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Abstract
Spectroscopic studies on the liquid phase dynamics and interactions of
acetonitrile.

Microwave and far-infrared spectra were used to study the angular
motion of CHSCN molecules In the pure liquid and in the non-polar
solvents carbon tetrachloride. benzene and n-heptane. The spectral data
were analysed to give information on the static angular structure of the
liquid and the rates of reorientational motion of the CHSCN molecules.
The use of these two experimental techniques enabied the short and long
time parts of the angular motion to be studied together using Fourier
transform analysis of the combined microwave/far-infrared spectrum. Band
moment analysis was performed on the microwave/far-infrared band In
order to obtain information on Intermolecular torques. Gordon’s sum rule
was applied to the spectra in an attempt to estimate what propi)rtlon of
the band is due to the presence of collision Induced dipoles In the
CHSCN molecules. The reorientational relaxation rates and static angular
correlation factors obtained from the microwave/far-infrared spectra -
were compared with literature data on similar solutions obtained by
depolarised light scattering experiments.

The model for reorientational motion developed by Evans on the Mori
formalism was fitted to the experimental spectrum of the pure liquid and
the results discussed in terms of the parameters of the model.

The v, vibrational band of CH

1 3
subject to 'hydrogen bonding’ interactions with methanol. An attempt was

CN was analysed when the molecule was

made to elucidate the processes which cause the vibrational band to be

broadened in these solutions. The vibrational ling shapes were anaiysed

using the Kubo line shape theory for the rapld modulation limit.
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.1 General Introduction

The structure and dynamics of simple molecules in the liquid state
can be studied using various spectroscopic technigues. These include
microwave dielectric measurements]. infrared and light scattering line
shape analysis2'3, neutron scattering line shape analysls4, nuclear spin
relaxation5 and X-ray and neutron dlffractlona. The work presented in
this thesis Is on microwave. far-infrared and Raman spectra of
acetonitrile: these spectra yleld Information about the intermolecular
forces and torques which determine the motion and the nature of the
motion ltselfz. The microwave and far-infrared studies are on the
rotational motion of CHSCN in different chemical environments and the
Raman analysis is on the v..(C-H symmetric stretch) vibration band of
CHacN when the molecule is subject to hydrogen bonding interactions with
methanol.

1.2 Rotational Motion in Liquids

Acetonitrile is a prolate symmetric top molecule belonging to the
CSV point group (see Fig.l.1). Rotation of the molecule in the condensed
liquid state can occur in two ways:

a) Rotation perpendicular to the C3 axis. in a liquid complete free
rotation Is prevented because the molecules are closely packed together.
This motion is therefore restricted to small angle reorlentational or
‘tumbiing” motion.

b) ‘Spinning’ about the C3 axis.

Orientational motion is largely determined by the nature of the
molecular environment and so is expected to be very sensitive to the

-10_. -12

overall structural dynamics occuring on the same time scale (10 10

seconds)2. Since the electric dipole moment of CH3CN lles along the CSv



FIG. 1.1
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a) Diagram of the bonding in the acetonitrile molecule

14,

bl Diagram of the space filling molecule for acetonitrile'0%




axis reorientational motion causes a change In direction of the electric
dipole moment which then, according to classical electrodynamlcs7, leads
to an absorption of electromagnetic radiation from an applied eleciric
fleld. This Is observed in the microwave/far-infrared region of the
electromagnetic spectrum. Vibrationally excited molecules are aiso
subject to reorientation enabling mid-infrared and Raman bands to be
used in principle to study this motion (see section |.5). The associated
fluctuation in the molecular polarisability tensor leads to scattering
of visible radiation enabling depolarised Rayleigh scattering and Raman
spectroscopy to be employed in the study of reorientational motion (see
section 1.5).

The spinning motion does not lead to a change In direction or
magnitude of the electric dipole moment or polarisability tensor:
however, this motion will affect perpendicular vibrations of the
molecule and so can be studied using the degenerate E-bands of CHSCN
combined with N.M.R. spin relaxation data. This has been done by Possiel
et ale.

1.3 Dielectric Relaxation

Debye9 began the study of dipolar orientational motion by observing
the polarisation P, of the liquid In a weak applied electric field :
this is given by

P(w)=x(w)Em(w) ..... i.1

where P is the polarisation (moment per unit volume), x(w) the electric
susceptibility and Em the average Maxwell fleld throughout the sample. w
is the field frequency in radlans per second. The permittivity of the
sample is given by

e(w)=1l+4wx(w) .. i.2



All quantities are field frequency dependent and hence complex. The
polarisation consists of an induced part., due to eilectron cloud
deformation by the electric figld and an orientational part, due to the
relaxation of the dipoles in the field. The complex permittivity can be
written as

e(w)=¢'(w) - ie"(w) L. 1.3
The complex permittivity consisits of an in phase dispersive part. €'
and an out of phase dissipative componant, €" called the ‘dielectric
loss’ because this quantity controls the rate at which energy is lost to
the dielectric from the fleldl. Assuming instantaneous induced
polarisation and that the relaxation process is exponential i.e.

P =P

or."Piotar Ping -0V 1.4

the following equations can be obtalned‘:

€' (w)=ew+(eo—€m)/l+w212 ..... 1.5
and

" 2.2

€ (w)=(eo—ew)w1/l+w 22 .6
with

G"(w)max.=(€o_€w)/2 ..... .7

where € is the permittivity of zero frequency and € Is the
permittivity when the field Is oscillating at such a high frequency that
the molecular forces opposing dipole orientation dominate and only
distortion polarisation remains. Equations 1.5 and 1.6 are commonly

calied the Debye equations. 7 is the relaxation time given by “max 7=1.

it is the time required for the orientatlon polarisation to fall to 1/e

of its original value (or reach 1/e of its maximum value). For simple

organic polar liquids w_ . ~ ranges from 10-100 GH21'7. l.e. In the

microwave spectroscopic region. However, dlelectric absorption often



extends up to 1000GHz. so In order to study the complete frequency
dependence of orientation polarisation a combination of microwave and
far-infrared techniques is required.

Simple organic polar liquids (CH3CN) included do not obey the simple
equations 1.5 and l.6]'7 (see Fig.l.2). The €"(w) curves are broader and
flatter than predjcted and have a high frequency bulge. The deviations
from equations 1.5 and 1.6 (though not the high frequency bulge which
had not been observed at this time) were understood by Fr(’)‘uch]3 and
Fuoss and Klrkwood14 to be due to a distribution of relaxation times
throughout the liquid . and by Rocard]5 and Powles16 as being due to the
neglect of molecular inertla in the Debye9 treatment (see chapter ID.

The high frequency bulge which can only be seen using far—infrared
spectroscopy does show that the short time part (up to 1x10-]25.) of the
dipolar orientational motion is non-exponential.

The work presented here is an analysis of microwave measurements
made on CHacN in the non-polar solvents CCI4. benzene and n-heptane made
at U.C.W. Aberystwyth in collaboration with Dr. Alun Price, In terms of
a single relaxation time obtained from l/wmax.‘ The microwave data is
then combined with far-infrared spectra measured on a Michelson
interferometer at Durham and used to examine the time dependence of the
orientational motion (see chapter Il). The far-infrared spectra aiso
provide a very sensitive test of the various models for reorientational
motion. also this region of the spectrum vylelds information on the
energy of the rotation and intermolecular torques through band moment
analysis.

.4 Macroscopic - Microscopic relation

One of the most Important problems in dielectric studies Is in




Fig.l.2 e"(v) and €'(v) data for pure CHS(ﬁ

A Data from ref. 10.
B4 Data from ref. 11.
(® Data from ref. 12.
——Calculated using equations |.5 and |.6 (see footnote 1.1).

~---0Obtained from far-infrared measurements (see chapters IV and V).

Footnote .1

This curve was calculated using the Debye equations (.5 and 1.6)
with 7=6.0p.s., eo=37.5 (see chapter () and e®=2.25. This value of 7
was taken from the measurements of Manslngh”. it was done on the basis
of the temperature dependence of the €" (v) points. The points at 9.95
and 20.8 GHz. increase with Increasing temperature while those at
32.0GHz. decrease with temperature. This means that the peak In €" (V)
must lie between 20.8 and 32.0GHz. Therefore. T must have a value
between 7.7 and 5.0p.s. Looking at this data plotted In Fig.l.2 a value
of 6.0p.s. appears t0 be a reasonable value. The value of ew was chosen
on the basis of Vaughan’sqi0 estimate made by taking the mean of the
known values for HCN and C2H6‘ The justification for this value came
from the Kramers-Kronig analysis In chapter V which suggests that 2.25

is a reasonable estimate for e@.
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calculating the relation between the macroscopic observed quantities
(7.€) and the underlying molecular quantities of molecular relaxation
time and molecu.ar dipoile moment. This is often done by calculating the
‘local’ or ‘Iinternai’ field acting at a molecular dipole in terms of the
external or applied field and the fields due to the dipoles themseives.
The external field (Eo) Is related to the average Internal Maxwen(Em)
field by (in e.s.u system)

Em(w)=Eo(w)—XP(w) ..... 1.8
A Is the shape dependent depolarisation factorn. Pw) is then related
to Eo(w) via the quasi-susceptibility;

P@=x’(@E ) .. 1.9
This means that the calculation of the internal field has to have the
shape of the sample specified. this Is a consequence of the long-range
nature of electrostatic forcesw. Calculations are usually modelled on a
spherical sample embedded in an infinite continuum of the same materlal7
for which'®

arx®(w)={[e(w)-1][2€(w)+1]}/3e(w) .. 110

Debye9 first calculated the static dielectric constant by considering
the local field acting at a point dipole at the centre of a spherical
region within the dielectric which is small compared with the whole
dielectric but large compared with molecular dimensions. He used the
Lor(-)ntz]9 method whereby the local field Is obtained by summing the
fields due to the external field and the field due to polarisation at
the surface of the sphere but neglecting the fields produced by the
dipoles themselves. and obtained;

€p-1/€ 42 = aTN(a+u’/360/3 111

where a is the average of the three mutually perpendicular



polarisabilities of the molecule, k is Boltzman's constant, T is the
temperature in degrees Kelvin, u the dipole moment and N the number of
molecules per cms. Debye applled the Lorentz field to an oscillating
applied field and assuming expontial relaxation of the dipoles he
obtained the molecular single particle relaxation time from the
macroscopic relaxation time from:
Tsp.= T (e®+2)/(eo+2) ..... .12

The neglect of the field inside the sphere due to the molecules
themselves limits this equation to gases and dilute solutions of polar
solutes in non polar solvents where € € in which case Ts;f! T.

Onsager20 did include the fields produced by the polarisation of the
surroundings by the central molecule. His model was different to that of
Debye in that the spherical cavity contained only one molecule
surrounded by a continuum of uniform dielectric constant equal to the
macroscopic dielectric constant. I?(lrkwoode1 and Frollch13 extended this
model using a more rigorous statistical mechanical method in which the
embedded sphere consists of a central molecule surrounded by Iits first
sheil of nearest neighbours embedded in an infinite continuum of
macroscopic dielectric constant. The Kirkwood-Frollch equation for
polarisable dipoles is

2
(€ —ew)(2¢-:@+eo) =T4Nu~g/9%T ... .13

o

2
+
eo(eaa 2)
This is identical with Onsager’'s equation except for the factor g. This
is the average value of the cosine of the angle between dipoies and Is a
measure of static orientational ordering. For reviews on these theories

see Bottcher7 and HIII].

Glarum22 and CoI923 used linear response theory (see section 1.5) to

10



derive a relation between the frequency dependent permittivity and the
autocorrelation function of a dipole at the centre of a Kirkwood type
embedded sphere. from which the single particle relaxation time can be
extracted. Glarum and Cole considered the surrounding continuum to have
a frequency—-independent dielectric constant equal to the stailc
dielectric constant of the Inner sphere and they obtained:

Tsp.= T (260-&6‘1@‘)/34:‘0 ..... .14
which is identical with Powles result24. Fatuzzo and Mason25 performed a
similar calculation but considered the two regions to have equal

(frequency dependent) dielectric constants which then yielded:

T 115

Titulaer and Deutch26 have reviewed and assessed these two approaches

and come out In favour of the Fatuzzo-Mason resuit as being more
physically realistic. However. this Is difficult to justify for solutions

of polar solutes in non-polar solvants wherin the permittivity of the
embedded spherical region will not be equal to that of the outer
continuum. Deutch27 and Kiveison and Madden]8 do. however, point out
that since the embedded sphere under consideration is microscopic but
not molecular in dimension, truly single particle quantities cannot be
obtained from them. In addition, molecular intercorrelations may be
present because the Internal energy of the medium (kT) is of the same
order of magnitude as the rotational energy of the molecules]7 and so
multimolecular relaxation may contribute to the macroscopic relaxation
times. In this study it is hoped that single particle relaxation times

can be obtained from measurements on dilute solutions of CHSCN in the
non-polar solvents.

Keyes and Klvelson28 and Madden and Klvelson‘8 have developsd a

1"



theory calied the Corresponding Macroscopic Microscopic Relation which
does not entall the calculation of local flelds at a small microscopic
cavity. Their resuit, again assuming that both the macroscopic and
molecular relaxation times are exponential, Is that

Tep= T A+NP/O+N® 116
G Is the equilibrium correlation factor where (1+NG) Is the Kirkwood g-
factor. Fis a dynamic correlation factor. It is a measure of the
correlation between the angular momentum of adjacent molecules. Assuming
f==018 i.e. dynamic correlations are not present. for a spherical sample

in an Infinite continuum of the same material equation .16 becomes

Tsp.=T (eo-ew) (Zew+eo)9kT ..... .17

eo(ewﬂ)2 877 N<p?

<#>2 is the mean square dipole moment which Kivelson and Madden
estimated using

N<u>2/3kT=4.85ugp/m(T/300) ..... 1.18
p is the mass density, m the molecular weight and ”’g the gas phase
dipoie moment.

The Cole . Glarum. Powies result (CGP) will be appiled to the

microwave data presented in this thesls in order to show the
quantitative effect of applying internal fieid correction factors. In
addition the Keyes-Kivelson equation will be applled to the pure liquid
result. However, it must be clearly stated that all the above theories
assume that both the macroscopic and molecular relaxation times are
exponential in time behaviour, which is not true for the short time part
of the motion (see chapter V). A further problem Is that if the embedded
region contained only one molecule it would not be spherical in the case

of CHscN which has a ratio of short to long axis of 0.6 (see Fig.l.1).

12



Connected with this is the fact that the CHSCN molecuie will not have
equal polarisabilities in all three mutually perpendicular axes of the
molecule. Also implicit in these models is the location of the dipole at
the centre of the molecule which is also unlikely in reality. If an
ellipsoidal cavity 1s employed In the calculation of the Internal fields
each of the three mutually perpendicular polarisibilities (all’aZZ'a33)
of the molecule have to be evaluated as do the dimensions of the
ellipsoid. The latter can be taken as the dimensions of the molecule or
its free volume of rotation In the |lquld7'29. both of which are
different. In addition. the charge distribution throughout the eilipsiod

is required7. The difficuities and approximations invoilved In making
these evaluations have led to no corrections for non-sphericity of the

embedded region being applied in this thesis.

1.5 Correlation Functions

The combined microwave/far—infrared data was analysed in order to
obtain the dipole-dipoie correlation function. In this approach the
behaviour of the appropriate dynamic quantity with respect to time
(dipole moment vector of CHSCN) is obtained by Fourier transformation of
the experimental frequency spectrum. This enables both the short and
long time angular motion to be looked at together. Kubo30 developed this
formalism which is based on two related hypotheses;3]'32

a) Linear response theory.

b) Fluctuation dissipation theory.

Linear response theory describes the behaviour of two weakly coupled
systems l.e. electromagnetic radiation with dipolar fluctuations.

Because the coupling is weak the response of the system can be

calcuiated from a knowledge of its behaviour in the absence of the

13



stimulus. The behaviour of the dynamic variables is described in terms
of correlation functions which are equilibrium averages over the whole
liquid.

Fluctuation dissipation theory Is based on a hypopthesis by Onsager
that every system at equilibrium exhibits small departures from
equilbrium which regress with time at a rate governed by the system’s
usual motional processes. The latter hypothesis is also at the root of
Debye dieictric theorym.
The time dependent dipole-dipole mulitimolecular correlation function

for the microwave/far—infrared rotational spectrum is given by”:

g®= LR e .1 ®p = E(coseill(t)>...l.19

1]
u; is a unit vector in the permanent dipole moment axis of the I'th
molecule, P] Is the ist order Legendre polynomial which means that the
function is the cosine of the angle between K, and u.]. The angle
brackets indicate an equilibrium ensemble average In the absence of an
electric field. The correlation time is the area under the correlation
function. However, it is often the case that the correlation functions

are unreliable at long enough times to enable this Integration to be
made. If the band is purely Lorentzian theﬁ its value at 1/e Is equal to
the correlation time. The correlation time for the long time part of the
motion is also equal to siope of the natural log. of the function. A
comparison of this value with that from the 1/e drop will give a good
indication of how pure a Lorentzian a band is. In addition, 1/Aw1/2 Is
equal to the relaxation time for a pure lorentzian band where Aw.“z is
the band width at half its helght. The function can be separated Iinto

‘self’ and ‘distinct’ terms,

14



g(0=<u,(0).u,(t)> + 'E_m'(O).uJ(t» ..... .20
¥}
‘self’ ‘distinct’

At zero time this is equivalent to the Kirkwood g-factor:

go=1 + ):<cos9' ‘> ..... .21

i#i )
The correlation function is obtained by Fourier transformation of

the frequency spectrum which for an even symmetric function Is given

by36

2.2 1%

g(t)=6hc/7rNugz, €"(w)D(w)coswt dw/ [l-exp-hw/kT] ...1.22
o

The exponential term in the denominator can then be expanded. Only the

first and second terms ave considered since the higher rerms ave less than

one, this then gives:

g(t)zskT/LﬂszTe"(w) D(w) coswt dw /w ... .23
(-}

Dw) is the frequency dependent internal field correction factor. The

form of this factor used In the analysis will be D(w)=1(le no correction)
and those of Hi®® and Kiug. Kranbuel and Vaughan>? (KKV) which Is the
same as that proposed by Nee and Zwanzlgss(NZ). as used by Strauss et
al36 in their pager on chloroform. These equations are alli extensions of
the Fatuzzo and Mason25 hypothesis to polarisable dipoles and therefore
strictly only applicable to single particle correlation functions of

pure ligluds (see section 1.4) and so cannot really be applied to the
pure liquid or solution spectra since solutions are not pure liquids and
there may be moiecular intercorrelations in the pure liquid. However,

they will be useo In this thesis t0 show theilr qualitative effect. In

addition. in assuminQ exponential relaxation thelr application at high

frequencies (far-infrared) is likely to cause errors (see chapter V).

15




The KKV and NZ derivations (of which the latter was formulated to
include the eftects of dielectric friction) both yieid

D(w)=[3/(ew+2)]2 2lel2+ewz/3lelz ol24
Hill's model was designed to separate contributions from induced moments

in the surrounding sphere it is.

2 2 2
D(w) [3/(em+2)] [(2e0+ew)/(2€°+1)] 2iel +ea/3lel ..1.25
As mentioned In the general introduction mid-infrared and Raman
vibration-rotation bands can be used to study reorientational motion,
The appropriate correlation functions are as follow32'3’37:

a. Infrared correlation functions

The correlation functions for a mid-infrared vibration-rotation band

are given byz'3

@vm.o r(t)=<Ql(0)'Qlw> <P.| [ul(O)'ﬂ'l @w .26

L
@, Is the the vibrational correlation function. G]r the infrared

rotational correlation function and K, is a unit vector along the
direction of the transition moment corresponding to the normal

coordinate Qi of the I'th molecule; this lies along the C_ axis of CHSCN

3
for parallel vibrations of the molecule (eg v1.2,3 and 4 of CH30N).
Single particle correlation functions are used in the assumption that

molecules become vibrationally excited independently of each other. The

correlation function is obtained from

@v(t).d’.lr(t) = Jl(w) coswt dw ... .27

band
where Iw) is the normalised (to unit area) absorption spectrum of a

band. The bands are normalised so that at zero time the correlation
functions equal ore. w=(w—-w°). where W, Is the proper frequency of

vibration. Several workers 37.38 have neglected vibrational relaxation

16



and assumed that the intrinsic line width is very narrow enabling 0" to

be extracted from the band. This assumption cannot be made for the Y and

71
V3 bands of CHaCN .
b) Raman correlation functions

Raman band shapes (observed by inelastic light scattering) arise from
the interaction of visible radiation with fluctuations of the
polarisability tensor of the molecule via the formation of induced
dlpoles4o.

