomic orbitals used by
the zine and sulphur atoms.

In the methylzinc methoxide tetramer (Shearer and Spencer, 19664
the mean Zn - 0 distance is 2.09 X, which again lies between the
values of 1.97 and 2.14 X tthich would be expected for covalent and
ionic bonding respectively (Pauling, 1960).

In (MeZnSBg)B, vhen one pair of electrons has been allocated
to each Zn - C and each S -~ C bond, -there remain 30 electrons to
bond the zinc=sulphur polyhedron together. If bonds to S5 are
excluded, there are 11 Zn - S bonds, to which 22 electrons must be
assigned, Mo electrons must be placed in the non-bonding sp3
hybrid orbital of 81. There remain 6 electrons to bond S5 to
the polyhedron.

To describe the Zn - S bonds involving S5,,the Zs and jpz
atomic orbitals are assumed to be hybridised. One sp hybrid
orbital is used to form a bond to C22. The other is directed
towards the plane of Znt, Zn2, Zn3 and Znk. The 3px and 3py
orbitals of 85 lie in the plane parallel to that of the four zinec
atoms, Each of the four zinc atoms will have one atomic orbital

which is directed approximately towards S55.
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These orbitals of the four zinc atoms can be combined, and of
the three combinations of lowest energy, one will have 'a' symmetry
and the other two will have 'el' symmetry. The sp hybrid of
S35 can interact with the combination of 'a' symmetry and the 3pxand Spy
orbitals have the correct symmetry to interact with the 'el‘
combination. The six electrons are placed in the reslting three
molecular orbitals. Some modification of this treatment would be
necessary in order to allow for the variation in the lengths of
the bonds between the four zinc atoms and S5.
The Zn3-55 and Znk-S5 bond lengths are both 2.513% 0.008 £,
and are not very much outside the range of the Ingths of the Zn-3
bonds formed by S2, 53 and Si. The Znl-S5 (2.9821 0.008 R) and
Zn2-55 (2.713% 0.008 &) bond k ngths are larger than the other
Zn-3 bonds, and are also greater than the value of 2.58 R, for
the sum of the ionie radii of zinc and sulphur (Pauling, 1960),
In zinc diethyldithiocarbamate (Bonamico, Mazzone, Vaciago and
Zambonelli, 1965) one Zn-S5 bond length is 2.815 R. This indicates
that the Zn2-85 and particularly the Znl-35 bonds are very weak.
The weakness of the Znl-S5 and Zn2-S5 bonds is also indicated by
the bond angles at Znl and Zn2. The sums of the bond angles,

excluding bonds to S5, at Znl and Zn2 are 356.9o and 352o

respectively.
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Thus Znl and Zn2 are bonded to three atoms with which they are

almost coplanar. Znl and Zn2 are both displaced from these
planes, in the direction of S5.

The bond lengths Znl-S1 (2.273% 0.009 £) and Zn2-S1 (2.321% 0.009 &)

are shorter than the other zinc-sulphur bonds in this compound,
and are also shorter then the sum of the tetrahedral covalent radii

of zinc and sulphur, which is 2.35 £ (Pauling, 1960). The Znl-S1
and Zn2-S1 bond lengths would be expeted to be short as S1,

although it is sp3

hybridised is only three-coordinate. Znl and
Zn2 interact weakly with S5 and thus have only three near neighbours,

so that the use of the tetrahedral radii is not wholly satisfactory.
There is also the possibility of some Zn-S mbonding involving the
non-bonding pair of electrons on S1, and the empty 44 orbitaels on
Znl and Zn2.

The sum of the tetrahedral wovalent radii of zinc and carbon
(Pauling, 1960) is 2.08 £. The mean Zn-C bond length found in
(MeZnOMe))+ is 1.94 R (Shearer and Spencer, 19669. In Me,Zn
(Rundle, 1963) the Zn-C distance is 1.94 £ and the zinc atons
are two-coordinate. A shortening of the Zn-C bond in MeZZn was
explained by invoking hyperconjugation involving the empty Lp
orbitals on the zinc atom. In (MeZnSBut)5 the lengths of the Zn-C
bonds range from 1.9151 0.035 £ for Znl-Cl to 2.072i 0.031 R for

Zn2-C2. ‘The difference in length between Znl-Cl and Zn2-C2 is 5.3 &

and is considrred significant.
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The Zn2-C2 bond length is not significantly ionger than any of
the other Zn-C bond lengths. Some difference in the values of the
Zn-C bond lengths might be expected in (MeZnSBuF)S, in view of the
different environments of the zinc atoms. The relative shortness
of the Znl-Cl bond length might be related to the fact that the
Znl-S5 interaction is very weak and thus Znl can form a stronge;
bond to Cl. The mean Zn-C bond length in (CH3ZnsnuF)5 is 2.007 &.
The S-C bond lengths in this compound vary from S53-Clh
(1.783% 0.036 ) to 51-C6 (1.918% 0.030 £).  Apart from S3-Clk,
all of the S-~C bonds have lengths which are the same within
experimental error. The atom S3 is the only sulphur etom at which
there are three Zn-5-Zn bond angles which are very nearly 900.
Thus atomic orbitals which 33 uses to form bonds to the zinc atoms
will have a large 'p' cheracter and the atomic orbital used by S3
in the S3-Clh bond wiil have large 's' character, leading to a
short bond. The mean S-C distance is 1.868 &.  The $-C bond

length in CH_SH is 1.815% (Kojima and Nishikawa, 1957).