For a totally symmetric vibration-rotation Raman band‘ﬂ

d>v(t).02r(t) = <Q'(O).Q'(t)><P2[u.‘(0).u.‘(t)]> ..... .27

P2 Is the second order Legendre polynomial given by 1/2(3cos2|6(t)—1).
In the laser Raman experiment the vibrational and rotational functions
can be separated by way of the polarisation of the scattered light as
compared to the polarisation of the Incident laser tht40. As in the
infrared case single particle correlation functions are assumed. The
parallel(VV) (polarisation compared to the polarisation of the laser

light) and perpendicular(VH) components of the scattered light are

related to the isotropic and anisotropic parts of the scattering tensor

by
Ilso(w)=lvv(w) - 4/3]vh(w) ..... .28
Iamso(w)=lvh(w) ..... .29
where
@v(o = ,[Iiso“‘” coswt dw . 1.30
band
and
@v(t).®2r(t) = Ilanisg‘w) coswt dw ... L3
band

17



then assuming

v v(t)[lnfra—red]=<3> v(t)[lso]=®v(t)[anlsol

we have
d’”(t):JI”(w) coswt dw / Jyso(w) coswt dw ... 1.33
band band
and
¢2r(t)=JIamqs?3 coswt dw / jllso(w) coswt dw ... .34
band band

All the intensities are normalised to unit area.

There are theoretical arguments that the equivalence in equation
.32 is not valid if Intermolecular vibrational coupling Is presem42.
it has been shown that the effects of the coupling make different
contributions to each of the three correlation functions. This Is one
explanation of the fact that each of the three bands has a different
peak frequency by several wavenumbers. A further problem is the neglect
of the vibration-rotation coupling which is known to be important in the
gas phase spectra of CHSCN43. which does show quite strong effects of
Coriolis coupling.

c)_Depolarised Rayleigh scattering correlation functions

Depolarised Rayleigh bands are observed as the depolarised component
of the broadening of the central exciting iaser line at 90° to Incident
beam. The line shape Is approximately proportional to e"(w)/w32. The
line shape includes contributions from the fluctuations of dipoles
induced in the polarisabllity tensor by the laser light and from those
induced by intermolecular collisions. The latter have to be removed Dy

band fitting procedures‘M in order to obtain the reorientational

correlation function. For a molecule with at least a three fold axis of
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symmetryw‘46

<

=CNE 2 - 2| @ _
I(w)—CNE' (apar aper) Jg t exp(-wt) dt ... .35
o

where
g(e)(t)= L<pcos 8> . .36
if 2 i
C is a constant, N is the number of particles per unit volume, EI is the

local field strength of the incident light, apar and aper are the two

principal polarisability components (parallei and perpendicular to the

C3 axis).At zero time we have the second order orientational structure

factor 9(2) given by

a@ =1 + Lplcose, @b L 1.37

iz i
which is closely related to the ﬂr:Jt order factor (the Kirkwood g-
factor) through the Legendre polynomlals“

Versmold44 has made a valuable study of CHSCN in a range of CCI4
solutions using depolarised Rayleigh scattering which will be used Iin
comparison with the results presented in this thesis.

I.6 Band Moment Analysis

Gordon37 and Brot]7 showed that the correlation function can be

‘expanded in a (time) power series, the coefficients of which may be
Identified with the frequency moments of the spectrum. For the

microwave/far—infrared rotational band the moments are defined as

(-4
gm:J'(m" Min) dn/mi L .38

where the spectral moments, M(n), are given by

-4
M) = Jl(w) W' dw .39

Hw) is the spectral intensity and W=w-w where Wo Is the band origin
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which=0.0 for the microwave far-infrared absorption. For a classical

system only even values of n are considered. Each coefficient is an
equilibrium property of the system so can be evaluated without the need
to solve equations of motion37. The lower moments of the spectrum are
simple properties of the system because they describe the short-time
motion of the system. The higher moments reflect more complicated motion
and are difficult to evaluate. The lower moments have been evaluated as

4
follows for a symmetric top molecule 7:

g=g - 2kT/lb((12/2)) + B(kT/lb)2H+la/l + <O(v)2>/4(kT)2]

b
(t4/4l) Y 1.40
lb = moment of inertia perpendicular to C3 axis. 'a = moment of inertia
paraliel to C3 axis. <0(v)2> iIs the mean square Intermolecular torque. v
is the angle dependent part of intermolecular potential and O is the
assoclated operator. It can be seen that the first and third terms Iin

this expansion are muitimolecular quantities whereas the second moment
is a purely singla molecule property. it is a measure of the molecule’s
rotational kinetic energy. This means that the second moment of the band

intensity is independent of Interactions. Thus. as M_ is proportional to

2
wze“(w)/w = ¢e"(wWw = n(w)a(w) (see 1.7) then If the refractive index is
constant as it is in the region 20-250 cm—1 (see Chapter V) this means
that the integrated a(w) intensity is independent of interactions. Thus,

there is the interisting consideration that as @(w) has most of its

weighting in the far-infrared region then the Integrated far—infrared

intensity is independent of Interactions.

Higher moments are also difficuit to measure (as well as calculate)

because as wn Increases the higher frequency parts of the spectrum
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become more important to the integral 1.38 and in the case of far-
infrared absorption interference from vibrational bands of either
solvent or solute will occur. Iin addition coilision induced dipoiar
absorption Is thought to become more important at higher frequencles48.
Once again the intensities must be corrected for the effects of the
internai fields. The factors used In equations 1.24 and 1.25 only apply
to the low frequency (microwave region) part of the spectrum and the
band moments are weighted by the far-infrared parts of the spectrum. An
alternative correction can be made using the non-dispersive Polo-Wiison

(PW) correction factor49 (which is based on Onsager’s modelzo)

2, ,.2
n/ "2~ L .
9 m/ nm 2 1.41
where L is the refractive index associated with 4y Sum rule analysis
will be presented in which the KKV. NZ correction factor is also used

for comparison with the resuits obtained using the PW factor.

1.7 _Kramers -Kronig Relations

The measured quantity in both the microwave and far-infrared
experiments was the power absorption coefficient @ (w) which is the
decrease in energy of the radiation along its propagation direction. The
field at frequency w at point x is given by”"m""8

E=Eiexp[lw(t-nnx/c)] ..... 1.42
where c=velocity of light.and

n”=(n—lk) ..... 1.43
the frequency dependent refractive indesx. Rewriting

E=Eiexpllw(t-nx/c)]exp(-—wa/c) ..... .44
hence the absorption coefficient is given by

a(w)=28(W)w/c L. .45

2
The Maxwell identity e=(n )2 then gives
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e"w=cn(w)ae(w)fo L. .46

and
n(w)=[(e'(w)2+€"(w)2)l/2+e'(w)]l/z/slz ..... 1.47

with
€' (w) =n(u))2—c<(w)Z ..... 1.48

and
e"(w)=2n(W)e(w) L. .49

Therefore in order to calculate €" (w) (to be used in the correlation
function analysis in chapter V) from a(w) one requires n(w). This is
achieved in this thesis by using the Kramers—Kronig relatlon350 which
are general equations that express the link between the real and

imaginary parts of a complex number. When applied to equation 1.43 they

are
o Yt At Jeyt 2y
n(w)-nw=2/nPJK(w Jw'dw' /' T-w" .50
ey 2 2
x(w)=2/nPJn (0" )wdw' /' "-w~ L 1.5

where P means take the principal value. The relations between €' and €"
are exactly analogous. Equation i.50 can aiso be wrltten5
o
n(w)—n(;l/nPJ'x(w')dw'/w'-w ..... 1,52
-
which is equivalent to the Hiibert equatlonS] that Is
n (w)-n(;H{ x(w)}y .53
thus n and x and €' and €" are Hilbert transforms of each other. The
following method for obtaining the Hiibert transform of k(w) using

Fourier transform methods was worked out by Khuen52.

According to Chamberlaln53
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F(H[f(y)])=lsgn(y)F‘(y') L 1.54
where sgn is the signum function, F Is the Fourier transform. H is the
Hiibert transform and

F oo=Foiym 1.55
Equation 1.54 expresses the fact that the Hilbert transform can be
considered as a convolution of the function f(y) with 1/y’

Hiftyd)=—V/ym =tey>y L 1.56
Back transformation gives

HUWI=F tisgnty" Flfd 1.57
Equation 1.57 states “take the function f(y) calculate the Fourier
transform and mulitiply by i which means consider the real part of
Flfty)] as the imaginary part and the imaginary part as the negative
real part. Sgn(y) means now multiply aill values of y«0 by -1. then
backtransformation gives the Hilbert transform of f(y’). in this work
k(w) is the function to be Hilbert transformed. It is an odd function ;

therefore to obtain the function from -infinity to +infinity we need to

make
k(wW)=-«x(-w) 1.58
See Fig.l.3
Figl.3
kiw)
0
0 W

Equation 1.50 shows that to obtain n(w) n@ Is required. which for the
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microwave/far-infrared rotation band lies around 300 cm . Itwes not
possible to measure this using either the apparatus in Durham or
Aberystwyth. However € values for ali the solutions were measured at
Aberystwyth so that the value of N, was simply adjusted until
n(0)=‘J(eo). A computer program was written to do the Hilbert
transformation by Khuen52 using a fast fourier transform technique and
implemented in Durham as the program HTRAN. The program was tested on
CCI4 data obtained by O‘Nelll54 on a dispersive interferometer at the
National Physical Laboratory (NPL). This instrument can be used to
measure both x(w) and (w) . The microwave data of wmmn55
(e"(w)/e'(w)) was used to calculate x(w) using equations 145 to 1.49.
The two sets of data were combined and Hilbert transformed using the
method outlined above, The calculated refractive index is shown

compared with the measured curve in Fig.l.4. As can be seen the

agreement is very close l.e. within 1% of esach other.
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Chapter |I.
Brief Discussion on some of the Mathematical Models for Rotational

Motion in Liquids.
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1.1 _Rotational Diffusion

Debye9 suggested that the rotation of a dipole in an applied field is
constantly interrupted by interactions with neighbouring molecules due
to their thermal or ’‘Brownian’ motion. In this way the angular motion is
restricted to very small (infinitessimally small in the theory) angular
displacements. This physical picture enables diffusional equations to be
used. The torque applied to a molecule by a field of force F, where
F=Fmexp(iwt), at an angle 6 to the fleld is

M=-uFsine . 11
which is opposed by the microscopic friction due to the neighbouring
molecules

M={d8/at L 2
where ( is the frequency independent friction coefficient. The
rotational Langevin equation of motion per unit moment of inertia is

ew-¢e=r®» L .3
I is the random torque Imposed on a molecule by the motion of Iits
neighbours. Debye9 then used the Lorentz field (see Chapter 1 section 4)
to calculate F. He derived

Tsp. =T (ew+2)/(eo+2) ..... .4
where 7 Is the macroscopic relaxation time.

Fiocard]5 and Powles]6 modified this theory to take into account the

inertia of the molecules, which is expected to be important at high

field frequencies. Powies suggested that M shouid include a second order

term in 0 ie.

2

M={do/dt + | dze/dt ..... 1.5

b

lb is the moment of inertia perpendicular to the C3 axis. For dgilute

solutions of polar molecules in non-polar solvents for which the Lorentz
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field is thought to be suitable, Powles"6 did obtain small deviations
from the Debye predictions for €" (w). in the microwave region in the
form of a slight flattening.

it is. however. in the regime of absorption per cm (a¢(w)) at high
frequencies that the Debye model fails to predict the experimental
detall in the most pronounced manner. The Debye mode! predicts that a(w)
is proportional to w2(1+w2)-1 which leads to a high frequency plateau
and no return to transparency (see Fig.ll.1), whereas the observed a(w)
rises above the level of the plateau (excess absorption) and returns to
transparency between 100 and 200 cm_1 forming the so-called Poley56
band. The band is often named after Poley because he predicted the
presence of ‘whole molecule’ absorptions other than the Debye type
absorption. This he did on the basis that (em—nGQ) (nd Is the refractive
index at the sodium D lines and €, Was that predicted by the Debye
equations]'7 ) was too large to be accounted fqr by the Infrared intra-
molecular vibration absorptions. The Powles inertia corrected model
predicts a small excess absorption with an earlier than observed return
to transparency57. it is known however, that dipoles induced by
intermolecular collisions also contribute to the far-infrared
absorptionsa. The Induced absorption has been evaluated by F!othschild48
tor some simple systems (e.g. HF in cyciohexane) from calculations of
the intermolecular potential (Lennard-Jones potential): he found that
the induced absorption contributed about 5% to the total far-infrared
band, largely at the high frequency end of the band. It is this
mechanism that causes the far-infrared absorption of non-polar liquids

58

such as carbon tstrachloride and benzenese. Davies has obtalned

evidence from intensity measurements that the absorption arises from bi-
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molecular collisions. The application of Gordon's59 sum rule for
integrated absorption (see chapter V) will be used to estimate the
extent of the induced dipolar absorption present in the far—infrared
bands.

1.2 Gordon‘'s M and J Diffusion Models

The Debye model restricts angular motion to small angle steps which
Gordon60 assesses to be more plausible for large molecules than small
ones. in his M and J diffusion models angular steps of arbitrary large
size are allowed. The physical picture is of collisionally interrupted
free rotation and the models are characterised by a time between
collisions (T').

a) M-diffusion

This is a result of Gordon’'s diffusion theory which has free
rotation terminated by instantaneous collisions that randomise the
angular momentum of the molecule in direction only.

b) J-diffusion

This is the same as the M-diffusion except that both the magnitude

and direction of the angular momentum vector are randomised on

2 and

collision. This Is essentially an Inertia corrected Debye model3
expected to be the more realistic of Gordon'’s derlvatlons”. This model
again fits the low frequency (long time) part of the a(w) curve but has
a siow return to transparency in the far-infrared. The peak in a(w)
occurs at the maximum in the gas phase rotational envelope (see

Fig.l.1).

.3 Memory Function Formalism

This is not a physical theory but a formal scheme for introducing

variables needed to describe the observed phenomena. |t requires no
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http://Fig.il

underlying mode! but can be adapted‘to reproduce the results of any of

the models32

in the memory function approachm’61

\:vorkers“'-,'se'63 to the problem the following restrictions of the Debye

applled by Evans and co-

rotational dlffuélon model are removed in order to obtain a more
physically realistic picture;
a) Molecular collisions have a finite time and the torque acting at
collision is finite.
b) The friction tensor be time dependent.
The formalism is used in order to solve the more general form of the
Langevin equation proposed by Kubos4:
w®+ EKw(t—'r)w(‘r')d'r'=I‘(t) ..... 1.6
me is the time dependent friction tensor called the memory
function.in terms of the dipole-dipole autocorrelation function,
Q=@ @.p@® .7
dg/dt =- Ko(t-'r')g(r')d‘r' ..... I.8
The Fourier transfofm of Ko(t—'r') is the frequency dependent friction
coefficient. The set of memory functions Ko(t)....Kn(t) obey the set of
coupled Volterra equations such that

(r")dr' .. .9

- - S |
K _ (/61 = - K (t=T"K

The Laplace transforms then yield Morl’s65 continued fraction

representation of the correlation function

g(p)y= g0 = g(0) S———— . .10
p+ Ko(p) pH(0 0
p+K] ()]

where p Is the Laplace variable(iw). Truncation of the series requires a

suitable form of Kn(t). The various forms used for the truncation which
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lead to all the various models of reorientational motion are described
by Rowlinson and EvansSQ. Evans truhcates at the second order using the
form

K](t)=K‘(0)exp.(-7t) ..... Hni

which then yieids, for the spectral density

a(w)= AwZKO(O)K](O)'y ..... 12

2 2

72 (K, (0)-0? r? (w?- [k (0) +K (0) 112
where A=(eo—ea)D/n(w)c. D is an Internal field correction factor. For
b’ where lb Is the moment
of inertia perpendicular to the dipole axis i.e. it is the rotational

linear and symmetric top molecules Ko(o)=2kT/|

second moment (see chap. |.6), a purely single molecuie property. n(w)
does not need to be known as it can be obtained In terms of e€"(w) and
€' (w) using:

e"(w) = a(w)n(w)c/w L n.13
and

1/2

n(w)={[e" (@) 2+e' @) 21 24e ()11 2/v2 14

where €"(w) and €' (w) are given by

€"(w)= (e —ea)Ko(O)Kl(O)'yw | -

21240 (WK (0) +K, (0) 12

0

2
v [KO(O)-w
and

e - (e, —e )’ ([P (K (0)+K, (0)) 1+v2 [w?-K (0) 1) e

12 (Ko (0)-0? 1240? [Pk (0) +K, (0712

The parameter 1/v is sald to be a correlation time for the

(0) is related to the mean square
61

intermolecular torques &and K.'

intermolecular tcrque <O(v)2> via
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_ 2 2 2
K, @=(8KT/I (1 +1 /4l +OW /KD /K ©) = K (©

b
..... .7
where 'b and 'a are as defined Iin chapter |.6.
The measured and calculated (using the Mori formalism) velocity-
32.47

velocty (anguiar velocity) autocorreiation functions show a short
time oscillation suggesting that some form of molecular libration
(rotatory osclllation) Is responsible for the Poley absorption.
Chantry86 and the NPL workers who first observed the far-infrared
absorption of dipolar liquids did in fact propose a form of librational
motion occuring In a liquid ‘pseudo lattice’ as being the source of this
band. This approach to the explanation of Poley band was aiso developed
by Hll|66 and extended by Coffey67 and Wyllle68 in the form of an
itinerant oscillator model. Here a non-spherical molecule performs
libration Iinside a cage of neighbouring molecules, while the cage
performs rotatory diffusion. In this model the frequency at a("’)max. is
taken to be the librator frequency. A fit to the experimental curve
using this model is shown in Fig.i.13%. This model puts a clear
separation between the microwave and far-infrared peaks which is not
seen In practice. The librator model of Brm69 is different in that a
molecule may librate about any one of many stable orientations: then
random coliisions cause it to jump from one potential well to another.
Good experimental evidence for the presénce of resonant energy
transfer to an oscillating molecule comes from the fact that the
refractive index (0'—2500m—1) shows a shaliow mlnlmum39'57'70 In the
region of a(w)max. it is well established40 that the refractive index of

a system of damped oscillators under resonance has a minimum slightly

displaced to the hléh frequency side of the frequency of oscillation.

33




Fig.ll.2 shows the form of the n(w) curve in the region of a)pure
relaxation band. b)a resonance absorption band and c)a measured cuvre
for CHSCN in CCi4 (0.02 mole fraction). It appears that curve c is then
a combination of predominantly a but with some b present.

.4 Use of Three Parameter Mori Model

Yarwood and Jamessg’m'” have applied this model to a series of

solutions of acetonitriie in CCI4. The work presented in chapter V will
solely be concerned with the neat liquid.

The parametar K. (0) can be obtained by differentiating equation

1

.12 giving a(“))max in terms of KO(O) and wmax' l.e.
_ 4 2
K](O)— 4w m(w m KO(O)) ..... TAE:]
_ .2 2 4
rr(Ko(O) W m)(Ko(0)+w m)+4w m

The molecular relaxation time ('rsp) is then obtained from
K1(0)=[2kTTsp/|b]2"/2 ..... iL.19

The parameters 'y+K](0) can also be varied untll the caiculated a(w)

(using equation 1.12) curve fits the measured one. This was done using

the program NEWFITF which employs a National Algorithms Group(NAG) non

linear least squares fitting routine EO4FAF. At iow frequencies the

model gives Debye behavioworenabling 'r$p to be calcuiated using the

fitted parameters from

2

2_ 2_ 2
Tsp -([KO(O)+K](0)1 2K°(0)'y )/(Ko'y) ...1.20

Results obtained from both ways of using the two variable model are

presented in chapter 5.
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Figll.2, Three types of refractive index curve
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Chapter Il

Microwave Measurements.
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HI.1 Introduction

The dielectric loss of the liquids studied for this thesis is
important over a range of frequencies from 4 to 3000GHz. For the iow
frequencies. the sample size is of the same order as that of the
wavelength of the electric field. this means that the waves must be
confined within metal waveguides which contain the sample]. The upper
frequency limit is determined by the difficulty In manufacturing very
small waveguides of precise geometry. The upper limit is about
75(3Hz=2.5cm—1. For higher frequencies optical or free space techniques
have to be used. In this regime the sample (usually a rectangular siab
perpendicular to the incident beam) has to be large compared with the
Jwavelength of radiation so that diffraction effects can be neglected.

The frequency range 4-18GHz was covered using a sweep frequency
technique and the higher microwave frequencies were sampled at the spot
frequencies of 34 and 66GHz. The basis of both types of microwave
experiment was to measure the attenuation of the radiation at different
liquid depths. The Kramer72 relation is then used to derive the
absorption coefficient

EO/E|=Kexp(-ad)=t ..... .1
EO and Ei are the output and input wave amplitudes. d is the sample
depth in cm, a the attenuation coefficient in cm.1 and K a function of
the reftection coefficlent at various Interfaces. The effects of
reflection were reduced in both types of experiment by having the base
of the sample cell at an angle of about 15 degrees to the incident
radlatlon73. The attenuation is measured in decibel units

Amplitude ratlo=loget=2.30308/20 ..... .2

Power ratio=logel2=2.303d8/1 o L. .3
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@ Is derived directly from

Iogel=IogeK—ad=2.30308/20 ..... Hi.4
thus plottihg dB against d gives a slope of

-@20/2.303=08/d . .5
therefore

a= (2.303/20) @B/®) cm ' .. 1.6

The CHSCN used was Eastman Kodak spectro grade while all the

solvents (CC|4, benzene and n-heptane) were manufactured by the BDH
company and were spectroscopic grade. All the microwave measurements
were performed at room temperature which did not vary by more than 2°

from 295K.

.2 Experimental Sweep Frequency Measurementis 4-18GHz

This equipment was manufactured by 'Systron and Donner’ and set up
to measure the attenuation of liquids by Dr. AH. Price at U.C.W. Edward
Davies Chemical Laboratories. Aberystwyth. The layout of the apparatus
is shown in Fig.ll.1. The attenuation can be measured over a continuous
spread of frequencles from 0.01 to 4.2GHz and 4 to 18GHz. only the
latter was used for the liquids studied here. The source module(s)
contains a varactor74 diode which can have its characteristic frequency
varied over a large range by varying the applied voitage. From the
source the radiation is transmitted along a co-axial line through the
sampie cell which forms part of the co—-axial line and then Into a
detector which forms part of the power meter. The source output is not
flat so the signal from the Initial depth of liquid is stored In a 400
bit data normaliser. The signai from different liquid depths is compared
with the reference signal and the difference displayed on a flatbed

plotter and simultaneously on a cathode ray oscilloscope. The data
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normaliser ,CRO and plotter are all triggered simultaneosly by the
source. The traces of attenuation versus frequency at different liquid
depths were callbrated using standard Hewlett Packard attenuators
inserted between the sample cell and detector. The experimentally
variable parameters were the sensitivity of the power meter, sensitivity
of the plotter and thé speed of the sweep (usually about 20 seconds).
Each was varied until smooth trace was obtained. Each solution was
usvally measured at between 5 and 10 different depths. A typical set of
traces is shown in Fig.lli.2.

The cross sectional area of the space inside the co-axial cell was
0.307 cm2 thus Tmi. of liquid forms a liquid depth of 3.26 cm. The known
volumes of liquid were introduced from a burette or micro-syringe. The
limiting liquid depths are determined by the attenuation of the liquid.

It very high the radiation becomes completely attenuated by one thin
liquid layer on the base of the cell and If very low the cell becomes

full before a noise—free trace can be obtained. For CHSCN solutions the
range of concentrations found to be convenient were 0.1 to 10 moles per
litre (0.01 to 0.7 mole fraction in CCI4).

Measurements of attenuation were taken at various frequencles at
convenient portions of the traces. The effects of refiection at the
various interfaces Is to put a slight sinusoidal variation in the plot
of attenuation against depth73. A straight line was put through the
points by using a ‘Ilnear least squares regression treatment on them.
Typical plots are shown in Fig.lll.3. The data obtained from these
measurements for all solutions is shown In table |1

.3 Spot Frequency Measurements. 33.9775 and 69.66GHz.

A 36GHz klystron oscillator in conjunction with a Q-band 8mm

40
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Tabie 1.1 Absorbancies from Sweep Frequency Measurements

-1
All absorbancies are in cm and in amplitude ratio. Frequencies are in

GHz. Eslimated errors in ecare *5%

_C§SCN/CCI4_
Freq. 11.21 12.92 14.63 16.01 17.53 18.00
M.E,
0.01 a 0.024 0.033 0.039 0.046 0.054 0.056
0.10 a 0.241 0.294 0.359 0.412 0.468 0.481
0.20 a 0.479 0.590 0.713 0.812 0.932 0.954
0.30 a 0.701 0.869 1.048 1.199 1.379 1.418
0.40 a 0.907 1.139 1.364 1.548 1.797 1.882
0.50 a 1.050 1.310 1.619 1.882 2.167 2.244
0.60 a 1.132 1.451 1.823 2.108 2.480 2.615
0.70 a 1.287 1.609 2.021 2.254 2.661 2.899
0.016 M.F.
Freq. 8.14 11.31 15.51 18.00
a 0.027 0.042 0.080 0.094
0.06 M.F.
Freq. 6.46 9.72 16.57 18.00
a 0.057 0.112 0.273 0.317
016 M.F.
Freq. 7.39 2.90 16.10 18.00
a 0.217 0.330 0.683 0.794
CHSCN/Benzene
0.016 M.F.
Freq. 7.48 10.97 17.39 18.00
a 0.028 0.045 0.106 0.116
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Table lli.1 Continued

Freq. 6.88
a 0.070
Freq. 6.97
a 0.189

CHSCN/n—heptane

Freq. 12.05

a 0.029

0.06 M.F.
10.45 16.97
0.128 0.293

0.16 M.F.
11.72 16.48
0.412 0.728

0.027 M.F.
15.40 18.00
0.051 0.056
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(0.28x0.14 inches) rectangular waveguide together with a 72GHz klystron
with an E-band 4mm (0.122x0.061 Inches) waveguide were used for these
experiments. The system for the 36GHz set-up is shown In Fig.lilL.4. The
frequency meter measures the actual frequency particular to the
waveguide by adjusting the dimensions of a cavity until a resonance
condition is reached. When this occurs energy is stored in the cavity
and a sharp drop in power is observed. The frequency at which this
occurs can be read directly from the wave meter on the E-band system but
in the Q-band case the micrometer reading is converted to frequency
using (Eliott) tables.

Measurements of attenuation were made on a power meter connected to
a crystal detector. The attenuation of the sample was balanced against
an adjustable. calibrated attenuator so as to maintain a constant
reading on the power meter, this is to govercome any non-lineararity
which may be present in the detection system. The attenuator in the E-
band system reads directly in decibels while the readings on the
attenuator in the Q-band line were converted to decibeis using (Eiiott)
tables. Care had to be taken to ensure that the first liquid layer
completely covered the bottom of the cell otherwise non-linear
attenuation vplots are obtained. The maximum concentration of CHscN that
couid be measured on both systems was 3.6 moles per litre. Plots of
attenuation against different liquid depths were very reproduceable (see
Fig.11.5.) This shows two runs done on different days. Prlce73
estimates that each value of attenuation has an error of +or—- 5%.
Results are shown In table m;2. The neat solvents showed no detectable

attenuation of the radiation at any of the microwave frequencies.
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Table Ili.2 Absorbancies from Spot Frequency Measurements

-1
All absorbancies are In c¢cm

GHz. All o values are *5%

in amplitude ratio. All frequenciles are In

_CHCN/CCI,
MN’zreq 33.9775 GHz. 69.66 GHz.
0.01 N\ a 0.160 0.283
0.016 a 0.244 0.432
0.06 a 0.753 1.309
0.10 a 1.128 1.792
0.16 a 1.757 2.700
0.20 a 1.988 3.741
_QIjaCN/benzene »

0.016 a 0.299 0.519
0.06 a 0.843 1.464
0.16 2.105 3.807
CH,CN/n-heptane

0.027 a 0.178 0.478
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1.4 Measurments of €

o

Measurements of € were made on all of the solutions. These were
performed at Aberystwyth using a Wayne—-Kerr B201 bridge instrument which
measures the liquid’'s capacitance at 100KHz. Since capacitance is
directly proportional to permlttlvlty], the permittivity was obtained
from calibration graphs of known liquid capacitance against
permittivity. The results are presented in tabie ill.3. Aiso shown in
tabilelll.3 are calulated € values for the CH:aCN/CCL4 solutions using
equation HI.7.]

elz—l/elz+2=®l(el—l/el+2)+¢2(ez—l/ez+2) ..... .7
Where 12. 1, and 2 refer to the solution, solvent and solute
respectively. tb] and ¢2 are the volume fractions of the respective
components in the solutlon. This equation is based on Debye’'s equation
(equation 1.11) and so is only expected to be applicable to dilute
solutions of non-interacting polar soiutes in non-polar solvents].
However tabie 1ll.3 shows that even at very low concentrations this
equation is not obeyed Indicating that thére are quite strong
interactions between CH30N and CCL4 molecules.

i11.5 Data Analysis and Resuits

In order to obtain 7 from the absorption data a modified Fouss-
Klrkwoodm,equation was employed. 7 is obtained from
vmax=[(3eo+€w)/(eo+3ew)]1/2/ 2mr_ .8
where Y max is obtained using
cosh™ | (@(v)/v . = Blog v, /v) .H.9
a(v)/v)

where a is the absorption coefficient in amptitude ratio. v is the

frequency in Hertz and 8 an empirical parameter (0¢<8<1). A plot of the
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Table 1.3 €, values
\*J

Mole Fraction € 612(calc)
CH CN/CCL,
0.01 2.388+2% 2.406
0.016 2.450 2.529
0.06 3.050 3.370
0.10 3.652 4.124
0.16 4.670 5.415
0.20 5.188 6.233
0.30 7.382 8.534
0.40 9.576 11.706
0.50 12.412 13.948
0.60 15.753 17.081
0.70 19.636 20.859
1.00 36.500
(_ZﬂscN/benzene
0.016 2.600 -
0.06 3.220 -
0.16 5.120 --
_QUSCN/n—hegtane
0.027 2.224 -
Literature _values, €, for pure CH,CN 36,23V
| 37.4'°
Solution dataw MF £,y
CHSCN/CCI4 01 3.60
015 4.38
02 5.20

$
(20C)

50
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Calculated using equation Iii.7 with €o (CCL4)=2.234




left hand side of equation 1il.9 against In(v) for a series of a's

(usually between 4 and 6) is a linear plot with a slope of 8 and an X-
axis intercept of ln(v)max. The modification of the original Fuoss-
Kirkwood equation]4 Is In using a/v instead of €" (see equation 1.46),
so to correct for this the square rooted factor in equation |ll.8 was
introduced73. This factor was derived using the Debye equations (.5 and
1.6). and since it is known that these equations do not predict a(w)
very well above e"(w)max (see chapter Il) this equation wili only be

used on a/v data below (a/v) The analysis technique was tested usin

"
a(w) data generated using equations 1.5,1.6.1.46 and 1.47 with €, =

37.5, em=2.25 and 71=6 Ox10]2 seconds (see footnote i.1). The analysis
yielded 7=7.0p.s.. that is 17% too high, and B8=1.0. Then using
e°=5.0.e¢=2.25 and 7=6.0p.s. the equations HI..8 and Hl.9 gave 7=6.2ps.
i.e 3% too high, and B£=0.96. These results must be borne in mind when
the method Is applied to the experimental data. The vaiues for €, fOr
these solutions were obtained from the Kramers-Kronig analysis shown in
chapter V (see .table V.1). The frequency at which the €0 values were
measured was 250cm .

Some typical plots of a/v against loge(v) and corresponding Fuoss-—
Kirkwood plots are shown in Figs.li.6,7 and 8. The solutions above 0.2
mole fraction CHSCN in C,Cl4 were too highly absorbing to be measured at
34 and 70GHz so that (a(v)/v)m could not directly be observed. in order
to estimate the vailue of (a(v)/v)m of the remaining solutions my data at
34GHz was plotted along with that of 0.25 mole fraction daia of

5 1

E!oranta7 and pure liquid data of Mansingh] at the same frequency (see

Fig.N.9) .from which an estimate of the @(34GH2) value of the

solutions 0.3 to 0.7 mole fraction was read off. It was expected from
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FigIIl6. ajv curve and resulting Fuoss-Kirkwood plot. CH5 CN/ CCIA O-01ME
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Figlll.7 aiv curve and resulting Fuoss-Kirkwood plot. CH3CN/CCIA 02ME
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FiglIL.8. gav curve and resulting Fuoss-Kirkwood plot. CH3C N/ n-hept. 0-027ME
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the previous anelysis that the value of a(v)/v at this frequency would
be close to its maximum value. The justification for using the

literature data was that the data of Eloranta75 and Manslngh” fitted In
very well with my data at the frequency of 18GHz see Fig.lli.9.

Fig.lil.10 shows this point plotted for the 0.5 mole fraction data
together with the corresponding Fuoss—Kirkwood plot. The estimated
accuracy in the T values obtained is +or- 0.5ps. for the 0.01 to 0.2

mole fraction solutions and +1.5 or -1.0 for the 0.3 to 0.7 moie

fraction liquids. The value of 7 for the pure liquid was calculated from

the combined data of Janlkm, Vaughanw and Manslngh”. Table lil.4
shows the computed T values together with the Powl9524. Glarum22 and
23

Cole (CGP) (chapter | equation 1.14) moditied values. Fig.lll.11 is a

plot of the unmcdified 7 values against mole fraction. Tabie lil.4. also

shows the computed values of 8. These are a measure of the deviation
from the Debye equations in terms of the width of the €¢"(w) curve]. They
are all less than one which means that the band is broader than the
Debye prediction. They do not show any trend and so the spread in their
values Is probably an indication of the accuracy of the experimental

points.

56



Figlli10. g curve
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Table lll.4 Microwave 7 values from theFuoss—-Kirkwood Analysis.

All T values are in picoseconds.

QlSCN/CCI4 solutions

M.F. 7 7(C-G-P) 8
0.01 . 3.26:05 3.20 0.96
0.016 2.91 2.83 0.76
0.06 3.88 3.54 0.83
0.10 4.55 3.97 0.82
0.16 435 3.60 0.70
0.20 5.90 4.79 0.79
0.25 5.46 4.33 0.87
0.30 6.14 *1.0 4.72 0.82
0.40 6.23 4.64 0.92
0.50 6.47 4.70 0.93
0.60 6.6 4.7 1.00
0.70 5.50 3.88 0.85
1.00° 6.00 4.2 0.90
_C_HSCN/benzene

0.016 3.23 105 3.00 0.81
0.06 3.55 3.19 0.79
0.16 3.91 3.17 0.75

_(_D_ﬂSCN/n—heptane

0.027 2.04 1.98 0.92
n
This value was calculated by the Fuoss-Kirkwood method on the data of

Eloranta75

® This value was calculated using the Fuoss—Kirkwood method on the

combined data of Mansinghn. Vaughan‘|0 and Janlk]2.
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Chapter V.

Far-infrared Measurements.
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IV.1 Basic Principles of interferometry

For very good detailed accounts of the principles of interferometric
spectroscopy see the books of Beall76 and Chamberlainss. This account
will only point out the important experimental considerations In the use
of an interferometer. A diagram of a conventional Michelson
interferometer is shown in Flg. IV.1a. The Beckman RIIC FS-720
instrument in Durham has this basic layout.

The source is a mercury vapour lamp which emits radiation in a
continuous form irom the far-infrared to the ulitraviolet although it is
relatively weak in the far-infrared region. The radiation is amplitude
modulated by a mechanical rotating blade chopper operating at 12Hz. This
is coupled with a phase sensitive detection system to enable only
radiation modulated at the chopper frequency to be detected. This
reduces the amount of background noise in the interferogram. The beam Is
then split into two parts at the dielectric ("Melinex’) beamspilitter.

One half is reflected onto the moving mirror and the other haif is

transmitted onto the stationary mirror. The two beams are then

recombined at the beamsplitter with some of the radiation then being
focused onto the sample. after which It is refocused onto the Golay

detector window. The essential feature of an interferometer is the
introduction of a phase difference between the two beams. In this
interferometer it is done by moving a moving mirror so as to create a

path difference between the two beams. The recombined beams then form an
interference pattern of intensity against path difference which then has

to be Fourier transformed into the frequency domain. For a single sided

symmetric interferogram we have
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o

I(x)~IO:J'2,S(v)cos(2nvx) v . V.1
o] .

100 is the intersity in the Interferogram, | a constant offset (mean

level) in the interferogram and S(v) the spectral Intensity In the

frequency domain. If x is measured in cm. then v is in cm.—]. The main

_advantages of this technique for far—infrared spectroscopy (where the

output from source is relatively low) over conventional grating

spectrometers such as a grating mid-infrared spectrometer are:

a) Fellget or muitiplex advantage.

This arises because all of the spectral range is observed for the
duration of the experiment, whereas in grating spectrometers the
spectral elements are observed individually through a slit for short
periods. This means that each spectral element in the case of the
interferometer will be subject to less nolse (from external sources)
than in the secuential spectrometer. This leads to several possible
gains in sensitivity over a grating spectrometer76. This only applies if
the spectrometer Is detector noise limited (i.e. most of the noise is
due to the detector) where the noise is frequency independent, and this
is expected to bé the case with far-infrared radiation detectors76

b) Jacquinot advantage.

This is otharwise known as the throughput advantage. which means
that an interferometer has high energy throughput compared to that
aliowed through the narrow slit of a grating spectrometer. enabling high
signal to nolse ratios to be achieved. The radius of the beam is limited
by the first mirror in the instrument after the source which is about 4
inches in diameter in the FS-720.

The major disadvantage Is that a computer is required to Fourler

transtorm the interferogram into the frequency spectrum which means that
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y .

it cannot be seen in real time. However. on the Durham instrument there
is how a microcomputer into which the interferogram is fed directly and
then Fourler transformed. This reduces the lag to a minimum.

IV.2 Experimental Considerations

a)Beamsplitter

Fig.lv.2 shows the relative efficiency of the various gauge
beamsplitters which can be used in an experiment. The spectral range of
intarest in these studies was 0 to 300 cm_] so the type most often used
was 25 or 50 gauge (6 and 12.5 microns In thickness). The sinsoidal
variation In the efficiency curves is due to interference within the
thin film its self.

b) Spectral Resolution

The resolution of the spectrum in the frequency domain is determined
by the totai path difference between the two beams
Av“l/xmax ..... v.2

where Av Is the resolution in the frequency spectrum and x % is the

ma

total path difference between the two beams.
c)Aliasing

The Interferograms are sampled digitally at pre-controilled intervals
of mirror movement. This means that the interferogram function has io be
evaluated as a summation rather than an integral.

n=lnmax/2-1)
stwm=AaxL Ilnax) eos2Tyvnax ... V.3

n={-nmax/|
This means that in the evaluation of the summation the computed spectrum
-1
will be repeated along the frequency axis every (24x) . where only one
is required. Each repeated specirum Is called an allas. in addition,

there are alternating negative aliases along the axis which may overlap

with the positive onas 10 give a distorted spectral profile. Allas
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overlap is prevented by using filters to cut off radiation at frequncies
above (2Ax)—] from forming part of the interferogram. A convenient
sampling interval to use is 8 microns which has an aliasing frequency of
625cm_1 tor which a convenient fllter is black polythene.
d> Dynamic Range

Filtering of high frequencies not required in the spectral range of
interest is also desirable in order to fill the dynamic range of the
analog to digital converter with only those frequencies in which the
spectral feature is observed. This is particularly relevant since the
intensity of the source output increases with increasing frequency.

@) Mirror speed. sampling interval, amplifier time constant and

amplifier sensitivity

These four parameters have to be adjusted in order to obtain the
maximum signal to noise ratio in the interferogram whiie ensuring that
the interferogram function is correctly sampled.

IV.3 Computation of an Interferogram

A typical digitised Interferogram Is shown in FiglVv.3. To begin with,
the average value of the interferogram is removed so that only
modulation above and below the mean level is present. Then four main
procedures have to be applied to the data in order to obtain the
spectrum.

a) Sampling Error Correction

When the interferogram is digitised it is unlikely that the grand
maximum at zero path difference will be sampled precisely at its peak.
This will result in an asymmetric interferogram being recorded. Other
asymmetries may be introduced by misalignments within the Instrument,

although these are reduced to an absolute minimum by fine adjustments to
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the moving and stationary mirrors.