3
Some difference between the S-C bond length in (MeZnSBut)5 and

that in CH3SH is would be expected as in CH3

coordinate whereas in (MeZnSBu.Eé5 sulphur atoms are three-,

SH, sulphur is two

four - and five - coordinate.
The mean C-C bond kngth is 1.568 & which can be compared with

the value of 1.54L45 R found in diamond. The C-C bond length which
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deviates most from that in diamond is C14-C17 (1.784% 0.081 K)
where the deviation is 2.950c. This would normally be considered
significant. In the electron density maps, C17 gave rise to
peaks which were very much smeared out, and showed that there was
appreciable overlap of the electron densities due to Cl4 ang Cl7.
The atomic parameters were refined using the uethod of least squares
with the block diagonal approximation. This refinement resits
in C17 having very large temperature parameters. Neglect of
certain off-diagonal elements in the matrix may lead to under-
estimates of the e.s.d.'s of the atomic a rameters (Hodgson and
Rollett, 1963) particularly if there is large overlap of electron
density. The correlation coefficients P and a.l3 which are
normally very small, were large in the case of Cl7. 1In view
of the possible underestimate of the e.s.d.'s it is not considered
worthwhile to discuss the length of the Cl4-C17 bond.

The S-Zn-C and Zn-5-C bond angles are related in pairs by
the approximate mirror plane. The Zn-$-C angles at S1 have been
discussed earlier. At S5 the angles Zn3-55-C22 and Zni-$5-C22
are significantly larger than Znl-855-C22 and Zn2-55-(C22. In the
case of the C-C-C bond angles, it is noted that in each t-butyl

group there is one large C-C-C angle of about 1200, one angle of

about 1110, and one of about 104°. Only one angle, at C1l8 does
not appear to fit into this pattern but the difference is 2.563
This distortion of the bond angles is such that a methyl group

bonded to a zinc atom lies in & direction between these of the two
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C-C bonds which have the large angle between then.

Eight intramolecular non-bonding contacts, and nine
intermoleculer contacts are less than 4 £. Four intramolecular
contacts and two intermolecular contacts, all involving C2, lie
between 3.60 and 3.81 R.f&eshortest non-bonding contact is between
€5 and C17 in the molecule at (1 + x,y,z) and is 3.48 £.  However
the position of Cl7 may be in error by up to about 0.2 R. The value

of the van der Waals radius of a methyl group.is quoted as 2.0 2
(Pau ling, 1960). The intramolecular contacts between methyl
cerbon atoms are comparable with those found between molecules, so
that no unusual steric effects are operating.

The temperature parameters of the zinc atoms are larger thean
those of the sulphur atoms. The form factors used for zinc and
sulphur were those of the neutral atoms. 1In this compound the
zinc atoms will carry a small positive charge and the sulphur atoms
a small negative charge. The tewmperature parameters obtained
from the refinement will tend to allow for this effeect. The

temperature factors of all atoms are large, in particular those of

carbon atoms are much greater than those normally encountered.
The molecules might have large thermal motions due to their
epproximately spherical shape and because their outer region is
made up of alkyl groups. The large thermal parameters might be
attributed in nart to positional disorder due to some deterioration

of the crystal.
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(MeZnSBu®

)53 TABLE 6

Some Non-bonding Intramolecular Distances (&)

Zn1-Zn2 3.387 Cc1=C21 375
Zn1-Zn3 L.997 c2-C23 23481
Zn1=Znk 3492 c2-Cc8 37k
Zn1-Zn5 Le418 Cc2-C12 373
Zn2-7Zn3 3418 C2-C25 357
Zn2-Znk bl C3-C2k 3:88
Zn2-Zn5 Le343 Ch~C21 397
Zn3-Znk 3. 483 C5-C19 392
Zn3-Zn5 34515
Znk-Zn5 34511
Zn5-=S1 4.503
S1-S2 3. 645
S1-83 5. 842
S1-S4 34597
S1-85 3.836
52-83 3396
S52-S4 3. 668
82~S5 3342
S3~Sk 3-370
S§3-85 3504

S4-85 3¢ 384
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(MeZnSBuL}: TABLE 7

Non=-bonding Intermolecular Contacts [¢9)

The position of the second atom is indicated by the operations given
in column 2.

c1-c8 Xy 2~y, -2+ 2 3.87
Cc2-C20 X, ¥y, 1+ 2 3¢60
c2-Ch 14+ %, Yo 1+ 2 377
C3-C13 -1 + X, Y, z 3¢90
C3-C15 -x, 1=y, 1-2 309l
¢3-C11 -x, 1=y, 1-2 2496
C4-C20 -1 + x, ¥ z 376
Cc5-C17 1+ X, ¥ z 3. 48
c7-c23 1+%x, 3-y, Z+2 395
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Discussion

In 3549 (Lipscomb, 1963) and. Fes(CO) 150 (Braye, Dahl,
Hubel and Wampler, 1962) metal atoms are situated at the corners
of a square-based pyremid. The structures of these compounds
differ from that of (MeZnSBu"-)5 in that they contain metgl—metal
bonds, and the molecules are much more symmetrical. In (MeZnSBut)E,
sulphur is found bridging two, three and four zinc atoms. Many
dimeric transition metal complexes containing sulphur bridges are
known., In the compound Fez(CO)é(EtS)2 (Xing, 1963; Dahl and Wei,
1963) the EtS"ion can be thought of as bridging two iron atoms,
There is an Fe-Fe bond in this compound and it is analagous to
Co(co)B. These compounds can be regarded &as complexes of the RS~
ion, in which the sulphur atows share two electron. pairs with
the metal atows. The RS bridges found in these compounds seem
stronger then halogen bridges. In compounds where RS acts as
a bridge between two metal atoms, it is tercovalent and pyramideal.
A review of compounds containing sulphur 1ligands has been written
(Livingstone, 1965).

If the (MeZnSBu")5 molecule is regarded as being formed
from RS and RZn+ ions then S1 is tercovalent and pyremidal as
found in several compounds mentioned by Livingstone. However, 52,
S3 and S4 are four-covalent with tetrahedral coordination, and

S5 shares three electron pairs to bridge four zinc atoms and is five-

coordinate,
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Compounds in which RS bridges three or four metal atoms are

not well known. However, in (C5H FeS)h, sulphur bridges three iron

5
atoms (C.J. Fritchie, Jr.,C.T. Prewitt, R.A. Schunn 2nd R.M. 3weet,
1966) and in the sulphides of cadmium and zinc the sulphur is
surrounded bv four metal atoms at tetrahedral corners. In OSF4
(Bauer and Kimura, 1963) the sulohur atom is five-coordinate
with a trigonal bipvremidal arrangement of atoms around it.

In the compounds (MeZnSR)n, the value of n is found to
depend. on the nature of R. ihen R is t-butyl or i-propyl the
molecular weights in benzene solution correspond to degrees of
association of five 'and six respectively. If R is methyl,
n-nropvl or phenyl, the compounds sre insoluble in benzene and
helieved to be polvmeric. It would aopear that the degree of
associetion varies inversely with the bulkiness of the groups
bonded to the w-carbon atom. There is no evidence to show that
the steric interactions between organic groups in (MeZnSB&)s,
is great since only eight of the intramolecalar contacts between
the carbon atoms of different alkvl groups are less than L.OR.
On steric grounds there seems to be no reason why an ¥ein unit should
not be accommodated at the eighth corner of the cube. 1Indeed it
seems that the presence of the fifth MeZnSB&'nnit near this locetion
distorts the structure in such a way that the intramolecular contacts
involving Cl and C2 are shorter than they would be in a cubane-type

arrvengement with Zn2 at the eighth corner.
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The compounds (MeZnOR)h are tetrameric when R is Me,But,Pri
or Ph, and are probably isostructural with (MeZnOMe)h. The
mean Zn-0 distance in (MeZnOMe)h is 2.09 & (Shearer and Spencer,

196tq) which is smaller than the Zn-3 distance in (MeZnSBﬁ)s. Thus

the steric interaction between the organic groups bonded to zinc eand

oxygen will be more pronounced, leading to lower degrees of polymerisation.

The change from the cubane-type structure of (MeZnOMe)h to
the pentameric arrangement found in (MeZnSBL’i")5 is of interest.
In the cubane-type of arrangement the bond angles in the central
part of the molecule must be near 90o end it resembles part of an
NaCl type lattice. The Zn-3 and Zn-0 bond lengths in (MeZnOMe)q
and (MeZnSBS)5 indicate a large ionic contribution to the bonding.
The redius ratios of the central atoms in (MeZnSB&)s, (MeZnOMe)h,
(MeCclSBtl;)l+ and (MeCdOMe)h are 0.40, 0.53, 0.53, and 0.69. The
tetrameric cubane-type structure is found in (MeZnOMe)h, and
(MeCdSBJ}h and (MeCdOMe)h probably also have this structure. The
ratio of Zn" " /S--§ however is outside the range in which the NaCl
type lattice is stable. Thus the deductions which can be made from

a consideration of radius ratio are in agreement with the observed

degrees of association.
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(MeZnSBut ) 5
Table 8.
Final Values of the Observed and

Calculated Structure Factors.
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THE CRYSTAL STRUCTURE OF METHYLZINC ISOPROPYLSULPHIDE

Introduction

The compound is produced when equimolar amounts of
dimethylzinc and isopropylthiol react at—JOOC. (Coates and Ridley,
1965).

Me2Zn r PriSH > MeZnSPri + CHA

The molecular weight of this compound as determined
cryoscopically in benzene solution corresponds to degrees of
association of 6.05, 6.05, 6.20 and 5.90 at concentrations of
1.66, 1.97, 2.03% and 2,49 wt.~. Methylcadmium isopropyl -
sulphide (Coates and Lauder, 1966) was found to have molecular
weights in benzene solution which corresponded to  degreesof
association of 6.10, 6.09, 5.98 and 6.03 at concentrations of
3.75, 4.33, 5.11 and 6.24 wt.». Both compounds are thus
believed to be hexameric in benzene solution. Coates and Lauder
(1966) proposed a structure for the cadmium compound in which
the hexameric molecule is made up of six-membered rings with
alternate cadmium and sulphur atoms. Two such rings are held
together by bonds between the cadmium atoms of one ring and
the sulphur atoms of the other. All of the cadmium and sulphur
atoms are four-coordinate.

This structure analysis was started after the structure of

(MeZnSBu")5 had been determined. It was thought that a

comparison of the structures of (MeZnSBu“)5 and (MeZnSPrL)6
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would help to explain the different degrees of association and
structures of these compounds.

Evnerimental.
Preliminary X-ray Study

Crystals suiteble for X-ray analysis were obtained by

recrystallisation from hexane and were sealed in pyrex-glass
capillary tubes in the dry nitrogen atmosphere of 2 glove~box.
The crystels were of irreguler shape, with poorly developed
faces but were approximately rectangular prisms.