An interferogram function can be substantially symmetrised by
autocorrelating a double sided interferogram. A double sided
interferogram is a complex function consisting of a real symmetric
cosine part and an assymmaetric imaginary sine function. If the

. 53
interferogram Is unsymmetric we have

‘L
lu(x)=JS(v)exp(2nux)dv ..... v.4
-

where S(v) is the complex spectral intensity. Fourler transformation
gives
< +0C
S(v)=ﬁe(x)005(2nvx)dx-ljlo(x)sln(21rvx)dx ...IV.5
i -
If the interferogram ls symmetric the sine part is zero. However, if a
complex interferogram is autocorrelated
+
f(k) *f(k)=jf(h+k)f(h)dh ..... V.6
-

according to the Wlener—Khlnchln53 theorem the Fourier transform is the

modulus squared of the Fourier transform of the function

As the interferogram Is made virtually symmetric by autocorrelation the
exponential can be replaced by the cosine function. This method was used
in a program cailled FTRANG.

An alternative approach which only invoives the collection of a
single sided interferogram. Is called phase correctlonBQ. This method
involves the computation of both the sine and cosine transforms in order

to obtain the phase function of the spectrum ®(v) which is the sine
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transform divided by the cosine transform. This is evaluated from just a
few paints around the central maximum as only very low spectral
resolution is reqmre(153. The Fourier transform of this function (x())

is then convolved with the interferogram to produce a symmetric
function.

+
Ie(x)=ISe(v)exp(—2nvx)dx' ..... iv.8

-

te
=J[Se(v)exp(—l@(v))]exp(ﬂ@(v))exp(znle)dv .Iv.9

-c

=lu(x)"x(x) ..... V.10

The subscripts o and e refer to odd (asymmetric) and even (symmetric)
functions. It Is found that this convolution puts a small non-zero mean
level back into the interferogram which has to be removed. This method

was used in the program called HIBRD which had been supplied by Q.M.C.

b) Apodisation
Because the interferogram cannot be coliected to infinite path
difference there will be truncations at each end of the interferogram.
These truncations would then lead to distortion of the spectrum
obtained. The ends of the interferogram are reduced smoothly to zero by
a process of mathematical filtering called apodisation. In this process
an apodising function (in the programs used by the Durham group a cosine
function) is convolived with the interferogram. The function used is
| APOD=0052(9) ..... V.11
where 8 goes from 0 to n/2 as the interferogram goes from the central

maximum to the far wing. The effect of apodisation is to reduce the

resolution by a factor of approximately two.
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¢) Fourier Transformation

Both programs. FTRANG6 and HIBRD. use the Cooly Tukey77 fast Fourier
transform method on a single sided symmetric interferogram to calculate
the cosine transform. Fig.IV.4 shows transmission spectra obtained using
both programs on the same interferogram. As can be seen they are
virtually indistinguishable.

IV. Cooled Dewector and Polarising Optics

The low frequency limit of the Golay detector is 15 to 200m_1. s0.

in order to measure down to 4cm_1, a special liquid helium cooled
indium/Antimony photoelectric detector (made by QMC iIndustries Ltd.) was
used. Together with this the instrument was converted to operate in the
Martin and Puplett78 polarising mode. in which the energy throughput at
low frequencies (<1000m-]) is greater than that of the standard mode of
operation.

a) Martin and Puplett Polarising Mode

FigiV.1b shows the basic layout of the polarising system. A detalled
description of the Beckman instrument converted to operate in this mode
can be found in the MSc. thesis of James79. In this system the wire
grid chopper modulates the radiation into aiternating mutually
perpendicular polarisations. The wire grid beam splitter arranged at
such an angle will only transmit radlation of the correct polarisation
which, when combined with the reversal in polarisation produced by the
roof mirrors, means that no radiation is reflected back to the source
when the beams are recombined at the beamsplitter. The polarisation
produced by the chopper means that the mean level of the Interferogram
is removed. This has the practical advantage that the full dynamic range

of the analog to digital converter can be more fully utilised l.e.
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FigIV.4  Fourier transforms (cosine) of the same interferogram

using two methods of symmetrisation
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increasing sensitivity of the amplifier does not shift the mean level of
the interferogram. The spacing of the wires in the wire grids controls
the upper frequency limit which, for the Durham instrument, is about
120cm—]. Fig.lv.5b Is the ratio of an instrument background coilected in
polarising mode to one collected in convential mode. Both were collected
using the Golay detector.

The frequency range 3 to 40cm—] was covered using the photoelectric
detector. For this range a 32 micron sampling Interval was used with a
67cm” | Cambridge filter.

IV.4 Collection Of Specira

a) Sample Handiing

The instrument was evacuated to a pressure of 0.001 Torr except for
the sample compartment which was purged with dry nitrogen gas. The
interferometer is a single beam instrument which means that spectra with
all the background instrumental features removed have to be obtained by
raticing a sample spectrum against an instrument background spectrum
collected immediately after the sample one. This quotient is the

transmission spectrum of the sample. It is given by

T(V)zsw)sample/S(V)background ..... iv.12
The absorption coefficlent is then
(oz(v))=|oge(1/T(v)] ..... iv.13

The samples were held in a standard demountable Beckman FH-O1 liquid
cell mounted in a Beckman VLT-2 variable temperature cell holder which
was maintalned at 20°C + or - 1°C by a thermostatted water supply from a
TECAM TU-14 temperature controller and water circulator.
For the solution spectra the cell windows were made from high density

polyethylene with PTFE spacers ranging in thickness between 100 microns
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and 3mm depending on solution concentration. All the soiution spectra
were obtained with the cell containing the pure solvent as the
background. The pure solvent spectra of 0'Nelll54 were used to calculate
the error introduced into the absorption coefficient of the solute by

this method of removing the absorbence of the solvent. The error was
found not to be greater than 0.4% in any of the solutions.

The spectrum of pure CH_CN was very difficult to obtain because of

3
its very high absorbence. Very thin spacers had to be used. These were
25.50 and 75 microns In thickness at which errors caused by spacer or
window compression become important. For this reason the more rigid
window material ‘TPX' (poly-4-methyl-pent-1-ene) was used. This material
is also transparent to light so that any cell leakage can be easily
observed. Leakage did indeed occur with CHSCN which was overcome by
attaching a constant supply of liquid to the cell from a syringe. To

check that the spectra were reliable several experiments were made at
time intervals of two or three months with new cell windows used each
time. The reproducibility was found to be + or - 20%. The sample and
background spectra were made using liquid samples of different
thicknesses.

The high frequency spectra (20 ~ 300 cm™ ) were collected using the
instrument in its conventional mode. An 8 micron sampling Interval was
used and a mirror drive of 5mm for a double siged interferogram gave a
spectral resolution of 2‘4cm_]. The high frequency spectra were always
collected as a double sided interferogram because in the computation of
a double sided interferogram the autocorrelation process smoothes and
averages the function to reduce the nolse in the interferogram and

averages out fluctuations in the intensity from the Iamp53. The spectra
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were computed using FTRANG.

The low irequency spectra (4-400m—1) were collected using the cooled
detector and the instrument In the polarising mode. A total mirror drive

of 1.5 microns for a single sided interferogram gave a spectral
resolution of 0.6 cm_]. The length of time the cooled detector can be
operated for is determined by the cryostat's hold time for the
(expensive) Hellum. So in order t0 get the maximum use of the Helium
only single sided interferograms were collected. These were then
transformed using the program HIBRD.

b) Assessment of errors

The thickness of the windows was measured before and after an
experiment to check on any compression. This was found to be less than 5
microns. To check on possible contraction of the spacers particularly
the thinnest ones a spacer was held between wedge shaped silicon windows
and scanned through the mid-infrared region on a Perkin-Eimer 5802
spectrometer. The resulting interference fringes caused by reflectlo:s
due to the large difference in refractive index between air and the
sllicon (n=3 to 4 in the mid-infrared region) enables the space between
the windows to be calculated from

b=nk,)‘s/2()\'—)\s) ..... V.14
where A, is a convenient long wavetength, )‘s is a convenient short
waveiength, n is the number of complete cycies of transmission maximum
or minimum between )‘l and xs and b the cell thickness. Using a cell
tightened to the same amount as one used in an experiment no contraction
of the spacer was detected.

The transmitted radiation Is reduced not only by absorption due to
the sample but by reflection at the various interfaces due to

differences in refractive ind ices. See Fig.lv.6.
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Fig.IV. 6.

Medium 1 Medium 2
n,' n2
Io
—2
I — I:Io— Ir
—r |

According to one form of Fresnel'sao equations

_ _ 2
'r"o‘“"g n])/(nz*n])] ..... V.15

where n for the liquids is about 1.5°%71 petween 20 and 200cm™ and
that of the windows is about 1.48]. This gives the ratio in equation
V.15 of about 1.0x10_3 i.e. provided the refractive indices of the two
media are similar then reflection losses are very small. However. n

rises appreclably obove 1.5 in the low frequency regions ( below 25 cm—]

) for the pure liquid and high concentration solutions. For n, =2.0 the
ratio in equation IV.15 becomes 0.02.

Taking all these factors together the estimated maximum errors Iin
the absorption coefficlents are + or - 10% for the solutions up to 0.4
mole fraction and + or - 20% for the remaining ilquids.
IV.4 Results

Fig.IvV.7 shows the very close overlap between the low and high
frequency data collected on the two types of detection systems. Table
IV.1 gives the far-infrared absorbance data for ali the solutions. The

table shows that the absorption per moie remains constant within the
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experimental error accros the concentration range in CC!4 i.e. Beer's
law is obeyed by these solutions. The table shows how the slight
decrease in peak height is offset by a slight increase in band width
accross the concentration range to maintain the fairly constant (within
the experimental error) absorption per mole. in addition, the valuas for
the CCI4 solutions are very similar to those of the benzene solutions

but markedly different to the n—heptane solution. Fig.lV.8 shows
complete far-infrared spectra of some examples of low concentration
solutions in CCI4, benzene and n—heptane together with a medlum_
concentration in CCI4 and the pure CHSCN. it can be seen from this and
table V.1 that the peak positions of the Benzene and CCI4 solutions are
the same wheras that of the n—-Heptane solution is 300m_] lower. The peak
position of the pure liquid is 200m_] higher than the CCI4 and Benzene
dilute solutions. All the Y max. data is shown plotted in Fig.Iv.9. The
value for the band height at az(v)max of the pure liguid is 670 nepers
per cm. (one neper is an e—-fold decrease of the density of energy) This
compares with a value of 456 Bulkin®3 103 by Hind1e®*, about 225 by
Vaughan.Io ‘but is much closer to that of Knéjzlnger85 which is 800. |
suggest that the discrepencies are due to the problem of accurately
determining the cell path length.

Fig.lv.10 shows the Interpolation which has to be made between the
microwave and far-infrared spectra for a typical solution, 0.1 mole
fraction in CCI,. Clearly In terms of a frequency scale of cm” ! the
interpolation can be readily performed. Fig.lV.11 shows the
interpolation required when there was no microwave data at 34 and 70GHz.
This Is a murh more serious problem and does lead to relatively large
uncertainties in the correlation functions obtained from this sort of

spectrum (see chapter V.).
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Table IV.1 Far-infrared Data

M.F. Conc. () oy, 25172 a’ (@)
mole.dm-3 cm-1 cm-1 neper cm- mole-1

LCh CN/CCl,

0.01 0.099 71.8130 87.72110% 3413.77+10% 37.1 +10%

0.016 0.170 72.4 95.39 3962.48 37.5

0.06 0.652 73.5 93.20 3662.26 36.6

0.10 1.085 74.6 91.01 3413.92 36.5

0.16 1.825 80.0 93.2 3558.5 36.0

0.20 2.294 80.0 93.20 3610.17 36.6

0.30 3.608 82.2 93.20 3723.5 35.7

0.40 5.072 85.5 96.49 3939.6 36.8

0.50 6.718 86.6 99.78 +20% 3929.6*20% 36.4 +20%

0.70 10.682 88.8 107.46 4363.37 37.3 .

1.00 19.137 93.3 100.88 3712.7 35.1

CHacN/Benzene

0.016 0.182 72.4 130 95.4210% 3727.9:10% 35.7410%

0.06 0.704 74.6 100.88 3725.8 35.0

0.16 1.955 80.0 97.58 3597.6 35.1

C_H30N/n—Heptane

0.027 0.189 44,76 30 81.88+10% 2691.48:10% 33.0:10%

"

A' is the iIntegrated absortion per mole in nepers per cm. Measured
from 0.0 to 250cm” .

*A¥ is the band width at half height.
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Chapter V.

Analysis of Combined Microwave and Far-infrared Data.
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VAKramsrs -Kronig  Analysis

This section presents the results from the Kramers~Kronig (see
chapter 1.7) analysis on the rnicrowave/far-infrared spectra. Fig.V.1
shows the k(#) function for the 0.016 rmoie fraction CH30N in CCI4
solution. This function was Hilbert transformed (chapter 1.7) w0 give

the n(¥) curve shown in Fig.V.2. This was then used to give (equation 149)

the €"(u) curve shown in Fig.V.3. This figure also shows the calculated
Cebye curve for this solution. This clearly shows that the deviations
from the Debye curve in the observed spectra are in the high frequency
bulge and lower e"(v)max. It can also be seen thal the integrated
intensities of both curves are aboul the same. indicating that both

arise from fluctuations of the same dipolar quantity.

Figs.V.4.5 andb show n(B) curves obtainad for 0.016 mole fraction
solutions of CHSCN in CCI4 and benzene and 0.027 mole fraction in n-
heptane, all of which have approkimately the same concentration of CHsCN
molecules per unit volurme (about 6.18 moles per litre). Fig.V.& also has
plotted the measured refractive Index data of James70 obtained on a
dispersive interferometer at NPL for a 0.018 mole fraction solution at
14°C. The agreement between lhe two curves i3 within 1% at any point.
Even this small difference can probably be accounted for by the fact
that the measured curve is for a solution whereas the calculated curvs
was comauted from a solute spectrum. Fig.V.7 is the calculated n(D)
curve for the pure liquid. All the n(d) curves clzarly show a shaliow
minimum displaced by several cm"] to the high frequency side of (¥) max,
which, as aiready stated. must be due to resonance energy transfer to
oscilating dipoles in tha liquid. Chamry86 first attributed the far-
infrared absorption to lattice type vibrations of the dipoles in a

- 86
psaudo cage within the liquid. Chantry found for measurements on
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chlorobenzene that the integrated intensity of the liquid phase far-
infrared band was very similar to that of the soll.d phase lattice
vibrations occuring in the far-infrared. The very large width of the
minimum in the n(y) and Indeed of the far-infrared band itself is
understood in terms of the ‘cage’ of near neighbours which form a
potential energy well in the pseudo lattlcesa. The local order will be
asymmetric and will only extend for a very short distance away from the
probe molecule. This is as opposed to the solld phase where the order is
symmetric and the order extends throughout the whoie crystal. The order
has only a short lifetime because of the motions of the molecuies. All
these factors lead to a very broad spread of resonance frequencles66
One of the problems still to be decided in the work on the far-infrared
‘resonance’ absorption Is whether the resonance Is regarded as a
separate molecular motion to the relaxation of the molecuie as In the
liquid lattice vibration approach86 or simply the short time part of the
same relaxatlo:al motion (see chapter 11.7). More theoretical work is
required to resolve this problem. |
The Kramers-Kronig relation between €' (w) and e"(w):
€'’ (w)-ew=2/17re" (Wdw'/v'-w L V.1
o
at w=0
o«

- - n ' 1
€0 € 2/17J-oe (Wydw'/w' L V.2

was also used to provide an internal check on the data. Table V.1 shows
(eo—ew) where e@(a) ts from squation 1.50. ew(b)=2.25 (see Chapter 1)
and ew(c) is from equation V.2. The results for e@(c) are 10% greater

than those from the other two methods. This may be due to the large
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Table V.1 Kramers—-Kronig Analysis

M.F. ew(a) (eo—em)(a) (60—2.25)(b) (eo—eag(c)
CH CN/CCI,

0.00 2.26 0.128 0.138 0.145
0.016 2.22 0.23 0.200 0.258
0.06 2.28 0.77 0.800 0.873
0.10 2.10 1.552 1.402 1.774
0.16 2.52 2.150 2.420 2.503
0.20 2.47 2.718 2.938 3.156
0.30 2.32 5.062 5.132 5.896
0.40 2.46 7.116 7.326 8.265
0.50 3.25 9.162 10.162 10.445
0.70 2.28 17.356 17.386 19.949
1.00 2.49 34.010 34.250 38.170
QSCN/benzene

0.016 2.34 0.260 - 0.292
0.060 2.32 0.900 - 1.002
0.160 2.56 2.650 - 3.009

_CﬂSCN/n-heptane

0.027 2.00 0.224 - 0.24

(a), (b), (c) see text.
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limits of the integration. If the limit is reduced to 200cm” the
agreement is much better.

V.2 Gordon‘'s Sum Rule

As already stated in chapter 1.6 the second moment of the spectral
intensity and to a close approximation the Integrated a(7) Intensity are
independent of molecular interactions and therefore single molecule
properties. A formula linking the Integrated intensity of the far-
infrared absorption with the permanent dipole moment and molecular
moment of inertia has been proposed by Gordon59 and Brotw, where for a
symmetric top molecule

Ai=2"%§l b

where Ai Is the integrated absorption intensity per molecule. evaluated

in this work from 0 to 250cm '. ¢ is the velocity of light and all other

QII )/302 ..... v.3

symbols are as defined previously. The absorption intensity Is corrected
4
using the Polo-Wiison 9 internal field correction factor. If Kealc Is
7

greater than “gas (=3.92 Debyes8 ) the diiference might then be
attributed to the formation of interaction induced dipoles which have

not had time to average out. Measurements of u at microwave frequencies
probably do not contain contributions from colilsion lnduced dipoles
because at low frequencies (long time) the moiecules have had time to
return to their equilibrium configurations. In the Onsager20 model the
dipole moment of the molecule Is enhanced by the reaction field of the
polarised (by the central moleculie) surrounding sphere of molecules on
the central molecule7. The enhanced dipole moment is given by

-4
n =(2e°+1)(ew+2)u. 5/3(2€o+€oé) ..... V.4

ga
=
where ew is that of the pure solute. The values of u calc. and 4 are

shown in Table V.2. The results agree very well with those of Sato et
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Table V.2 Gordon’s Sum Rule

ugas=3.92 Debyese7, all u values given below are in Debyes.

5

M.F. I "’calc ”’calc P-W corr,
Q*S(LW_QQ'4-

0.01 4.57 4.71 4.07
0.016 4.56 5.07 4,39
0.06 4.72 4.88 422
0.10 4.83 4.71 4,07
0.16 4,95 4.81 4.16
0.20 5.00 4.84 4.19
0.30 5.14 4.92 4.26
0.40 5.23 5.06 4.37
0.50 5.30 5.05 4,37
0.70 5.38 5.32 4.60
1.00 5.46 4.91 4,25
_HSCN/benzene

0.016 4.62 4.92 4,25
0.06 4,75 4.92 4.25
0.16 5.01 4.84 4.18
CHSCN/n-—heptane

0.027 4,52 4.18 3.73

For solutions from 0.03 to 0.16 moles per litre Sato et al88 obtain the

following results using the Polo-Wilson correction factor:

CHsCN/CC|4 u.ca'c.=4.4 D

=46 D

CHSCN/benzene "’calc.

CHSCN/n-hexane 'u'calc.=4‘3 D
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al88 (also shown in Table V.2). It is seen that p calc. agrees best with
y,’ when the Polo-Wilson (PW) factor is not used to correct Al' This may
again point to the inadequacy of this correction factor. The reaction

field corrections may aiso be incorrect since the cavity is unlikely to

be spherical nor will the CHSCN molecules have the same polarisabilities
along all three mutually perpendicular axes of the molecule. These
problems also affect the Polo-Wilson factor since it is based on the
Onsager model (See chapter 1.4).

There is an additional probiem in the use of the sum rule as pointed
out by Rledag. This concerns the fact that at short times random
orientations caused by the librational motion of the molecules will not
be averaged out. These errors depend on the size of the angle through
which libration occurs, F{led89 calculates that for a swept angle during
libration of 6° the error in £ would be 4%.

As far as one can suggest from this analysis, the presence oOf
collision induced dipolar absorption in the far-infrared band of these
solutions and pure liquid is small compared with the absorption due to
the permanent moment. This means that the solute-solute and solute-
solvent interactions In these solutions are not large enough to distort
the solute molecules enough to produce any observable effects in the
intensity of the solute spectra. This may be due in part to the very
large permanent moraent that CH30N possesses ‘swamping’ the effects of
induced dipoles. However, sum rule studies on less potar molecules such
as CHSI and CHCI3 by Sato88 does not indicate the presence of any

notable amount of collision induced dipolar far-infrarad absorption.

v.3 Band Moment Analysis
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Figs.v.8.9.10 and 11 show plots of equation 1.39 for the n=2 (second
moment) and n=4 (fourth moment) functions for 0.01 mole fraction CHSCN
in CCI4 and the pure liquid. These show how the band moments are
weighted by the high frequency part of the spectrum and how they are

moditied by the KKV34,N235

and Hm33 correction factors. It can be seen
that these factors reduce the intensity by more than 50%. This cannot be
taken as very reliable since these factors are based on models which
predict a Debye type plateau for the far-infrared absorption Intenslty90
Calculated second and fourth moments are listed in Tabie V.3. These

have been corrected for internal fields using both the Polo-—WHson49 and

KKV34 correction factors (which gave the same resuits as the Hill
factor). The classical value of M2 - the rotational second moment -
independent of interactions is given by 2&<T/Ib=8.95x1024 sec.—2 at 293K.
it is purely a measure of the rotational kinetic energy of the CHSCN
molecule. The moments of inertia might, however, differ between
molecules in dense media and in the gas phase91

The best agreement with this value comes from the use of the KKV
factor, where the values show an average positive deviation from 2kT/I
of 12% aithough the value from the n-heptane solution is smaller than
the classical value. When the P-W factor Is used the M2 Is about 50%
greater and shows a slight general increasing trend as the concentration
of CHSCN increases. This trend Is not present in the integrated a(w)
data so must be due to the P-W correction factor itself. All of the
second moments are higher than the theoretical value by an amount that
is greater than the experimental error. As discussed In section V.2 this

probably cannot be attributed to the presence of induced dipolar

absorption but rather to the inadequacies of the correction factors and
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the inherent problems in making intensity measurements in the far—
infrared as mentioned In V.2.

The fourth moments are presented in table V.3. Again there is very
good agreement with the results of Sato et al°2. It is expected that the
fourth moments wili be more affected by the presence of induced dipolar
absorption as this is thought to be more important at short tlmes48
which is where the fourth moment functions have most of their spectrai
weighting. The fourth moments again do not show any trend when the KKV
factor is used but do show a pronounced increase when the P-W factor is
applied. This latter behaviour agrees with the predictions of the Mori

model (Chapter H. Eq. 18) in which (17)ma Is proportional to the

X.
fourth moment which is in turn proportional to the intermolecuiar

torques (see equation 1.40) and as Fig.lvV.9 shows the (V)max. does
increase on Increasing concentration. The fourth moments of the benzene
solutions are similar to those In the CCI4 solutions while that in the
n—heptane solution is very much smaller. It can be seen that the
intermolecular torques are greater in the pure CH30N solution than In
diute CCI4 and benzene which are about the same while they are about a
third as large In the alkane solvent. Thus the intermolecular (of which

the intermolecular torques are a measure) Interactions between solute

and solvent molecules are probably smaller in n-heptane than In CCI4 and
benzene. This is probably due to greater induced and dispersion forces

in the latter two solvents than in n-heptane due to their larger
polarisabpilities as indicated by their larger € 0 valugs (see table V.1).

The greater Interactions in CC14 and benzene is illustrated by the

complete miscibility of CH,CN with them whereas it is only sparingly

soluble in n-heptanse.

103




Table V.3 Band Moments

2nd moments are :(1024
M.F. M2 P-W corr.
CHoCN/CCL,

0.01 14.28410%
0.016 16.56

0.06 15.83

0.10 13.90

0.16 15.93

0.20 16.0°

0.30 16.17

0.40 17.70

0.50 20.35+20%
0.70 19.48

1.00 17.61
Q_I;I3CN/benzene

0.016 15.88%10%
0.06 15.95

0.16 16.25

g—iaCN/n—hegtane

0.027 11.37

The following results were obtained by Sato et al

-2
secC.

50

and 4th moments are x10

M4 P-W corr.

36.06+10%
46.45
48.68
34.56
49.68
44.97
56.06
64.51
76.39:20%
76.73

55.01

$3.39 £10%

49.26

§2.53

13.04

M2 KKV corr.

9.54110%
11.18
10.18

9.93

9.30

9.56
10.23
10.41

8.61:20%
11.99

9.66

10.21210%
10.24

8.31

8.01
92

for solutions

-4
secC.

M4 KKV corr.

23.9540%
31.42
32.12
24.99
29.47
27.46
36.53
39.48
33.88+20%
51.04

34.31

34.18410%

31.85

30.61

9.22

between 0.03 and 0.16 moles litre~! and employing the Polo-Wilson

correction factor.

CHCN/CC,  M4=32.35x10°" sec.
50 -4

CHSCN/n—hexane

M4=19.19x10

-4

secC.
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V.4 Reorientational Correlation Times

Fig.v.12 shows the absorption cross section (chapter | equation 23)
for the 0.2 mole fraction solution in CCI4 and Fig.V.13 the absorption
cross section of the pure liquid. Figs.V.1Z2 and 13 also show how the
correction factors modify their shapes. It is seen that the intensity is
reduced but the width of the bands at half height remains very similar.

The Interpolation between the microwave and far—infrared data
occurs at a critical region in the spectrum corresponding to the region
around e"(w)max. The Iinterpolation required for the spectra of the
solutions up tp 0.2 mole fraction required an Interpolation of only
about lcm_1 which was quite straightforward. The microwave data for the

pure liquid was taken from the combined resuits of Vaughanlo, Manslngh”

and Janlkw. The high frequency limit of this data was 1.07cm-1 from the
Mansingh paper. The errors in the 7 values calculated from the resulting
correlation functions | estimate to be + or - 0.5p.s. As shown In

chapter IV the interpolation required for the higher concentration

solution spectra is much more difficuilt. For these spectra a gap of

about :*)cm_1 hed to be interpolated. Using trial interpolations by eye |
assoss the errors in the calculated 7 values to be + or - 1.0p.s.

In order to calculate the correlation functions the spectra had to
be interpolated to a constant frequency interval. This was done to
0.25cm—1 using a NAG routine (EO1AAF) in the program INTERPOL. The
resulting spectra were found to be ldentical to the originals. The

carrelation functions were calculated using a ‘siow’ Fourier transform

program called FIRFT.

A frequency interval of 0.25cm” " gives a theoretical long time |
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reliabliity limit in the correlation functions of91 t ax=1r/Aw=12p.s.

m
However, because of the interpolation required (see above) this limit
was reduced to an estimated 7 or 8p.s. this is not large enough to
permit the integration of the area under the function in order to obtain
the correlation time. The relaxation time was calculated from the siope
of the Ioge of the long time part of the functions Te This is the time
domain which is well described by Debye type relaxation processes ’
(see chapter II). In addition the T1/e was also calculated. This was
then compared with Ts in order to show how much the correlation
functions deviated from pure Lorentzians. The frequency range over which

the correlation functions were cailculated was 2500m_1 which means a

theoretical resolution limit in the correlation functions ofg1

Aw=T/w =0.06 p.s.

max.
An example of a normalised correlation function Is shown in

Fig.V.14. The functions were normalised so that their value at t=0.0 is
1. Figs.V.15,16 and 17 show the natural logarithms of the correlation
functions for the 0.016. 0.2 and 1.0 mole fraction solutions in CCI4.
These show that the correction factors have little effect on the value
of T obtained from the slope of the log plot. The relative amount of
their effect is small at low mole fraction. It Increases with increasing
CHSCN concentration until approximately 0.3 mole fraction and then
decreases towards the pure liquid. Fig.v.18 shows the uncorrected loge
functions for the 0.016, 0.2 and 1.0 mole fraction solutions in CCI4

together with the 0.016 M.F. benzene solution and the 0.027 M.F. in n-~

heptane.

Fig.v.19. shows the log_ of a pure Lorentzian function (g(=exp(-¥/7)
9 e
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t/7) compared with the experimental curve. it clearly shows the non-
exponential short time part of the motion. Some of the non-exponential
part of the function will be due to the truncation of the cross section
function (see Fig.V.12) before infinite frequency. However. since the
band was Fourier transformed .out to 2500m_1 the truncation errors are
expected to be unimportant. Aiso on FiIg.V.19 is the correlation function
for free-rotor behaviour'’. The closeness of this function to the short
time part of the measured function imptes that the short time part of
the motion does consist of relatively unhindered rotatory motion which
contributes only a small amount to the loss of orientational

permittivity but which leads to a very intense absorption per unit
lengthaa.

The full list of 7 far-infrared values is shown in table V.4. The
corrected values using the Klug. Kranbuehl and Vaughan34 (KKV), Nee-
Zwanzig35 and Hills3 correction factors (see chapter (.4) are also
shown. Table V.5 shows the calculated g(0) and g-factor values for all
the solutions. The static correlation factors for the solutions are not
expected to have very much physical meaning since the internal field
correction factors are not defined for solution data (see chapter 1.4).
However the pure liquid factors do show a reasonable average of about
0.66 which suggests some static orientational ordering in the pure
liquid (see later discussion).

The 7(s) values shown in table V.4 compare closely with the
relaxation times from the microwave analysis (see table Ill.4 and
Fig.l.11: the latter Is also reproduced in thls chapter). The

differences are about 1p.s. at low concentrations. This difference does

lie within the experimental error. it is difficult to account for but
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Table V.4 Far-infrared Correlation Times

All T values are quoted in picoseconds.

M.F. T

Yre
CH,CN/CCI, _
0.01 3.7405
0.016 3.45
0.06 3.84
0.10 4.13
0.16 5.02
0.20 4.88
0.30 4,79+10
0.40 4.63
0.50 4.29
0.70 4.40
1.00 » 4.00
_HaCN/benzene
0.016 3.35:05
0.06 3.36
0.16 4.00

Q-IaCN/n—heptane

0.027 1.88

T

S

3.82

4.4

4.73

4.31

6.52

6.42

5.93

6.27.

6.27

4.90

5.88

3.92

4.26

6.00

2.35

16

TS(KKV.NZ)

3.92
4.41
4.46
4.02
6.18
5.98
5.65
6.26
6.18
4.90

5.88

3.77
4.02

4,75

2.35

TS(HIII)

3.92
4.4
4.63
4.22
6.37
6.13
5.78
6.23
6.23
4.90

5.88

3.82

4.85

2.35



Table V.5 Static Correlation factors

M.F. o () g(0)KKV corrected Kirkwood g-factor
CHLCN/CCI,_

0.01 1.82 0.74 _ 0.66
0.016 1.59 0.77 0.69
0.06 1.40 0.62 0.55
0.10 1.71 0.77 0.68
0.16 1.43 0.52 0.45
0.20 1.44 0.52 | 0.46
0.30 1.70 0.62 0.54
0.40 1.70 0.56 0.49
0.50 1.62 0.3¢ 0.35
0.70 1.95 0.66 0.58
1.00 2.08 0.63 0.55

Kirkwood g-factor with em=2.25, = 0.66

C_HSCN/benzene

0.016 1.67 0.76 0.69
0.06 1.48 0.64 0.58
0.16 1.61 0.56 0.50

QﬂSCN/n-hthane
0.027 1.33 0.71 0.65
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may be due to the failure of linear response theory as applied to the
embedded sphere. l.e. the two values are made on diffarent physical
quantities, the relaxation time is an inverse frequency and the

correlation time is measured from a correlation function. As the
corrections to the correlation times do not lie within the experimental
errors only the uncorrected ones will be discussed further. The

relaxation times calculated from the microwave data as modified by the
CO|623. Glarum22 and F‘owI9324 correction factor (equation 1.14) are all
smaller than the uncorrected ones but do show a similar trend with
concentration. However. this correction factor was not thought to be as
physically realistic by Deutch26 (see chapter 1.4) as the Fatuzzof
Mason25 approach which does not have a correction to the relaxation time
(in the first approximation). This is reflected In the ‘corrections’ to
far-infrared correlation times which are based on the Fatuzzo—-Mason
resuft and are quite small. Consequently only the uncorrected data will
be disussed further. The uncorrected far-infrared Ts values are plotted
in Fig.v.20. Both sets of unmodified data for CCl, solution show the
same general trend of increasing 7 up to about 0.2 m.f.. Then a plateau
is reached. This is a very simitar trend to that shown by the peak In
the far-infrared absorption (ﬁ)max. (see Fig.iv.9).

Table V.4 also shows the Ti/e These are smaller than the
corresponding T values and do not show the‘same trend. in fact they
display a rise to a peak value at 0.2 mole fraction in CCI4 followed by
a fall to the pure liquid. Rather than being a reflection of the
behaviour of the relaxation times this probably shows just how much the

short time non-lorentzian part of the correlation function affects the

longer time parts by ’‘pulling’ the function down. This might suggest
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that as (D)max_ moves to higher frequencies (Fig.lv.4) the librational
frequency of the molecule is higher and consequently orientational
autocorrelation wlll decay faster.

The rotation of CHSCN molecules in benzene appears to be very
similar to that in CCI4 while in n-heptane It Is much faster. This must
be due to greater interactions between the solute and solvent molecules
in CCI4 and benzene than in n-heptane. The interactions In these very
dilute solutions in which dipole—dipole interactions will have been
largely removed can be separated into short range rapidly varying
repulsive interactions (r_12 dependence) or longer range more slowly
varying (r—6) attractive Interactions such as induced dipole and
dispersive forcesgs. As for the repulsive hard sphere interactions the
relatively bulky chlorine atoms in CCI4 might hinder the rotation CH30N
molecules by providing channels and barriers over which the CHSCN
molecules must move. Benzene and n-heptane do not have such bulky
groups. The magnitude of the Inductive and dispersive forces Is largely
determined by the polarisabilities of the solvent molecules93 of which
€ is a measure1‘7. Table V.1 shows that CCI4 and benzene both have
higher € values than n-heptane. Therefore. it might be suggested that
the inductive and dispersive (attractive) forces are the controliing
forces for the rate of reorientation In these solutions. It must also be
mentioned that other multipole forces are also present but these have
much lower orders of magnitude than the inductive and dispersive
forces;93 and are thus thought to be less important. There is also a
correlation of relaxation times with the number density of the solvent.
CCL, and benzene have similar concentrations at 10.36 and 11.25 moles

4
per litre respectively. N-heptane has a relatlvey low molecular density
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at 6.8 moles per litre. This means that there are less pairwise

interactions between CHacN and n-heptane per unit volume than there are

in the other solvents. Therefore. not only are the Interactions expected

o be less strong in the n-heptane solution there wiil also be less of

them per CHSCM molecule. As mentioned earlier the attractive forces

between CHSCI\I molecules and n-heptane molecules are low enough to permit
only sparing miscibility of the two liquids. It was found that the

dilute solution used in these experiments (0.2 molar) was about the

maximum concentration possible at room temperature.

Applying similar reasoning to the concentration range in CCI4 one
can suggest that, as the solutions become more concentrated, the amount
of dipole-dipole Interactions increases and the reorientation of the
CHSCN molecules becomes more difficult. This interpretation s
complicated by the possible presence of molecular Intercorrelations
between CHSCN molecules. This Is discussed more fully later. It must

also be mentioned that CH_CN has a high molecular density at 19.13 moles

3
per litre which means that the central or probe molecule is subject to
many more interactions In the neat liquid than in dilute CCI4 solutions.

The trends shown by the 7 values are also seen in the fourth moments
and hence intermolecular torques (equation 1.40). l.e. as the torques
increase the relaxation becomes slower. This is as expected since the
torques between molecules are one measure of the intermolecular forces.
This also means that as the torques increase the frequency of the
librations increases indicating the greater difficulty for the molecules
to undergo larger angle reorientational motion. The Intermolecuiar
torques are directly proportional to the peak in far-infrared curve

according to the 3 parameter Mori model of Evans et aI.'06 (see chapter
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i1.4).

Irizmax=Tq1038 ..... V.5
where I Is the reduced inertia of the molecule and Tq Is the torque
product. From the positions of (a)max It is seen that the intermolecular
torques in n-heptane solution are only 65% of those and those in dlilute
CCI4 solution are 75% of the pure lquid. In addition. if the peak In
this band is a librational frequency as it is in the itinerant
oscillator modelse7‘68'69 then as the peak moves to higher frequencies
the angle through which libration occurs and hence the volume swept
during a libration is smalier i.e.

G*Vamax ..... V.6
@ is the angle swept during libration which will be directly
proportional to the volume swept. This means that as the mean square
intermolecular torques increase the librating molecules have less room
to oscillate and rotate within. This might suggest that the free volume
of the liquids was varying between the different solutions. Experiments
performed at high pressures would be able to illuminate this aspect of
the rotational motion.

The plateau in the plot of 7 as a function of mole fraction might
suggest the formation of relatively stable long-lived clusters of CHSCN
molecules which then reorient together. There is however, no reason why
the contribution of CHSCN to the intermolecular potential should be
linear with concentration. There Iis evldenceg4 for the formation of
]

dimers in the gas phase which glve rise to a very weak band at 78cm

to intermol Vi i I m . Knozinger34
due to ermolecular vibrationa odes. Knozinge obtained an

equilibrium constant for the dimerisation of 42 + or - 26 litre per

mole. Then there is the possibllity that some of the far-infrared band
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of the liquid is due to the same Iintermolecular vibrations. The sum rule
analysis presented above does not indicate the presence of any other
intensity than that due to dipolar rotational motion in the liquid. The
presence of dimers Iin the gas phase does suggest that short range
dipotar interactions in the liquid phase would be sufficiently stong to
fo.rm dimers or clusters. Even If ‘stable’ long lived dimers are not
present In the soiutions and tiquid their presence in the gas phase
clearly indicates that attractive forces in acetonitrile are indeed
strong over short intermolecular distances.