The unit cell and space group were found from precession
photographs of the hk0, hk)., hOl and h1l reciprocal lattice
nets, The errors in unit cell length given by a statistical
treatment of the measurements from the photographs were

0.901 R in & , and 0,0008 R in ¢. Independent. measurements
of a on two films gave velues which differed by 0.1%. ihen
allowance is made for systematic errors, the uncertainty in the
unit cell lengths is probably of the order of 0.25%.

The crystals are tetragonal,

‘2 =13.61 %, c = 15.16 &,

Conditioné limiting observed reflections,

hol, h+ 1 = 2n,

hko, h + k = 2n,
Spece group Pl+2 /nnm. D: j No. 134,
D = 1.49 g.cm.-3

If there are 16 units of CHBEn S 03H7 per unit cell the density
3

would be 1.473.8.0m °, F(000) = 1280e.
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Linear absorption coefficient Cu K«. radiation = 67.3.cm.-

Data Collection and Correction

It was noted that the reflections given by crvstuls
became weaker and more diffuse upon exposure to x-rays.
Intensity data were recorded photographically using the syui-
inclination Weissenberg technique and Cu.Ke radiation., After
each reciprocal lattice net had been photographed, an exposure
of part of the okl net was made in order to check that there had
been no merked deterioration of the crystal. Three crystals
were used in collecting the intensity data. They were of
irregular shape but their cross-sections were approximately
rectangular, The dimensions of the cross-sections of the

crystals used are given below.

okl, 1k1, N3 x 046 mm2.
21, 0.12 x 0.14 mn,
3k1, 4k1, 5k1, 6kl1, 0.3 x 0.4Q mmz.

The intensities of reflections were measured visually by
comparison with a graduated scale., They were corrected for
Lorentz and polarisation factors end elso, in the case of
reflections on the uppsr layers, for spot length (TPhillips, 1956).
Corrections for ubsorption were applied by assuming that the
crystals had a rectangular cross-section and summing over the

cross=-sactional area.
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Crystals were mounted about a and equivalent reflections
appeared on different nets. The data were put on a common

scale by a least squares treatment of these reflections.

.Structure Determination

The corrected intensities were multiplied by a weighting

function w, where w = exp <l2 Sin 29.) This function was
A2

not allowed to take a value greater than 100.

The Patterson function was computed using the weighted
intensities as coefficients. From an examination of the distri-
bution of pezks in the Patterson function it seems probable that
atoms lie at special positions. Several possible sets of
positions for the zinc atoms have been found. While these
arrengements satisfied many of the features of the Patterson
function, none of them was fully consistent with it. 3tructure
factors were calculated on these models, the lowest value of the
residual obtained being 0.68.

An electron density map wes calculated using the structure
factors which gave a residual of 0.68. No useful deductions
have been made from this electron density map.

The observed structure factors are shown in Table 1.
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Methylzinc Isopropylsulphide.
Table 1.
Observed Structure Fectors.

(Arbitrary units).
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COMPUTER FROGRAMMES -
I have written ths following programmes in Algol for an Elliott
803B computer. Some optimization procedures and machine orders were
used. Matrix operations were programmed using procedures, in some

cases modified, from the Elliott Algol Metrix Packuage.

Data Correction Programme

This programme corrects intensity data collected by the equi-
inclination Weissenberg Technique for anisotropic absorption, Lorentz
and polarization factors and also, in the case of upper net
photographs, for spot length. The method used for evaluating the
absorption correction is essentially thet of Busing and Levy (1957).

The transmission coefficient, A, is calculated by evaluating

the expression

A=ﬂ%)exp [_/u(r*af z;‘):! awv - 1

where V is the volume of the crystalajuthe absorption coefficient,
and g and rgare the pathlengths of the incident and diffracted rays
respectively, The crystal must have plane surfaces and no re-entrant
angles, The surfaces are represented by inequalities of the type

a x +bsy+csz-d820 - 2

A point inside the orystal will satisfy all of the inequalities,
whereas a point outside will not. The reciprocal lattice and the
crystael faces are referrsd to the sam=2 set of orthogonal axes, A,Y
and Z, a* must lie along X, bl.l must lie in the XY plane, o must lie
along Z, the rotation eaxis . The crystal axes may have to be renawed

to satisfy these conditions,



The integration in equation 1 is svaluated by doing the

summation.
f(b-a) x[a(x ) = ot ¥ [etxys 3 - (x| ¥
|.=| ,ﬂl =] -
R, Rj R, exp,- (v rﬁ)—l 3

The subscripts xi, y. and z_refer to e point in the crystal to
J

k
and from which pathlengths of incident and diffraoted rays are

calculated.,

Ly
]

a + (b-a) u

c(xi) + [é(xi) - o(xi)] u; : 5

¥
fl

=2

g = o(mps ¥y o+ ___.f(xi, yg) - e(x,, .vj)] u
In equation j;mx, ?y and m, &re the numbers of elements into which the
crystal is divided in the x, y and z directions respectively. The
quantities a,b,c,d,e and f are limits and Ri’ Rj’ Rk’ ui,uj and u,
are oconstants necessary for carrying out the summation.

The programme first tekes all combinations of three of the
inequalities and solves them for x so giving a and b, the minimum
and maximum values of x respsctively. Using equation 4 the values
of x, are then calculated. For each value of x5 the inequalities
are taken in pairs and e(xi) and d(xi), the minimum and maximum values
of y are found and hence using equation 5, the sat of yj. Similarly,

the set of z, is found for each (xi, yj).
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The pathlengths are evaluated using the expressions

- ds - ax -bay; - 2, o= s -0 ~beyy - ooz
gs
CLSX‘Q. +b’xua * < Xug qSYF;‘ + bs\‘Fa + CSYF_‘

The subscript s refers to a particular surfaoce,, and XB
are the direction cosines of the incident and diffracted rays
respectively from the point (xi, yj, xk) to the surface s. Lengths
of incident and diffracted beams are calculated from a point to csach
face. The shortest values of each are the correct ones. Direction

cosines are calculated using the method of Wells (1960).

Input 1 Absorption

1

Y

A4
Absorption
2

s

Lorentz-
polarization

e A
Input 2| v

Length I
correction

A 4
Y

Y-———-[aai:put

N,
V4

N
7

Flow diegram of data correction programme,
'Input 1' is only necessary if an absorption correction is to
be applied and it reads the inequalities and also the constants Ri
and u, .
2
'Absorption'1' is performed once for each crystal and it determinss
the limits of the summation and the coordinates of the points at which the

transmission coefficient is to be calculated.
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The numerators of equations 7 end 8, the weights (b-2)(d-c)(f-e)
RiRij and the sum of the weights, which is equal to the volume,
are also celculated and stored.

'Input 2' reads unit cell constants, scaling constant, linear
absorption coefficient, reciprocal lattice constants and modifiers
which relate Miller indlices to the reference axes, describe the
format of the intensity deta and the corrections which are to be
applied. The intensity date are provided in table form, the
Miller indices of individual intensities are not required.

Unobserved intensities are punched with a negative sign (e.g.< 3 is
punched as =3).

'Absorption 2' is done once for each reflection. The
direction cosines of the incident and diffracted rays are calculated
and used to evaluate expressions 7 and 8., With the numerators and
weights calculated in 'Absorptionl!,, expression 3 is evalueted and
the summation carried out.

Lorentz and polarization correction and length correction
(Phillips, 1956) are applied if specified and the corrected structure
factor is multiplied by the specified scaling constent. The
corrected structure factor is then punched out together with its' Killer
indices. Unobserved structure factors are punched on a separate tape.
The output is suiteble for use with the Glasgow Fourier Summation and

Structure Factor Least Squeres programmes.
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Programme for dctermining film to film scaling constants

A number of methods have becn published for determining the
relative scaling constants for X-ray intensity data measur=d on
several intersecting photogruphs Xraut's method (1958) is only
applicable when all of the intersecting reciprocal nets are obtained.
Dickerson's method (1959) is applicable where some of the intersections
re not obtained. In Dickerson's method the n scale factors are

found from n equations of form.

? ., k. =0 i=1ton
ij

J 1
.2 2
343 ~ E(Fij)

nhere

and Fij is the sum of the struocture factors of all reflections on
the 1 th film which are also observed on the jth film, In the
resulting system of n equations in n unknowns the equations are not
linearly independent, One equation is made redundant and one scale
factor is set abitrarily at unity.

Rollett and Sparkes (1960) propose using coefficients of form

2 2
: - E ; Y (72
2 . (rhj)
k

z “.q (EZ \2
h (P
ii ) hi’

fhere h refors to a particular reflection end Wh is a weight

o
]
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given to that reflection. They point out that the method of
Dickerson was formally incorrect, the scale factors which result
depending upon the choice of which scale factor is to be set at

unity. They proposed the introduction of the condition that the

sums of the squares of the scale factors should equal unity and that
the scale factors should be determined by inverse iteration of the
normal equations, the scale factors being normalised after each inver-
sion.

The progremme, devised here follows the method of Rollett and
Sparkes and will find scale factors for data collected about two
or three axes. It is in two prts. The first forms coefficie nts
.of the type described sbove. The second part finds the scale
factors by inverse iteration. In the work described the matrix
elements were formed according to Dickersonks formulae.

After this programme had been written Hamilton, Rollett and
Sparkes (1965) described shortcomings in the methods mentioned
above and suggested another in which the observational equations
are not linear with respect to the scale factors. In the cases
described in this thesis in which the above programme heas been used
the numbers of intersections have been lerge and under these
circumstances the errors in scale factors resulting from using the

formally incorrect method would be expected to be small.
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Appendix 1.
Elliott Algol version of

Data Correction Programme.
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DATA CORRECTION PROGRAMME;
begin

comment matrix procedures;

grocedu mxaux(a,b,e,d,e);

yalue d,e; Boolean d,e; array a,b,c;

begin integer aa,ab,nc,sa;

aat=address(a) jabi=address(b);
act=address(c);sat=size(a);

if sa % sise(b) or sa ¥ size(o) then

Ein print punch (3) ;281 Pmxaux error?;

stop

end;

sas=sataa~1;

for aat=aa step 1 until sa do

begin location[aa '

if d then (if e then location[ab] else -looation[ab])
olse if e then location[abl+locationlac]

elae Tocationlabl-locationfac];

elliott(2 »2,8b,0,2,2,a¢c)

end

end'

grocedu mxcopy(a,b),

array a,b;

mxaux(a,b,b,true.true),

procedure mmquot(b.a,c.bb),

value a;array &,b,o;integer bb;

begin integer aa,ab,d,e,f,p,q,r,ra,rb,sa,x,xx,y,yy,
xatart,xstop;

real pivot,g;

switch 88t= 1;

mxcopy (b,c) ; '
d'_aa:=address(a),ra::rango(a, )3
fi=abt=address(b) ; rh:=range(b,2);
sai=aatsize(a)-1jet=ab=an;

for p:=1 step 1 until ra do

begin Pivot:=0;
- xt=d}

tor ri=p step 1 until ra do

begin if abs(location[x]) > abs(pivot) ‘then

begin pivoti=location[x];

qi=r; yi:=x
ond;
xXi=x+ra
end;
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if pivot =0 then