The increase in T on Increasing concentration in CCI4 is the
opposite trend to that found by Versmold44 for the light scattering
multimolecular correlation times. Versmold also quotes in this paper the

T,  single particle correlation times obtained from N.M.R. data by

2r

Bopp85 which also show the same decreasing trend with increasing CHSCN

concentration. Versmold points out that this follows the bulk viscosity

of these solutions with CHSCN (0.345c.p.)101 being less viscous than

cel, (0.951 c.p) 'Ol

was the same as that for the T single particle with concentration. The

He found that the gradient of the viscosity curve

Stok9593 relation for rotational diffusion can be applied to relate
relaxation time with macroscopic viscosity of these solutions

T=41r1)a3/kT ..... V.7
where 7 is the bulk viscosity and a is the radius of the ‘spherical’
molecule. It is the value taken for this quantity which will decide
whether the relation above is completely obeyed. The viscosity can be
discussed in terms of the shapes of the molecules as defined by the hard
sphere dimensions. The cylindrical shaped and relatively smooth CHscN

molecules (see Fig.l.1) can move around each other more easlly than they
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can in CCI4 where the bulky chlorine atoms provide channels which hinder
the rotation of the CHSCN molecules.

if 7

Tr single particle does follow the viscosity and decrease on

increasing CHSCN concentration then it is the cross terms in the total
correlation function which increase with increasing dielectric strength.
This implies that the long range electrostatic forces "% do not show
up in the light scattering data. This is probably because the 9(2) is
more sensitive to short range forces than It is for long range dipolar,

inductive and dispersive interactions. A value for 7 r single particle

]
has been obtained from the mid-infrared vibration band vy for the pure
liquid by Breuillard—Alllot96 using the Rakov97 method to remove the
vibrational line width. in this approach the liquid is solidified In
order to remove rotational motion to leave only the vibrational tine
width. This can then be separated from the liquid phase vibration-
rotation band. However, there is no reason why the vibrational line
width should remain constant with temperature (see chapter VD). In
addition, this band is also disturbed by a smali hot band in its low

is close
frequency wing. The value they obtained was 3.2p.s. at 298K. This to the
7 single particle obtained from the microwave far-infrared dilute
solutions of CHSCN in CCI4 and benzene. Therefore, taking a value of Tir
single particie of 3p.s. for the pure liquid and an average 72r single
particle for the pure liquid of 1.195'98’99‘100'101'102 (which is an
average obtained from various techniques, Raman. NMR and Rayleigh
experiments which vary between 0.9 and 1.4p.s. for similar temperatures)

the ratio of T.”/T 3 agrees with that predicted for rotational

2r*
diffusion by Hubbard]os. This may be Just coincidence when one considers

the difficulties in determining 7 It I1s also known that Debye type

1
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rotational diffusion is not an accurate model for the rotational motion
of the molecules especially at short times (see chapter 1.
Applying the Keyes-—Kivelson equatlong8 (equation 1.16) assuming no
dynamic correlation see {(chapter D.
g=Ttotal/Tsingle particle .. v.8
with 7 total 6.0p.s and g=0.70 gives 7single particle of 9.0p.s. This
means that because of the strong static correlations implied In the
value of g less than one CHSCN reorientation is much slower in the pure
liquid than in any of the non-potar solutions, i.e. dipolar and
inductive interactions dominate over short range repuisive interactions.
This high value of T single particle compared with the value of 3.1p.s.
might suggest that there are dynamic angular correlations present in the
pure liquid and F Is not zero. Versmold44 applied this equation again
assuming F=0
g(2)=Tls(total)/‘rzr(slngle particle) V.9
which ylelded a value of 1.6 for 62) Fig.21 shows a plot of functions P
)

and P2 from which it can be seen that the g of 0.7 and 9(2 of 1.6 agree

fairly well to suggest an average preferential static mutual

1

orientations between 90 and 180°. This is an antiparaliel a:{angemem
between adjacent molecuies. This might suggest that the dipoles are
aligned along side each other so as to have opposite charges of the
dipole next to each other. However, a head to head arrangement of the
molecules also constitutes an antiparallel configuration. The agreement
between the far-infrared and light scattering static correlation factors
implies that the hght scattering correlation times contain no dynamic
correlations. This again suggests that the dynamic correlations are due

to slowly varying dipolar and inductive interactions which the light
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scattering experiment is not sensitive to. The Keyes—Klvelson28 theory
can also be used to calculate the relaxation time for the distinct
correlation function for rotational diffusion. Again. this Is thought to
apply fairly well to the long time part (relaxational) of the
reorientational mot{on (see chapter 1)

1/ 1 VT, . e V.9

Tdistinct™ '/ single particle total

where g is the static correlation factor taken as 0.66, if Tsp is taken

as 3.0ps. and 7 as 6.0p.s. then 7 is 0.12p.s. This is faster

dis.
than either the total or single particle relaxation times. According to

tot

Keyes and Kivelson it should be greater than either of them because it
isolates the reorientation of many particles. This result reinforces the
proposition that dynamic correlations between the angular momenta of
adjacent molecules cannot be neglected as it appears théy can be In the
second rank tensor. light scattering exper!ments"8

Chandier'%% has applied his RISM (Rough Hard Sphere Theory)
calculations to CHSCN. This model inciudes only short range rapidly
varying repulsive forces acting between the molecules. He found that
there was strong static preference for antiparallel angular correiations
in the pure liquid. These correlations were due to the shapes of the
molecutes and not dipolar interactions. The model does fit the
experimentai X-ray and neutrpn scattering structure factors in all but
the region that corresponds to long range interactions. Chandler does
concede that dipole—dipole potentials do contribute to the static order
of liquids. However, he also points out that the structure factors of
082 which has a very similar shape but no dipole moment to CHSCN are
qualitatively similar. The experimental x-ray and neutron site-site

structure factors are difficult to interpret in terms of angular
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]
correlations for light molecules 03 because of the approximations
involved in calculating, for instance. the nitrogen—-nitrogen structure
factor.

V.5 Results of 2nd. Crder Mori Model Analyslis

a. Calculation of 7 using eqns.I1.18 ond 1119

The calculated 7 was 3.35p.s. This iIs close to the 7 for the dilute

solutions in CCI4 and benzene solutions. This value is also similar to

103

the value predicted for the 7. single particle by the Hubbard

1r
equation from the 7, single particle data (see V.4) of about 3.0p.s.
The model was in fact formulated to caiculate single particle functions
and since the far-infrared band shbuld not have any contr_lbutlons from
molecular intercorrelations (see Chapter |.6) the agreement with the
predicted single partcle correlation time is very good.

The caiculated 4th. moment (equation H.17) was 125x1050§4.Thls is
much higher than the measured values (section V.2). The value of the 1/¥

0‘11' seconds. This data Iis an indication of the

parameter was 2.2 x1
intrinsic quality of the model without any fitting to the observed data.

b) Fitting of the Two Parameters K.(0) and ¥ Using Equation I1.12

Two fits to the experimental curves were made. Fit 1 had the Polo-
Wilson correction factor49 used to correct the Iintensity and fit 2 had
no correction done. The fitted curves are shown in Figs.V.22 and 23, the
results of the fits In table V.6. As can be seen the best fit was
obtained when the correction factor was used. Both fitted curves have a
shoulder at about 150m-] which is not present in the experimental curve.
This implies that the second order truncation Mori model has a
separation beween the microwave (Debye) relaxation behaviour and the

far-infrared librational behaviour which Is not present in reality. The
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Table V.6 Results of 3 Parameter Mori Model Analysis

a) Calculated values

M4x10°0s-4 147 x10-14 5.
125.0 2.17
b) Fitted values
Fit 1. 39.3 5.90
Fit 2. 34.8 5.00
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recaiculated 7 values have an average of about 2.5p.s. which is smaller
but still quite similar to those discussed In section V.5.a.

The calculated 4th moments are very similar to the measured ones.
The model is therefore (unless this agreement is only coincidence)
correctly simulating the far-infrared absorption in terms of the
intermolecular mean square torques. The torque correlation time
parameter 1/y values are longer than those from the one in section
v.5.a. This value being greater than nought reflects the move away
from the rotational diffusion picture which has zero time duration of
torques.

Equation 11.12 has the property that as the peak in a(v) moves to
high frequency the peak in €"(v) moves in the opposite way47. l.e. as
the intermolecular torques increase molecular relaxation is slower which
Is just what is found experimentally (section V.4). In addition, as ¥ is

proportional to K.(0) 11.19 this means that as the torque increases the

1
duration of the torque is reduced. This again reflects the differences

with the rotational diffusion picture In which the peak in a(v) is at

infinite frequency and Iinfinite torques act instantly.

The recaiculated €"(v) and €' (v) are shown in FigV.24. The curves do
reproduce the buige on the high frequency side of the €" (v) function and
the minimum in the €' (v) which are observed in practice See Fig.l.2 and
Fig.v.2.

More recent work on the Morl]06 formalism has shown that, in
molecules where the centre of volume Is located at some distance from
the centre of mass such as in bromobenzene then the librational motion

is strongly coupled to the transiation of the molecule. In this

situation a libration about the centre of volume which Is the most
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likely event in a condensed phase]m Is made up of a libration about the

centre of mass and a transiational oscillation of the centre of mass.
This separation is unlikely in CHacN as the centre of mass and centre of
volume are probably very close.

V.6 Further Discussion

Computer simulations of dynamic assemblies of molecules can be made
on computers of high central processing power. This method consists of
solving the equations of motion for hundreds or thousands of interacting
particles. After a certain time the desired correlation functions can be
extracted from the recoded motions of the particles. Computer
simulations provide a means whereby experimental data can be
reconstructed using an adopted intermolecular potential. There are
problems in inciuding long range forces in the intermolecular potential
because only limited numbers of molecuies (of the order of hundreds of
molecules) can be simulated in one ’experiment'n. Adams108 has
simuiated cylindrical molecules with a central point dipole and found
some correlation between rotational and translationai motion. It was
found that orientational correlation was reduced more rapidly when the
molecule was translating perpendicular to its main axis than along this
direction. This is because In this direction the molecule presents more
cross sectional area for collision than when it moves in the direction
of the major axis. In addition the moiecule Is more iikely to move in
this direction since it meets fewer obstacles to motion. On these terms
there is some correlation between translational and rotational motion.
These ‘experiments’ are not completely trustworthy because they involve
the use of an assumed Intermolecular potential which may not be

correct”, it is expected that computer simulation techniques will lead
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to new generations of models of motion in the future because they afford
more accurate ‘experimental’ tests of the models than by fitting to

observed data1 7'109.
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Chapter VI

Yaman Study on the Abratinr Lo N
: he vy vibraticr Gand of CHSCN in  Methancl Soludinns
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V1.1 Introduction
This study is on the v, (C-H symmetric stretch) vibration band of

CHSCN by Raman spectroscopy. The shape of a vibrational band Is affected
by the Intermolecular interactions in the liqulds. It Is hoped that a
band shape analysis of the v, band when the nitrogen atom of CHSCN Is
‘hydrogen bonded’ to the hydrogen atom of the alcohol group of methanol
will enable some of the mechanisms which cause the band broadening to be
understood. In the solutions of CHSCN with 00300 the biggest additional
contribution to the Interaction potential above that in the pure liquid
will be the hydrogen bonding Interactions, the complex has an
equilibrium constantm5 of 2.6dm3 mol_1. The v, band is the most Intense
band in the Raman spectrum of CHacN enabling very dilute solutions to be
studied at high signal to noise ratio. Its vibrational frequency in the
liquid Is at about 2940 cm-1. In addition, the band Is relatively
undisturbed by other vibrations. It does have some intensity from Ve at
3003 cm—1 but this is overcome by using only the low frequency half of
the band which is not thought to contain any intensity from the Vg band.
Raman band shapes were analysed by the correlation function method (see
chapter |. equations 1.27 to 1.31) the Raman scattering correlation

functions are obtained from the Fourler transform of the polarised and

depolarised spectra.

I‘ s o(w)=lvv(w)—4/SIVH w VIi.1

Iamso(w)=IVH(w) ..... vi.2

®V(t)=f1'so(w) coswt dw .. Vvi.3
band

@v(t)®2r(t)=jlamso(w) coswt dw ... Vi.4

band
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The depolarisation ratlo43 (p=lVH/lW) of the vy band of CHSCN Is
extremely smali p=0.009”0. which is too small to allow the rotational
(d>2r) correlation function to be obtained from the spectra using
equation 1.34.

Several workers' 1071 '% have attempted to elucidate the non-
reorientational mechanisms by which the v, band is broadened In the
liquld. There are two basic subdivisions into which vibrational
broadening can te dlvlded”s-ne.

a) Energy relaxation. These processes are transfer of vibration
energy to the surrounding molecules via rotational and translational
degrees of freedom; also vibrational energy redistribution to other
vitoranonjll modes. This may be possible with v, because of the presence of
other bands of similar frequency (e.g. Ve 3003. Vi ty, 3000, -2v6 2800 and
2vgtv, 2990cm'_1)”°.

b) Phase coherence is lost through Intermolecular interactions. The
frequency of vibration of a molecule is changed because the interaction
energy of the excited molecule with its surroundings Is different to
that of the molecule in its ground state. This is due to electrical and
mechanical anharmonicity of the vibration. In the second cause of phase
relaxation the vibrational frequency of the excited molecule is shifted
because of vibrational coupling with surrounding molecules. In this
situation vibrational energy Is not confined to a single molecule. In

both these cases one gets a distribution of frequencies caused by random

mutual orientations and separations between molecules.
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If the frequencies of energy fluctations in the probe molecule’s
surroundings do not match the vibrational frequencies. then phase
relaxation will be much faster than energy relaxation and will
therefore. determln‘e the band widthne. For the v, vibration hw Is about
ten times kT so it is expected that phase relaxation will control the
band broadening.

The interactions change as a function of time according to the
motions of the molecules. The short time part of the vibrational
correlation function exhibits the static structure of the liquid. The
band is said to be inhomogeneously broadenedn7. At longer times the
static structure is averaged out by the molecular motions of the
surrounding molecules and the band is said to be motionally narrowed”o.
Now only pure phase relaxation remains and the band Is said to de
homogeneously broadened.

Previous studies on 2 of the pure liquid by Yarwoodno and
Schroeder”2 found no additional motional narrowing on increasing the
temperature. This Implies that as the attractive forces which may
contribute to the band width are thermally averaged out and the band Iis
not narrowed these interactions are probably not be a major factor in
determining the width if this particular band. This in turn might
suggest that repulsive interactions play a mojor role in determining the
width of this band. Dilution studies in CCI4 by Yarwoodno et al showed
quite a sharp decrease in T, on increasing the concentration of CHSCN.
going to a much less steep curve at 0.2m.f. This a similar but reverse
trend to that shown by Tir far—infrared multimolecular correlation time.

(see chapter V). One might suggest that this is due to the presence of

‘clusters’ of CH-SCN which only break up when the dilution of CHSCN
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molecules fails to 0.2 mole fraction. However. as pointed out by
Yarwood”0 there Is no reason why the contribution of CHSCN molecules to
the intermolecular potential should be linear. On going from the pure

liquid to a very dilute solution Ty increased from 1.5p.s. to 2.8p.s.

This shows that as the slowly varying (r-6 dependence) dipolar

interactions are removed and replaced by Iinteractions with the CCI4

solvent the vibrational relaxation gets slower. The remaining

interactions which cause the band broadening may be due to dispersive

" ® dependence). Inductive. (% octopolar dess than r8 or

—12)110_

repulsive interactions (r In another paper by Yarwood. work on

CHSCN diluted in both polar and non-polar soivents was reported”g. Here
it was found that the band was lcm | wider in the polar solvent CD,4NO,
than in the pure liquid and between 1 and 2cm"1 narrower in other non-

polar solvents (CSZ. CGDG' (CHzBrz)‘ This suggests that assuming

additional forces present in these solvents above th‘ose in the pure
liquid are not tco great about Scmq of the band broadening Is caused by
other interactions than dipole-dipioe interactions. The additional
interactions would be due to greater inductive, dispersive and repulsive
forces. However, the theory developed by Di:igen6 suggests that the
dipole—dipole interactions are strongly dependent on the lengths of the
interacting dipoles and these are difficult to estimate. Therefore. it

is difficult to monitor what effects are expected if ground state

dipolar interactions are important in vibratlonal band broadening.
Transition dipole Interactions (leading to resonant energy transfer
between adjacent vibrating molecules) were not thought to contribute

very much to broadening of the vy band since there was very little

effect when CHSCN was diluted In CDscN In which the transition dipole Is
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much different to that in the pure liquid because of its different

normal coordinate for the wv. vibration.

1
VI.2Kubo Line Shape Theory.

According to Rothschlld]”, since the vibrational correlation
functions have a short time Gaussian part and a long time Lorentzian
tail and there is no inflexion between them, then the average spread of
transition frequencies at zero time <w2> can be identified by the

normalised vibrational second moment of the band

<w2>=M =ﬁt w-w) (wW-w )2 dw VL5
2 }Tso (4] o} T !

Wo

o
II'so(w-wo) dw
w

(-]

where Wy is the band centre. if vibrational energy relaxation is slow
" compared with dephasing then it can be ignored as determining the band
width. The binary collision model of Fischer and Laubereau121 has The
energy relaxation 10—6 to 10-8 slower than phase relaxation. However.
energy relaxation or the intrinsic line width of the band can be
measured using picosecond puise laser technlquesme. In this experiment
a pump pulse from the laser increases the population of molecuies in the
excited vibrational state. This gives rise to enhanced anti-Stokes Raman
scattering of a second pulse of different frequency. Varying the delay
time between the pump and probe pulse. the rise and decay of the excess
density of molecules in the excited state is observed. The decay of the
scattering signal is a direct measure of the energy relaxation time.

122

Using this method Harris has obtalned a value for the Iintrinsic

relaxation time of v, of CH3CN of 5.3p.s. Thus if these measurements are

122

1

accurate energy relaxation is not slow enough to be neglected
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Assuming only phase relaxation, then Kubo] has shown that for each

process that contributes to”6 ‘bpp

2 - _
¢pp(t)—exp(—<w YT *T exp( UTC) 11..Vi.6

where e is the correlation time for the fluctuations in the
intermolecutar potentials. It Is a measure of the rate at which the band
is ‘motionally’ narrowed. If the potentials are siowly varying - slow
modulation - i.e, <w2>1/2rc>>1, then
® (t)=exp(-1/2<w2>t2) ..... VI.7
PP
Te is not Involved. This is a Gaussian function. This equation also

applies to the short time part of the fast modulation case. For long

times in the slow modulation limit

2 2 2
®pp(t)—exp( W >t'rc+<w >'rc ) Vi.8
In the fast moculation limit <w2>1/2'rc<<1 then
2
® W=expt-«wo>T O . VvI.9
pp P c

This is a Lorentzian correlation function. As already stated observed
correlation functions have a small Gaussian short time part t«'rc which
in the model”7 corresponds to oscillators vibrating with random phase
in different molecular environments which have not yet had time to
rearrange through fluctuations (and the initial phase is rapidly lost
since each perturbation remains significant for a long time) as time
increases and t)>Tc, M2 and Te determine the phase loss in the rapid
modulation limit where there |Is slower loss of phase as the effect of
rapid perturbations decreases rapidly and a Lorentzian profile is
observed. The siope of Ioged>pp(t) versus t is —<(a)2>‘rc so |if T,
vibrational relaxation = Tpp phase relaxation and the vibrational
correlation function is Lorentzian then

2
(=exp(-t/7_=expl-w>tT) .. vi.10

pp
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and

VT =<w2>1 . VIL11

PP ¢ .

<w2> can be measured for the v, band since the high frequency side of
the band is undisturbed for 50cm_1 from the band centre. In this work Ty
and Te have been évaluated for a series of solutions in which CHscN is
subject to long-range slowly varying (with distance) interactions with
methanol. In fact CDSOD was used in order to avoid Interference from the
v, band of the H compound.
Vi.3 Experimental

All the spectra were recorded at the Institut fur Physikalische
Chemie der Technischen Universitat, Braunschweig. West Germany. in
collaboration with Professor G. Doge and his rvesearch team.

The spectra were recorded on a Coderg LRT80 Laser Raman Spectrometer
connected to a Spectra Physics 171-06 Argon lon Laser operating on the
green line (514.5nm). The power was adjusted depending on the
concentration of CHSCN in the sampie but was between 1 and 4 Watts at
the sample.

The laser light was polarised before entering the sample and after
the sampie a rotating analyser allowed the polarised (IVV) and
depolarised (IVH) components of the scattered light to be separated. The
analyser was plac_:ed at 90° to the Iincident beafn with the polarised light
being scrambled before it entered the photomultiplier to avoid any
difference in sensitivity the photomultiplier might have to the
polarisation of the radlation. The scattered radiation was scanned
through a spectral slit of width no greater than 1.3cm . The width
depended on the concentration of CHsoN in the solution. This is varied

to give a high signal to noise ratio in the spectrum without putting too

144



much siit function in the measured band. A slit of 1.3cm ' is 28% of the
band width which is low enough to avoid band distortlon”o. The
resolution from a slit of this size puts a theoretical long-time
reliable limit in the correlation function of91 tmax=n/Aw = 12p.s. The
time constant of the detection system was also adjusted to give a
smoother signal but was not made too slow as to Interfere with the speed
at which the spectra were digitised. The time constant was usually
0.1secs. and the spectra sampled for 5secs. at every 0.25cm—1. This was
achieved by use of a stepping motor to drive the monochromater and a
photon count integrator attached to the photomultiplier. The total
number of counts at each frequency interval was punched on paper tape by
a Facit 4070 punch. The spectrum was glso displayed on a Servoscribe
chart recorder.

The samples were contained in a glass 1cm section ultra-violet cell.
All the tliquids were spectroscopic grade. The CDSOD was supplied by
CIBA-Geigy. The liquids were distilied before use in order to remove
dust particles which can scatter light and put noise in the spectrum.
The temperature of the sample was maintained at 15°C by circulating
water from a Hacke F.S. temperature controller.
Vi.4 Computation

The spectra were analysed in Durham on program NEW1. The program
performs several manipulations on the data. First the points were
linearly interpolated to 0.1250m_] intervals in order to permit more
accurate location of the band centre. The band centre was taken as the
average of the centre of the band at 70. 80 and 90% of the band height.

1

The accuracy in the peak positions is estimated to be + or — 0.5cm . A

Gausslan slit function of width equal to the slit width used was then
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deconvoluted from the band. The normalised second moments were then
calculated. Next the isotropic function was caiculated. the band was
normalised and the Fourler transform of the centre outwards to about
50cm_1 away from the band centre was -performed using a ’‘slow’ Fourier
transform method to calculate the cosine transform. The SOCmq scanned
frequency limit yields a time resolution In the correlation function

ofg] At=m/wmax.=0.3p.s. 7 was obtained by Integration. 1/e drop and
from the slope of Ioge of the correlation function.