begin

checks (2singular?);

bbs=1;

go to 1;

end;

xstopi=dtra=p; xi=d+1;

if p + q then

begin yy:=(q=1)*rbtab;

for r :=d step 1 until xstop do-
begin g:=location[rl;
location[r]:= ooation[y]/pivot'
locationlyl:=g; y:=y+1

end;

xstop =f+rb=-1;

for r:=f step 1 until xastop do
begin g:-locationtr]
location[r]:=locationlyyl/pivot;
looation[yyl:=g;

yys=yy+1

end

end

elso in for ri=d ste ep 1 until xstop do
Tooationlrl:=locationlr]/pivot;
xstop :=f+rb-1;

for r: step 1 until xstop do
Tooation[r]t=locationlrl/pivot
end,

y:=d:=x+ra; xstarti=d=1;

xxi=f; yyt=£i=f+rb;

for ri=xstart step ra until sa do
begin g:=locationirl;

Xor qt=p+1 step 1 until ra do
begin location[y]:=locationlyl-g*location[x];
elliott(2,2,x,0,2,2,y)

ond;

for q3=1 step 1 until rb do
begin loeation[yyj =location[yyl-g*location[xx];
elliott(2,2,xx,0,2,2,yy)

end;

x:-x-ra+p, xx::xx—rb

yi=yt+p

end

end;

xstart:=aatra-1;
xstopi=aa+l;xi=sa=-ra;
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for pi:=xstart step (-1) until xstop do
begin yy:=ab;

for q:=p step ra until x Q

bogin g:.location[q],

for r:=1 step 1 until rb do

begin’ locntion[yy] looation[yy]-g*looation[xx];
elliott(2 2.yy,0 2,2,xx)

end,

Xx3=x=-rb

end'

x.:x-ra, xx.:xx—rb

end;

1.

end'

pro procedure raadvr(veotor,n),

1nteggr n;
array. vector;

begin
integer na;
for na 3=1 step 1 until n do
read vector [nal
end,
prooompile,
ABSOURPTION CORRECTION;
begin
comment ABSORPTION ONE;
1nteger na,nb,nc,nd,ne,nf,ng,rownxa,p2,
columa,xin,yin,zin,mx,my,mz,nn,rowa;
real a,b,v,coefzh,vectzb;
arrax coefxb[1:3,1:3],
voctxb,veotxo[1'3 1:1],
coefyb[1:2,1:2],
veotyc,vectyd,veatyb[1:2,111],
title[1:30];
switch co:=lbil;
p2:=3; elliott(7,0,0,0,2,3,p2);
if p2=1 then go to 1bl;
nns=1; instring(title,nn);
read rowmxa,mx,my,mz;

1b1:
begin
integer bb;

array coeffal1:rowmxa,1:4],
coofyal1:rowmxa,1:2],
coefza,inaside,vectzal1:rowmxal,
veotyal1:rowmxa,1:1],
xis,uiex,c,d,rx[1:mx],
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u'.lsy.r'y[‘l':m'y].
rz,uisz[1:mz],
e,f,yjsl1:mx,1:myl,
zks,weight[1:mx,1:my,1:mz],
rn[1:mx,1:my,1imz,1:rowmxal ;
switch cd:=1h2;
if p2 =1 or p2=2 then go to 1b2;
_f_q_:_' rowa t=1 steg T until rowmxa do
for columa. :=1 step 1 until 4 do
Teed coeffal[rowa,columal;
readvr(uisx,mx);
readvr(uisy,my);
Yoadvr(uisz,mz);
readvr(rx,mx);
readvr(ry,my);
readvr(rz,mz);
punch(2);
print £€14?absorption. correetion 212??-
nn:=1; outstring(title,nn); printfe12??;
adva.noeﬂ); if not buffer(1,£%*?) then
begin _
print € quadrature .data error ?; wait; restart
end,
_:ng na:=1 step 1 until rowmxa do inside[nal:=
(coeffalna,4)+ (0, 000001%coeffalna,41));
a:=h:=0;
cheoks(Qstart of xis?);
for na :=1 step 1 until (rowmxa-2) do
for nb :=(nat+1) step 1 until (rowmxa=1) do
:tor ne :=(nb+1) step 1 until rowmxa do
beE:I.n
comment determines a and b and xis;
for columa :-1 2,3 do
beg:ln _
coefxbl1,c0lumal :=coeffalna,columal;
coefxb[2,columal :=coeffalnb,columal;
coefxb[3,co0lumal :=coeffalnc,columal
end,
Veotxb[1, 1]:=ooeﬂa[na,4].
vectxb[2,1]:=coeffalnb,4];
vectxbl[3,1]:=coeffalnc,4];
bb:=0;
mxquot (vectxe,coefxb,vectxb,bb);
_i_g_ bbh=0 then
bog:ln
xin 1=0; . :
for nd:=1 step 1 until rowmxa do
:I.:I! not ( coeffalnd,1)*veotxc[1, 1]+ coeffalnd, 2)*veotxe[2,1]
¥+ coeffalnd,31*veotxc[3,1] 2 :lnsi.de[nd] ) then xint=xin+1;
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il.. xin=0 then
beg:ln
if veotxec[1,1] < a then a: =vectxe[1,1]
else if veotxo[1 175> b then b.-vaetxc[1 1]
end

end;
—-f:gl; na (=1 step 1 until mx do
xis[nal :=checkr(a+(b-a)*uisx[nal);
checks(f2end of xis?);
checks(2start of yjs?);
for na =1 step 1 until mx do
hegin
d[nal:=0;
clnal:=0
end;
for na :=1 step 1 until mx do
beg:l.n
comment determines ¢ and d and yj for.each xi ;
for nb :=1 step 1 until rowmxa do
beg:l.n )
coefya[nb,1]:=coeffalnb,2];
coefyalnb,2]1=coeffalnb,3];
vectyalnb,1):=coeffalnb,4]~coeffalnb,1]*xis[nal
end,
:tor nb ==1 st g 1 until (rowmxa-1) do