The errors in the calculation of 7 produced by random nolse In the
spectra are not thought to lead to errors of more than + or - 0.1p.s.
Errors in the calculation of the vibrational second momem’s are much
greater. It is now thought that their computation up to>50 cm-] from the
band centre is about half as far as is necessary to properly obtain
M2(vib.) (see refs 112). This means that the M2 values are ail smaller
by an inestimable amount (It might be as much as 50%) than they should

be. Discussion involving M2 can thus only be on a qualitative level.

V1.5 Description of Solutions

A serles of three experiments was performed.

a) The ratio of CD300 to CHSCN was kept constant at 4:1 while the
relative amount of CCI4 was Iincreased from 0.0 to 0.8 mole fraction.

b) The concentration range of CHSCN In CDSOD was studied from 0.07
to 0.9 mole fraction.

In both a and b, the band was measured from 2900 to 2950cm ' le.
approximately 6cm | beyond the band maximum.

¢) A short concentration range of CDscN in CH30H of 0.07 to 0.2 mole

fraction. The peak frequency in the deuterated compound Is at

approximately 21150m-]. This band has some structure In its low
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frequency wing and so the high frequency haif of the band was used. The
spectra were recorded from 2110 to 2160cm™ .
Examples of spectra are shown In Figs.VL.1.2 and 3.

VI.5 Results and discussion

a) CH:,,CN/CDC,,OD/CCL,r System

Table VIi.1 shows all the data for the CHSCN/C0300/CCI4 solutions.
Fig.vi.4 shows a typical correlation function and Fig.Vl.5 is the
natural log. of this function.

The variation in the peak frequency of vibration on increasing
concentration of CCI4 is seen as a steady décrease from 2943.375 to
2941.125 cm_1. This is tending towards the value in a dilute solution of
CHacN in CCI4 which s 2940.5”0 cm_l. This suggests that the CCI4
molecules have little difficulty in ‘penetrating’ the 4 CDSOD molecules
surrounding the central CHSCN molecule and affecting the C—-H stretching
vlbrétion. Frequency shifts from the gas phase value of the central Q-
branch line are thought to be caused by distortion of the. molecule by
the reaction field on the central molecule by the field induced in the
surrounding molecules124. The magnitude of the shift is determined by
the dielectric properties of the surrounding molecules. The magnitude of
the shift can be obtained from the following expression by Bucklnghaam]24

bw/w = C + C (e -1/2¢ +1) + C2(€@_1/2€m+l) ..... vi.12
where the C constants depend only on the vibrating molecule. The greater
shift in the presence of CCI4 molecules suggests that the second term In
VI.12 is unimportant i.e. that dipolar forces do not affect the
frequency shifts to any large extent. This then Implies that the third

term in VI.12 is the controlling factor. The greater shift in CCI4

suggests that this solvent has a higher € value than the CHSCN/CD3OD
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9. The latter proposition Is, however,

solution and indeed pure CHacN”
not borne out by the € data obtained by the Kramers-Kronig analysis
data presented in chapter V which has CHscN and CCI4 having similar €,
values.

The 7 values are shown In table VI.1. First it should be stated
that the 7, valugs are all smaller than they should be because the
correlation function has not decayed to zero at the limit of the
integration which was 5p.s. (see Fig.Vi.4). It is estimated that the T

values are about 5% too small. This means that the T' and 71 values

1/e
are very close to each other both of which are about 10% larger than the
T values. Since T, Measures the relaxation of the long time -pan
(Lorentzian) of the motion this means that the short time Gaussian part

of the correlation function adds about 10% to the total relaxation time

of the band. Some of the Gaussian contribution will be due to truncation
of the band before infinite wavelength l.e. before the band has decayed

completely to zero. However, the band was recorded over a range of 400m“l

from the band centfe at which point the band had become almost
completely level (see Fig.Vi.1). Therefore, it Is thought that most of
the Gaussian part is a real reflection of the short time part of the
relaxation of the v, vibration. All three sets of correlation times show a
steady increasing trond (about 0.5p.s. accross the concentration range)
as the concentration of CCi4 is Increased. As with the peak frequencies
this is a trend towards the value in a dilute CCI4 solution (1.66p.s.
for a 0.06 mole fraction solutlon”o). The M2 and 7. data do not show any
trend within the experimental error. This means that in the rapid
modulation limit (equation VI.9) assumed in this calculation the

structure around the probe molecule in all of these solutions decays at
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Table Vi CH%QN/CD,,OD/CCI,‘ Solutions

All T values are in 10 '2 seconds. M, is in 1024 secs®

CCl, MF. Tvl 'rvs -rv”e w? 7cs Fmawem !
0.00 1.70 1.50 1.72 1.31 0.45 2943.375

0.10 1.72 1.6 1.77 1.58 0.37 2942.750

0.218 1.74- 1.65 1.85 1.49 0.39 2942.375

0.399 1.87 1.75 2.00 1.34 0.43 2941.875

0.501 1.89 1.70 1.94 1.37 0.39 2941.750

0.596 2.00 1.90 2.14 1.01 0.51 2941.375

0.800 2.21 2.22 2.48 1.02 0.44 - 2941.125

CH3CNICD3OD:114

154



the same rate. The trends shown by ¥ and T, indicate that the

max
interactions in the CHSCN/CDSOD system are strong enough to cause
greater perturbation of the frequency of vibration and faster dephasing

of the v, vibration than when CCi 4 molecules are present. These

1
interactions are readily replaced by what is thought to be weaker
interactions with C(‘3l4 molecules leading to slower dephasing. This can
be rationalised by the fact that the dipolar and ’"hydrogen

bonding’ Iinteractions affect the CN end of the CHSCN molecule which s
at the opposite end of the molecule to the C-H streich. The results also

suggest that the ratlo of 4 CDaoD molecules to 1 CH3CN s not maintained

in a ‘stable’ cluster around the CH,CN since the CCl, molecules can get
close enough to interact with the CHacN moiecules. The interactions with
CCL4 molecules will be less In number of pairwise Interactions because

of its much lower ﬁumber density than CHacN and CDsoD (10.4 moles per
litre compared with 19.1 and 21.9 respectively). This means that each

pairwise Interaction with CCI 4 mol.ecules in these liquids which leads to

the dephasing of the Y, band is probably as strong as it is with the

other two liquids. These results imply that attractive Interactions do

not greatly affect the width of the v, vibrational band In these solutions. One

might again suggest that repulsive interactions and/or energy relaxation

play a major role in determining the width of this band.
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b) CH30N/CDsOD and CDscN/CHSOH solutions

Typical correlation functions for these solutions are shown in

Figs.Vi 6-10. Results from analysis of the bands are shown in tabie
VI.2. The peak frequency data does not show any trend in the CHSCN/CDSOD
system. This suggests that whatever interactions affect the peak
frequency in these solutions they are essentlally the same In ali of
these solutions. In addition, the vibrational relaxation times show only

a slight variation across the concentration range. the relaxation In
dilute CDSOD solution being about 0.1 p.s. faster than in the most
concentrated solution. These results show that the mechanisms
responsible for relaxation in pure CHSCN and in these solutions lead to
very similar relaxation rates. This might suggest that the interactions
which lead to band broadening are also similar. There is littie

variation in 7, as weil, indicating that the structure around the probe
molecule which affects the V; vibration Is modulated at the same rate
across the concentration range.

The data for the CDSCN/CHSOH system shows that the relaxation of the
band in the deuterated compound Is slower than it is in the H-compound.
The same behaviour was found for the pure liquids by Schroeder et 3'112.
This observation suggests that (if all other Interactions are equal in

the hydro and deutero compounds) that frequency dependent interactions

which cause band broadening are quite important for the v4 band.

According to the binary collision model of Kaiser et .al]21 for vibrational

relaxation Tpp is proportional to1/w2. This Is the opposite trend to

that found for the v, band on going from CHacN to CDSCN in  which the
vibrational frequency falls from about 2943 to about 2115 cm ~'. In addition,
this model has 7, decreasing exponentially with increasing w . which is a
trend in the séme direction as found for the v, vibration on going from
CHSCN to CDSCN. However, the difference in mass between D and H also affects

the band wic‘lth?“z'u1
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Table V).2 CHSCN/CDSOD and CDSCN/CH30H Solutions

CH4CN M.F. Tvl -rvs Tvl/e wb Tc' v(maxcm |
0.072 1.61 » 1.45 1.72 1.73 0.36 2943.00
0.189 1.67 1.52 1.75 1.69 0.35 2943.25
0.318 1.72 1.53 1.80 1.4 0.41 2943.25
0.411 1.73 1.52 1.80 1.56 0.37 2943.25
0.502 1.72 1.53 1.81 1.61 0.36 2943.375
0.608 1.74 1.52 1.82 1.38 0.42 2943.375
0.721 1.75 1.54 1.82 1.35 0.42 2943.00
0.795 1.75 1.54 1.83 1.63 0.35 2943.25
0.894 1.77 1.55 1.84 1.42 0.40 2943.50
CDLCN/CH OH_

CD_CN MF.

0.072 2.27 2.35 2.67 1.45 0.34 2115.0
0.091 2.29 2.72 2.72 1.528 0.29 2115.375
0.189 2.41 2.72 2.79 0.78 0.53 2115.375

All T values are In plcoseconds. The vibrationai second moments are in

units of 1024 sec.”?*.
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VI.6 Concluélons

These resuits on their own do not enable one to say which of the
intermolecular interactions is the dominant cause of dephasing. However,
the measurement of the rate of energy relaxation of the Vi band in the
pure liquid by Harrls.|22 of 5.3 p.s. means that energy relaxation
probabiy cannot be ignored in these systems. Assuming energy relaxation
and phase relaxation are uncorrelated thena'

’I/Tv = 'l/Ter + 'I/Tpp ..... Vi3

gives values for 7, In the solutions studied here between 2.09 p.s.
{solution 1 In the CHacN/00300/CCI4 system) and 5.5p.s. (first solution
in the CDSCN/CHSOH system). This implies that phase relaxation and
energy relaxation contribute broadely similar amounts to the vibrational
relaxation time. Clearly measurements of the energy relaxation by the

pulsed laser technlquewe would be required on all of the solutions to

verify this.

‘As already mentioned the slower relaxation for Vq in CDSCN than CHscN
in the solutions studied here agrees with the predictions of the binary
collision model of Fischer et 3.121 for energy relaxation. This
reinforces the proposal that energy relaxation Is Important for

these soiutions and that energy levels are depopulated through binary

colilisions.
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APPENDIX 1.

a) Lectures and Seminars organised by the Department of Chemistry during

the period 1978-1981

(* denotes those attended)

-4
15 September 1978

Professor W. Siebart (University of Marburg. West Germany). “Boron
Heterocycies as Ligands in Transition Metal Chemistry®.

22 September 1978

Professor T. Fehiner (University of Notre Dame. USA), "Ferraboranes:
Syntheses and Photochemistry”.

12 December 1978

Professor C.J.M. Stirling (University of Bangor). "'Parting is such
sweet sorrow’ - the Leaving Group in Organic Reactions®.

=
14 February 1979

Professor B. Dunnell ‘University of British Columbia), "The Application
of NMR to the Study of Motions in Molecules”.

-1
16 February 1979

Dr. J. Tomkinson (institute of Laue-Langevin, Grenoble). “Properties of
Adsorbed Species”.

14 March 1979

Dr. J.C. Walton (University of St. Andrews), “Pentadienyl Radicals®,

20 March 1979

Dr. A. Reiser (Kodak Ltd), "Polymer Photography and Mechanism of Cross-—
link Formation Iin Solid Polymer Matrices”.

25 March 1979

Dr. S. Larsson (University of Uppsala), "Some Aspecis of Photolonisation
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Phenomena in Inorganic Systems”.

=
25 April 1979

Dr. C.R. Patrick (University of Birmingham), °“Chiorofluorocarbons and
Stratospheric Ozone: An Appraisal of the Environmental Problem®.

1 May 1979

Dr. G. Wyman (European Research Office. US Army). "Excited State
Chemistry in Indigoid Dyes".

2 May 1979

Dr. J.D. Hobson (University of Birmingham), °Nitrogen-centred Reactive
intermediates”.

8 May 1979

Professor A. Schmidpeter (Institute of Inorganic Chemistry., University
of Munich), "Five-membered Phosphorus Heterocycles Containing
Discoordinate Phosphorus”.

9 May 1979

Dr. A.J. Kirby (University of Cambridge)., "Structure and Reactivity in
intramolecular and Enzymic Catalysis”.

9 May 1979

Professor G. Maier (Lahn-Giessen), °“Tetra-tert-butyltetrahedrane”.

%

10 May 1979

Professor G. Allen. F.R.S. (Sclence Research Council), °“Neutron

Scattering Studies of -Polymers®.

16 May 1979

Dr. J.F. Nixon (University of Sussex). “Spectroscopic Studies on

Phosphines and their Coordination Complexes®.

23 May 1979

Dr. B. Wakefield (University of Saiford), °Electron Transfer in
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Reactions of Metals and Organo-metallic Compounds with
Polychloropyridine Derivatives”.

13 June 1979

Dr. G. Heath (University of Edinburgh), °“Putting Electrochemistry into
Mothballs (Redox Processes of Metal Poiphyrlns and Phthalocyanines)”,

14 June 1979n

Professor I. Ugl (University of Munich), "Synthetic Uses of Super
Nucleophiles”.

20 June 1979

Professor J.D. Corbett (lowa State University. Ames. lowa. USA), "Zintl
lons: Synthesis and Structure of Homo-polyatomic Anions of the Post-
Transition Elements”.

27 June 1979

Dr. H. Fuess (University of Frankfurd), °“Study of Electron Distribution
in Crystalline Solids by X-ray and Neutron Diffraction®,

217 November 1279

Dr. J. Muller (University of Bergen). "Photochemical Reactions of
Ammonia“.

28 November 1979

Dr. B. Cox (University of Stirling)., "Macrobicyclic Cryptate Complexes.
Dynamics and Sniectivity”.

5 December 1979

Dr. G.C. Eastmond (University of Liverpool)., "Synthesis and Properties
of some Multicomponent Polymers®.

-1
12 December 1979

Dr. C.l. Ratcliffe (University of London), °Rotor Motions in Solids®.

k]
19 December 1£79
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Dr. K.E. Newman (University of Lausanne), *High Pressure Multinuclear
NMR in the Elucidation of the Mechanisms of Fast., Simpie Reactions”.

-1
30 January 1980

Or. M.J. Barrow (University of Edinburgh), "The Structures of some
Simple Inorganic Compounds of Silicon and Germanium - Pointers to
Structural Trends ‘in Group IV~

6 February 1980

Dr. JM.E. Quirke (University of Durham), "Degradation of Chiorophyll-a
in Sediments”,

23 April 1980

B. Grievson B.Sc. (University of Durham), °“Halogen
Radiopharmaceuticals”.

14 May 1980

Dr. R. Hutton (Waters Associates, USA), °"Recent Developments in Multi-
milligram and Multi-gram Scale Preparative High Performance Liquid

Chromatography”.

21 May 1980

Dr. T.W. Bentley (University of Swansea). "Medium and Structural Effects
in Solvolytic Reactions”.

10 _July 1980

P}ofessor P. des Murteau (University of Heidelburg). “New Developments
in Organonitrogen Fluorine Chemistry®.

R
7 _October 1980

Professor T. Felhner (Notre-Dame Univarsity, USA), °Metalioboranes -
Cages or Coordination Compounds?”.

5
15 QOctober 1980

Dr. R. Adler (University of Bristol). "Doing Chemistry iInside Cages -
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"
12 November 1980

Dr. M. Gerloch (University of Cambridge), "Magnetochemistry Is about
Chemistry”.

19 November 1980

Dr. T. Gilchrist (University of Liverpool), °Nitroso Olefins as
Synthetic intermediates”.

3 December 1980

Dr. J.A. Connor (University of Manchester), “Thermochemistry of
Transition Metal Complexes”.

-4
18 December 1980

Dr. R. Evans (University ot Brisbane, Australia). “Some Recent
Communications to the Editor of the Australian Journal of Falled
Chemistry".

=
18 February 1981

Professor S.F.A. Kettle (University of East Anglia), "Varlations in the
Molecular Dance at the Crystal Bail®.

25 February 1981

Dr. K. Rowden (University of Sussex), "“The Transmission of Polar Effects
of Substituents”.

4 March 1981

Dr. S. Craddock (University of Edinburgh). "Pseudo-linear
Pseudohalides”.

-4
1 March 1981 .

Dr. J.F. Stoddart (.C.I. Ltd./University of Sheffield), °Stereochemical
Principles in the Design and Function of Synthetic Molecular Receptors®.

2
17 March 1981
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Professor W. Jencks (Brandeis University, Massachusetts), "When is an
Intermediate not an intermediate?”.

: 4
18 March 1981

Dr. P.J. Smith (nternational Tin Research Institute), "Organotin
Compounds - A Versatile Class of Organo-metalilc Compounds®.

9 April_1981
Dr. W.H. Meyer (RCA Zurich). “Properties of Aligned Polyacetylene”.

n

6 May 1981

Professor M. Szwdre, F.R.S.. “lons and lon Pairs".

10 June 1981

Dr. J. Rose (I.C.l. Plastics Division). "New Engineering Plastics”.

17 June 1981
Dr. P. Moreau (University of Montpellier). “Recent Results in
Perfluoroorganometailic Chemistry”.

Appendix 2.

Conferences attended during the period 1978-1981

1. Spectroscopy Group of Institute of Physics. "Aspects of Submliilimetre
Spectroscopy”. Westfield College. London, December 1978.

2. The Chemical Society, Statlstléal Mechanics and Thermodynamics Group,
"Polar Fluids®, Aberystwyth, September 1979.

3. Annual Cong.re_ss of the Chemica! Society and the Royal Institute of
Chemistry. Durham University, April 1980.

4. Royal Society of Chemistry, Statistical Mechanics and Thermodynamics
QGroup. "The Siructure of Molecular Liquids®, Cambridge. April 1981.

5. Spectroscopy Group of Institute of Physics. “Special Techniques for

the Submiilimetre Region®, Westfleld Coliege. London. April 19881.
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STUDIES OF MOLECULAR MOTIONS AND VIBRATIONAL RELAXATION IN ACETONITRILE.
VIi. USE OF THE ROTATIONAL DIFFUSION MODEL TO INVESTIGATE THE BAND SHAPLS
OF THE v5 AND vg BANDS OF CH,CN IN THE LiQUID PHASE

T. BIEN, M. POSSIEL, G. DOGE

Lehrstulld B fiir Physikalische Chemie, Technische Universitat,

Braunschweig, West Germany
and
J. YARWOOD and K.E. ARNOLD

L -partment of Chemistry, University of Dur:am,
Durham City, DH1 3LE, UK

Reccived 28 July 1980

Reorientational correlation functions GS’J‘(:) for the degenerate (E) bands of liquid acetonitrile (CH3CN) huve been
computed using NMR spin-lattice reluxation data (for CD3CN) and gas phase Raman band profiles, assuming that the
rotationa! diffusion model is valid. The effects of both anisotropic rotativnal motion and of Coriolis coupling are included.
The predicted correlation tfunctions along with those calculated using the classical **free” totor equations, have been com-
parcd with those obtained from the vs (Raman) and vg \IR and Raman) experimental band profiles. It is shown thas,
despite the simplicity of the model and' obvious (understandable) discrepancies at short times, sensible conclusions may be
drawn. This work represents a starting point for the testing of more complicated models for reorientational motion in

dense phases.

1. Introduction

The investigation of vibrationul relaxation and
molecular reorientational processes in (simple) mole-
cular liquids using spontaneous Raman scattering and
infrared absorption spectroscopy has recently gener-
ated a considerable literature {1 —4]. Most publica-
tions have described studies on the parallel bands of
symmetric top molecules since, in this case, separa-
tion of vibrational and rotational contributions to
the overall band profile.is rclatively straightforward
[1,2] (although by no means without its difficulties).
One of the molecules most extensively studied in this
way has been acetonitrile |5—9] (a full list is given in
ref, [5]). Despite the interterence of overlapping hot
bands {9] and the apparent complexity of the mole-
cular dynamics, a great deat of useful information has
been obtained and a number of ditferent theoretical
approaches [10—13] to the prediction of the dynamic
properties have been tested.