_fgz_' ne step 1 until rowmxe do
begi.n

for columa := 1,2 do

‘begin

coefyb[1,columa] :=coefyalnb,columal;
coefyb[2,c0lumal :=coefyalnc,columal;

end;

veotybl1,1]:=vectyalnb,1];

vectyb[2, 1] :=vectyalne,1]1;

bb:=0;

mxquot (vectye,coefyb,vectyb,bb);

if bb=0 then

begin

yin :=0;

for nd =1 step 1 until rowmxa do

if 2_9_1_:( coef fai nd, TI*xis[nal+coeffalnd,2]*vectycl1, 11

+coe:|!fa[nd 3]*vectyc[2 1] > insidelnd]) then yini=yin+1;
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gin
if vectyo[1,1] > dlnal then dlna):= veotye[1,1]

else if veotye[1,1] < clnal then clnal:=vectyc[1,1]
end
end
end
ond;
for na := 1 step 1 until mx do
-for mb := 1 step 1 until my do
yjslna,nbl:= checkr{clna ]+(dﬁa]-c[na])#uisy[nb]),
checks(f2end of yjs?);
checks(£start of zks?);for na :=1 step 1 until mx do
for nb :=1 step 1 until my do

if yin=0 then

begin
e[na,nb]:=0;
f£[na,nb]s=0
end;
for na :=1 step 1 until mx do
for nb =1 step 1 until my do
begin

commont determines o and £ and zks for each xi and yJj;
for rowa =1 step 1 until rowmxa do
begin
coefzalrowalt= coeffalrowa,3];
veotzalrowal := coeffalrowa,4]l-coeffalrowa,1]*xislnal
~coeffalrowa,2]*yjs[na,nbl
end;
for nc 1=1 step 1 until rowmxa do .
begin
if vectzalnel] # 0 and coefzalne]l # 0 then
begin
veotzb:i= vectzalncl/coefzalnc];
zin t= 0; '
for nd :=1 step 1 until rowmxa do
if not( coeffalnd, T1*xis[nal+cceffalnd,21*yjalna,nbl
Fooeffalnd, 3]"'vectzb 2 inside[nd]) then zin:=win+1;
if =zin =0 then
beg:ln
if veotzb > fIna,nb] then flna,nb]l:= vectzb
else if veotzb < e[na,nb] then e[na,nbl:=vectzb
end

end

end

end;
vi=0;
for na :=1 step 1 until mx do
for nb :=1 step 1 until my do
for no :=1 step 1 until mz do
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zks[na,nb,ncl:= cheokr(
e[na,nbl+(f[na,nbl=elna,nbl)*uiszinecl);
checks(fend of zks?);
checks(€start of weights and numerators?);
for na 1=1 step 1 until mx do
for nb :-1 step 1 until my do
!or noc :=1 step 1 until me do
begin
weightina,nb,necls= checkr(rx[nal*ry[nbl*rzlncl*(b=a)
*(d[na)-c[nal)*(f[na,nbl=elna,nbl));
v := v + weightlna,nb,ncl;
for nd :=1 step 1 until rowmxa do
-—Tha,nb,nc,nd 1= eheokr(-coetfzfnd,4]-'
coeffaind,1)*xislnal-coeffalnd,2]}*yjslna,nb)
~goeffalnd 3]*zks[na,nb,no]);
end;
checks(2end of woights and numerators?);
print £ volume = ?,sameline,v,2£12? end of part one ?;
precompile;
1b2:
begin
comment ABSORPTION TWO;
integer h,k,1,ana,anb,anc,lrn,lwt,ran2, ran3,ran4,awt,
arn,acf,lof1,1l0f2,1cf3,moda,modb,ha,ka,la,hb,kb,1b,
hh,kk, 11 s1p,length,absn,digh,digk,digl,lhs,rhs;
ronl mu.calpha.obeta,ogamma.astar,batar,ostar,stheta,
xol,yoi,zoi ,xor,yor,Zor,zeta,xi,has,kbs,les,cnu,
owa,cwb,owc,cwd, owe ,cwf ,owg ,cwh,owi,
swoc, swd,swi, swg,8vh,8wi,11a,11b,llec,
rasa,rasb,rbsa,rbsb,rd,i,q,scale;
switch ss3=11,12,13,14,15,16,17,18,1lorpol ,newnet;
Boolean ba;
ran2:=range{(rn,2); ran3:=range(rn,3); rand:=range(rn,4);

awt:=address(weight); arn:=address(rn);acf:=address(coeffa);
newnet:

print ££12??; - nni=15;

instring(title,nn); nn:=15; outstring(title;nn); printee12??;
punch(2); '

read calphe,cbota,ogamma,astar,bstar,cstar,moda,modb,

ha,ka,la,hb,kb,1b,scale,absn,lp,length,digh,digk,digl,lhs,rhs;
if absn = 1 then read mu;
advance(1); 1! not ot buffer(1 »2%?) then
begin

~-print £ basic data error ?; wait; go to newnet;
ond; T '
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bat=cheta=0 and calpha =0}
owa t=cheokr (( oalpha-cbeta*oguma) /

(sin(arccos(cbota))*sin(aroccos(cgamma))));
owbz=checkr(sin(arccos(ewa))*sin(arccosa(cheta)));

i; ba then
begin owe :=checkr(1);
else .

ond;
.advance(1);
modb:=modh+4;

if moda=1 then 11l:=ha else if

for ne:=la step 1 until 1b do
begin '

if buffer(1,2*?) then advance(1);
for nf:=ka step'1 “until kb do

iﬁ not buffer(i, £%?) then
begin

read i; advance(1);

go to ssimodal;

swet=checkr(0) end -

cwe:- checkr(cheta/sin(arccos(cwh)));
= checkr(sin(arccos(cwc)))

moda=2 then kk:=ha else hh:izha;

11t kki=ne; hh:=nf; go to ss[modbl;

12: 1lli=ne; hh:=nf; - to ss[modb]l; -
13t 1li=ne; kkt=nf; go to salmodbl;

14: h:=hh; k:=kk; 1:=11; go to 17;

18: h:=11; ki=hh; 1lt=kk; go to 17;

16: h:=kk; k:=11; 1l:=hh;

17:

if 1 = 0 then goto 183

has 2= h*astar;

kbs $= k*bstar;
1la:=checkr(les*sin(arccos{cwh)));
if h=0 and k=0 then begin 11b:=0; ecw
else-

begin
11b'=ohockr(sqrt(ha912+kbst2+2*has*kbs*cgamma)),

cwdt=cheokr ( (hastkbs*cgamma)/11b) ;

lost= l*cstar;

cwd:=1 ; swd:=0 end

swd::oheckr((kbs*sin(arocos(ogamma)))/llb),

end'
ewe'=checkr(-cwd*cwc-swd*swo),

110.-eheckr(sqrt(11a12+11b72-2*11a*11b*cwa));

if absn £ 1 then o lorpol;

stheta.=oheckr(sqrtZha512+kb512+10912+2*kbs*lcs*calpha+
2*has*los*chetat+2*has*kbs*cgamma)/2) ;

cewf :=checkr(llc/(2*stheta));
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if owf > 1 then cwf::cheokr(1),

‘owf i=cheokr (cos(arcsin(ews)));
swf:=sin(arccos{cwt));
cwg-=oheekr((11a*cwo+11b*cwd)/110),
swg t=checkr((1la¥swo+11b¥*swd)/11¢c) ;
cwhi=checkr(owf*stheta);
swhi=sin(arccos(ewh)); .

owi t=checkr ( (stheta=-owf*cwh)/( swf*swh) )i
awis=sin(arccos(owi));
checks(2direction cosines?);

xo0l t=checkr(swh*(cwg*cwi+swgswi));
yoi t=checkr(swh*(swgtcwi-owg*swi));
. zoi 3=checkr(ecwh);

¥or' 1=checkr(swh*(cwg*cwi-swg*swi));
yor t=checkr{swh*(awg*cwitcwg*swi));
zor 3=checkr(owh);

q =05 )
:Eor na =1 st ep 1 until mx do
begin - :

oomment SUMMATIGN;

¢=(na=1)*ran2;
:l!or nb :-1 step 1 until my do

begin

anb:=(ana+nb-1 )*rana H
for nc :=1 step 1 until mz do

begin

anc ! =(anbino=1)*rand;
lwt :=anbi+nec=-1+awt;

begin

rasbi= rbsb:—o'
.for ndt= 1 step 1 until rowmxa do

begin

1rn:=ano+nd—1+arn,

lof1:=4*(nd-1)+acf;

elliott(0,2,10£1,0,2,0,10£2);

elliott(0,2,1c£2,0,2,0,1c£3);

oheckﬂfﬂrasa?),
rd:-location[lc£1]*xoi+looation[lc£2]*yoi+looation[lc£3]*zoi.
if rd ¥ O then rasa :=oheekr(location[lrn]/rd)else rasa $=0;
1f rasb=0 and rasa > 0 then rasbi=rasa .

else 1f rasa 8a > 0 and rasa < rasb then rasb:=rasaj
oheoks(ﬁrbsa?), )
rd'=looation[lof1]*xor+loeation[1012]*yor+looation[1013]*zor,
if rd ¥ 0 then rbsat =checkr(looation[lrnl/rd) else rbsa :=0;"
1£ rbeb =0. and rbsa > 0 then rbsb t=rbsa ) -
else 1f rbsa > 0 and rbsa < rbsb then rhsb 1= rhea

end;
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checks(2q?);
q t=checkr(q+location[lwt])*exp(~mu*(rasb+rbsb)));

CORRECTION;
onu := cos{arcein(zeta/2));
i s= eheckr(i*((xi/Z)*sqrt(4*cnu72-x112)));
1= cheokr (1*(8/(8-4%*xit2=4*zetat2+xi 1442%x1 12*ze tat2+zetatd)));

i_ length 1and 1 % 0 then

1 cheekr(i*‘(ﬁ((1so*zeta*sqrt(-1+((4-zetarz)/xuz)))
- /(4%3,142%(75+(28,7/(sqrt (1-(zeta/2)12))))))));

= i%*gecale; .

= sign(i)*sqrt(abs(i));

gt RTR )

18
if 1 ¥ O then
begin
if 1 > 0 then punch(1) else punch(2);
grint digits(digh) ,hh,sameline,®=?,digits (digk) ,kk,2=? digits(digl) 11,
£=?,aligned(1hs,rhs),abs(i),£=?;
end;
end
end'
advanoe(1),
if not buffer(1,2F?) then gg 0 newnet;
end
ond
end
end;
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