The study of depolarised Raman bands of sym-
metric top molecules (point groups C;,, Dy or Day)
belonging to syminetry species other than A, , is con-
siderably more difficult [1,2,9] and relatively little
work has been reported {14—-28]. The additional
difficulties {10,19,23] may be summarised as follows:

(i) The separation of vibrational and rotational
contributions to the band contour is impossible using
the standard (Raman) technique [28].

(ii) The Raman band profile is the sum of two
components (see below) each of which coatains a
different vibrational and rotational contribution.

(iif) The band shapes are strongly influenced by
first order Coriolis coupling,

Nevertheless, it is very important that such bands
are studied, not least because the paralle! rotational
(spinning) motion of the molecule only affects the
relaxation of bands for which the transition moment
is perpendicular to the symmetry axis {14,24]. In
this paper we thercfore present the initiaf results of a

0 301--0104/81/0000—0000/S02.50 © North-Holland Publishing Company
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study of the degenerate (I3) bands, vs and vy of liquid
acetonitrile. We have used the experimental NMR
spin—lattice relaxation times [30--33] (which are
sensitive to both spinning (iI"y and tumbling (L) mo-
tions) in order to predict (using an anisotropic rota-
tional diffusion model) the rotativnal contribution to
the overall profiles of infrared and Raman bands. The
relative intensities of the two components of the
Raman bands, determined by the relutive magnitudes
of the polarisability matrix elements associated with
these components |23], have been estimated from
vapour phase measure.nents. Qur approach is similar
to that of Gilbert et al, [19] (for NF,) and of Arndt
and McClung.[23] (fur CHy,).

2. Theoretical
2.1. Vapour phase spectra

The cffects of Coriolis coupling on the vapour
phase degencrate (L)) Raman bands of symmetric top
molccules have been discussed in detail elsewhere
[19,34,35] so only the essential outline is given here.
There are two sets of K transitions with-selection
rules AK = *| and *2 fur a given J transition (with
AJ =0, £1, £2). The relative intensity, x/(1 —x), of
the two sets of transitions is controlled by the differ-
ent components of the polarisability tensor {23] and
is not known. The rotational fine structure of each
degenerate band is therefore controlled by the ratio
x/(1 —x)and by the Coriolis coupling constant, §. In
general, it is difficult to determine the two parameters
from the band contour alone although this has been
attempted previously 129 37]. In the case of »5 and
vg of acetonitrile the & constants are known from
infrared [38] and microwave {39] measurements so
only the intensity ratio needs to be determined. This
is achieved (see section 5.1) by fitting to the observed
spectrum, The Q branches are sometimes resolved,
expressions {or their spacings being given in a first
order approniiution by [34]

(PR)q, =2[A( - &)~ B], for AK=2l, (1)
(0S)gg = +1A(1 +§/2) - B], for AK=%2.- (2)
Theoretica!l bund conteurs were, in fact, calculated
using a programme similar to that of Masri and
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Williams [40]. Use is then made of the expected
identity of the x/(1 — x) ratio in vapour and liquid
states [19,36].

2.2. Liquid phase spectra

For the degenerate bands of a C;, molecule. in the
(Dcbye) rotational diffusion limit, the rotational cor-
relation functions {10,19] are given by,

Ga@=expl-[@ir,+(1 - GLl, ()
for the infrared spectrum (I = 1'), and by

GRAO=x exp{~ 5T}y, + (1 —p* &Yl )e) ()
+(1 —x)exp{-[2&}rl, +4() + g2y @yl e,
for the Raman spectrum (/ = 2).

The parallel and perpendicular components of the
angular frequency are given by [19]

& =kTll,, &} =kT/L,. (5)
“These frequencies are also used to define the relevant

(classical) rotational second moments, M{EF?, given
by

MM = kT/I, + (1 - &) kTYL,, ©)
MY = SkTfL + (1 - §)? kT/L,, ')
MED = UTYL, + (1 +§/2) T, (8)

The angular momentum correlation times 7L, and 71,
are related to the times between collisions assuming
that tumbling and spinning motions are controlled by
different dynamic parameters (for anisotropic probe
molecule rotation). [, and /; are the moments of
inertis perpendicular and parallel to the symmetry
axis (these values [41] are given for acetonitrile in
table 1). In the small angle diffusion limit {10] it is
usual to define separate diffusion coefficients for the

Table |

Moments of inertia for CH3CN and CD3CN (g cm?)
Iy I

CH,CN 91,2 % 10°9° $.4 % 10720

CD3CN 106.8 x 10740 10.9 x 100
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two rotations. These are given: by

Dy = KT/ )7, (C)]
and
Dy = kT/I;)7l, @10)

and numerical values may be obtained from NMR
electric quadrupole induced spin—lattice relaxation
times using expressions of the form [30--32},

2 - } 2 ind
(2;=%(3cos 0—l)+3sm Ocos()+ 1sin’0

Tet 6Dl ' SDL + D“ ZDJ_ + 4D[|
: : (11a)
=1(3 cos?q — 1)729
+ 3 5in%0 cos?07V + 3 sin?073?) (11b)

where 0 is the angle betweet. the molecular symmetry
axis and the electric field gradient tensor. It is proba-
bly best, however. to compare values of 7+, and 7l
(rather than Dy + Dy) since the latter will be different
anyway if I, # I, [cqs. (9) und (10)].

In order to calculate the correlation functions of
eqs. (3) and (4) we nced the values of x, ¢, T+, and
7!,. As already pointed out the x and § values may be
extracted from vapour phase measurements. ft, (or
1)1) is related via the Hubbard relation (42} to the
tumbling motion of the molccule which controls the
rotational part of the Raman (depolarised) band
shape of a totally symmetric (A, ) vibration [10):

b, = 1,/6kTr*9) (12)

7!, (or D) can then obviously be calculated by com-
bining 7%, (or D) with NMR values of 73} according
to eq. (11). This procedure is well established (30,43,
44}] and will not be repeated here. It should be noted,
however, that in using spin—lattice relaxation mea-
surements for CD;CN in order to interpret the infra-
red and Raman spectra of CH,RCN one has to make an
assumption about the relationship between the dy-
namic paramecters of the normal and deuterated mole-
cule. We have chiosen here to assume that the anguiar
momentum correlation times are independent of iso-
tropic substitution (7, (CD) = r(Ct1)) and use

D('D = (ISH/ISI))D('H (13)

This secms to us preferable to the alternative assump-
tion that 7, is isotope dependent (but that D is not).
The 7, values might be expecied to reflect the differ-
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ing intcrmolccular potentials (for example. for tum-
bling or spinning motion) acting on the molecule. We
can see no rcason why they should depend on isotope
nor indeed why D should not change when the mo-
ment of inertia changes (in the case of Dy by a factor
of two).

In order to make a first qualitative assessment of
the possible breakdown of egs. (3) and (4) due to
inertial effects (not included in the rotational diffu-
sion model) we have calculated the cxpected “(ree
rotational” corrclation function obtained, for exam-

ple, by
G2 () = x exp[-ME" /)
+(1 —-x) exp[—Mgz,{’)/t_’ ]. (14)

The results of these computations are shown in figs.
68 and they show that, excepl at rather short times
(<0.1 ps), the observed correlation functions show
little sign of inertial effects and do indeed decay
exponentially as expected from egs. (3) and (4). We
note that the model [45] describing inertial correc-
tions to the rotational diffusion equations requires
that the log G,g (f) curve gives a zero time intercept
>1. Our Raman data for these bands do not, how-
ever, show this behaviour.

3. Experimental

Detailed descriptions of the Raman spectrometer
and the data cvaluation procedures appear elsewhere
[5.6,46]. The spectral slit width used for the »5 and
the vg band were 2.3 cm™ and 1.5 cm™! respectively.
To avoid truncation effects, digitized scattering inten-
sities were collected at 0.5 cm™ (v5)and 0.25 cm™!
(ve) intervals over a frequency range of 15 half-widths
on the high frequency side of the band maximum.

Vapour phase measurements were made at 80°C
under atmospheric pressure without special equip-
ment. The slit width was 5 cm™ and the laser output
power was 11 W.

Infrared ineasurements on vg were made using a
Perkin—Elmer model 580B spectrometer equipped
with digital readout of transmittance data. Variable
temperaturc measurements were made with a stan-
dard Csl heated infrared cell and a Beckmun RIC
Ltd. (TEM-1C) temperature controller. All the data



206 T. Bien et al. [ Molecular motions and vibretional relaxation in acctonitrile. VIl

were collected between 430 and 300 cm™! in inte-

grated scan mode 6B which (at 380 cm™!) provides
a spectral slit width of 3.cm™ . The parameters
quoted here arc for data collected over a frequency
range of about 10 half-widths on the high frequency
side of the band.

Spectral grade acctonitrile was purchased from
Merck or Eastman. It was dried and distilled (to
remove dust) prior to use.

4. Data analysis

Computation of the correlation functions was
carried out using numerical “fast Fourier transforma-
tion” {:he routine in the WNottingham Algoritimic
Group library) using either the ICL 19068 (Braun-
schweig) or.the IBM 370 (Durham, NUMAC) com-
puter. Deconvolution (for liquid phase spectra) and
convolution (for the generated vapour phase spectra)
of the instrument (slit) function were achjeved using
2 gaussian “slit” profile,

$. Results and discussion
. S.1. Vapour

The experimental vapour phase spectrum of vy is
shown in fig. 1, with a band centre observed at 3000
cm™!, The highly polarized fundamental v, appears
as a sharp line at 2942 cm™'. The Corioli€'coupling
constant ¢4 has a value of 0.062 [38). It follows from
egs. (1) and (2) that the spacing of the Q branches is
9.3cm™! for the transitions in J with AK = %1 and
20.6 cm™! for those with AKX = £2, and so they
should be resolved. Both spacings are observed in the
spectrum, and indeed the best fit is obtained with
x = 0.5 £ 0.15 given by the smoothed line shown in
fig. 1. The experimental spectrum of vy is shown in
fig. 2. With a Coriolis constant of 0.878 {39], the
spacings of the Q brunches are 0.7 cm™! (for AKX =
+1)and 31.6 cm™! (for AK = £2), 50 only the latter
should be resolved. However, no Q-branch spacing can
be observed in the spectrum and it must be concluded
that only the polarizability matrix elements associated
with the AKX =] transitions give rise to scattering. So
the best fit is obtained withx =1 (the error inx is
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about 0.15) and given by the smoothed line of fig. 2.
The results for vy of acetonitrile arc in good agree-
ment with those for vg of the CF;CN analogue in
the work of Masri {37]. In this case it was also shown
that intcnsity arises only from polarizability matrix
elements connected with the AK = %] transitions, the
vg bending vibration having a similar large positive
value of the Coriolis coupling constant (0.53).

3.2. Liquid

The Raman correlation functions for v5 and the
Raman and infrared correlation functions for vg are
shown in figs. 3—5, respectively. The correlation
times obtained by numerical integration are given in -
table 2, As expected, in all cases the correlation func-
tions decay more quickly as the temperature rises.
Table 3 gives our values of 7., and 7!, computed from
the correlation times for tumbling motion r®-® [eq.
(12)] given by Yarwood et al. {S] and the effective
correlation times 72} extiacted from the work of
Bopp [30]. These values are subject to errors, not
least because often several different nuclear quadru-
pole coupling constants (NQC) have been reported.
At least two values are available [30] for both the 2H
(160 kHz or 172.5 kHz) and '*N (3740 kHz or 4400
kHz) nuclei. This inevitably leads to some ambiguity
in the values of r(z} and hence in , and 71,. Fortu-
nately, since 1‘2'6{ may be obtained independently
[S] from Raman data [eq. (12)], we are able to con-
clusively deduce that, for the **N nucleus, a value of
NQC of 4400 kHz is to be preferred since this leads
to 7(3:9 values which agree well with the Raman
values (table 3). The uncertainty in the value of 7(2:9) .
is then about £0.2 ps. Uncertainty is also introduced
due to the different possible values of the *H coupling
constant (see table 3) and the final possible rotational
correlation functions are incorporated in figs. 6—8.

It is noted that the values of 73} (and r1,) have been
obtained from NMR data [30] for the deuterated
(CD; CN) species. Isotope effects on i, are expected
{43] to be small, although there is evidence [33] that
there may be some such dependence. Since, however,
7., Values are related to the times between “colli-
sional” events (and hence, as mentioned above, to the
intermolecular potentials), it does not seem reasonable
to anticipate gross changes on deuteration, As
expected, 71, > 71, , reflecting the fact that the
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)UOO 2850 2900 29%0 3000 3050 300 150 3200
' V[em™]

Fig. 1. Vapour phase spectrum of vg and generated spectrum (smoothed line) at 80°C.

“spinning” motion is considerably less hindered than simply by the different moments of inertia. Notice,
that of “tumbling”. This result is in contradiction to however, that the degree of anisotropy depends very
the resuits of Bull {31} who used an isotropic J-diffu- much on the value of the NQC used (table 3).

sion model [10] and concluded that anisotropic The two vibrations will now be discussed sepa-
reorientation in liquid 1cetonitrile may be explained rately. It is easily shown from eqgs. (7) and (8) that for

280 300 320 340 3680 380 400 420 440 480

¥ [em”

Fig. 2, Vapour phase spectrum of vg and generated spectrum (smoothec.l line) at 80°C.
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00 02 04 06 08 10 12
00 1 d 1 1 1
t [ps)

Fig. 3. Raman correlation functions of vg at different tem-
peratures, From top to botton: 249,270, 297, 314 and
338 K.

vs (£ =0.062) t.he rotational second moment M?ﬁz)
is about 3.5 times larger than M(zzﬁ”. As a conse-
quence the second term in the rotational correlation

00 04 €8 12 16 20 24
00 4 * * . .
t [ps]

-4.0

Fig. 4. Raman corrclation functions of vg at different temper-
atures. From top to bottom: 249, 297 and 338 K.
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Fig. S. Infrared corrclation functions of vg at different tem-
‘peratures. From top to bottom 288, 318 and 343 K.

function [eq. (4)] decays considerably faster than
the first term. Since both terms have equal weighting
factors (x = 0.5) the overall G2} (1) is expected to
show an overall non-exponential decay and the rota-

tional band shape is the sum of two lorentzians of

-different haif-widths. This means that the correlation

function shows a “turning point” which can be ob-
served at ¢ = 0.2 ps (figs. 3 and 6). Fig. 6 compares
calculated rotational correlation functions (with
associated uncertainties discussed above) with the

Table 2
Temperature dependence of the (full) width at half height
and the observed correlation times for vg and vg

Vibsation T (K) fwhh (cm™) Tobs (PS)
Raman )

vs 249 15 0.21
ve 270 41 0.19
vs 297 47 0.17
vs 314 51 0.16
vs 338 57 0.15
vg 249 12.0 1.05
vg 297 15.0 0.79
vg 338 19.5 0.61
infrared

ve 288 8.5 1.70
vg 318 9.3 1.65
vg 343 11.7 1.40
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Tabic 3
Temperature dependence of the angular momentum correlation times r"‘u and r'L
T (K) (2.0) (ps) ® 13 pn ® o9 ® ey e el
249 2.2 0.53 0.62 0.020 0.051 0.035
270 1.9 044 0.51 0.021 0.060 0.042
297 1.5 0.36 0.42 0.025 0.063 0.044
314 1.3 0.32 0.38 0.027 0.065 0.044
338 1.1 0.28 0.33 0.030 0.066 0.045

3} Data from ref. [§].
b) Calculated using data from ref. [30] with NQC = 172 5 kiz
€) Calculated using data from ref. [30) with NQC = 160.0 kHz.

observed data for vg. The curves based on NQC =
160 kHz come close to the experimental one while

a value of 172 ktHz gives a function which decays too
quickly. (The results for other temperatures are simi-
lar.) However, the uncertainty in'x should not be for-
gotten and the results shouid not be over-interpreted.
Two firm conclusions can, however, be formulated.

00 02 04 06 08 J0 12
t [ps)

00

~1.01

=20

(t)

21
rot

InG

=30+

=40

Fig. 6. Raman correlation function of vg at 298 K (solid line).
Calculated rotativnal correlation functions according to eq.
() bascd onu 21 NOC of 160.0 hHl, (- - = - -)and 172.5
kHz (- — - -). (‘The crror bars represent the uacertainty in
the value of £(2:9) 3nd the curve marked “FR™ is the free
rotor currelation tunctiun.)
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Firstly, the diffusion model appeurs tc produce a
correlation function of the correct overall shape. The
agreement at low ¢ is not too good but this is
expected since it is known [2,9,10] that the model is
inadequate in this time regime (reorientation about

- the symmetry axis, in particular, is probably not dif-

fusional). Indeed, the J-diffusion model (extended to
symmetric top molecules [47]) would provide a more
realistic approximation for the description of large
angle molecular rotations in liquids. But its usefulness
is severely restricted by the assumption of an isotropic
reorientation (7'} = ;). Secondly, it is clear that vibra-
tional relaxation contributes only a small amount to
band broadening — at least in the Raman spectrum.

* This is not unexpected since the largest (Raman)

vibrational band width measured [S] for CH,CN is
about 8 cm™ (for the v, band) Even this is small
compared with the =50 cm™ obscrved for v (table
2). The v4 {Raman) band shape is thus determined
mainly by the effects of rapid rotation about the C;
axis. Since the infrared band width [48], is at least as
farge (and since the rotational correlation function,
G (1), decays more slowly {1,2] — eq. (3)), it seems
likely that the infrared and Ramnn vibrational parts
may once again differ [49]. (This will be the subject
of more detailed investigation in the future.)

In the case of the vg band both [R and Raman
bands have only one contribution (x = 1) und the
effects of rapid spinning motion are reduced by a
high Coriolis coupling constant [39] (¢ = 0.88) — eqs.
(3) and (4). Consequently the band shapes are both
nearly lorentzian, the correlation functions decay
exponentially (figs. 4, 7 and 8), and the hulf-widths
are much smaller (table 2). Figs. 7 and 8 compare
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Fig. 7. Raman correlation function of vg at 298 K (solid linc).
Calculated rotationa! correlation functions according to eq.
(4) based on a NQC of 160.0 klfz (~« — - - yand 172.5 kHz
(-~ - — =). (The error bars represent the uncertainty in the
values of +(2:%) and the curve marked *FR" is the frec rotor
correlation function.)

0000 0S 10 15 20 25 30 35 40

-104

In GM ()

0
o

-30

Fig. 8. Infrared correlation functions of vg at 288 K (solid
line). Calculated rotational correlation functions according to
€q. (3) based ona NQC of 160 kHz (- - - - ~ Yand 172.5 kliz
(- -- — =). (The error bars represent the uncertainty in the
value of 7(2.0) gnd the curve marked “FR™ is the free rotor
correlution function.)
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calculated and observed correlation functions, and it
is clear that, since spinning motion gives gnly a minor
contribution to the band shupe, the choice of NQC
(or 1) has little influence, The caleulated Gﬁ,"(’l)
decay much more slowly thaa the observed functions
and clearly vibrational relaxation is much more signif-
icant than for vg. Extraction of the ¢y, (7) functions
by division shows that the vibrational retation rate
increases with increasing temperature. This may give
some insight into the modc of vibrational relaxation
(3] but one also has to remember the approximate
nature of the calculation of G{!) (r) via eqgs. (3) and
(4). What is clear, however, is that for vg the vibra-
tional part of the band shipe scems to be very similar
in both Raman and infrared spectra. (74}) = 1.9 ps;
1%), = 1.6 ps at 297 K.) This emphausises that eaép
individual mode must be investigated separately when
such differences are sought.

Obviously further investigation of the viability of
models for molecular rotation in dense fluids is
needed. In particular, one needs to examine the vali-
dity of our assumption of negligible *‘cross” terms
[13b.c] in rotational correlation functions of degen-
erate bands. Furthermore, it is not clear that our
assumption of r,(CH3CN) = 7, (CD;3;CN) is absolutely
correct [33]. Nevertheless, we fecl that the simplest
model is where one should start. The results present
here represent a step forward, in that we have recog-
nised the anisotropic nature of the rotation of mole-
cules like acetonitrile. The differences in observed
band shape between the v; and vg bands are ade-
quately explained, while the comparisons of infrared
and Raman band shapes of vy lead to perfectly
reasonable conclusions. Furthermore, both the vibra-
tional correlation times and their temperature depen-
dence are very similar to those obtained previously
for acetonitrile. We now plan to investigate the (rela-
tive) validity of alternative models which have been
suggested {11,12,50] with particular emphasis on the
short time part of the motion.
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