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ABSTRACT

The spectra of depolartzed'llghj scattered from isotropic

and anisotropic liqulds were investigated in order to obtain information

on both the reorientational and collisional motions of the liquid molecules.
The liquid spectra taken at 22°C on a Coderg spectrometer |

1

(1 em.” " slits) were decomposed into relaxational and collisional

components using least squares fitting techniques. Integrated intensities
and depolarization ratios in the zero cm T emls 3.x 10'% hz.)
frequency shift region és well as in the >5 cm -1 region are reported.
The Isotropic llquld spectra from 5 em -1 conslisted of a narrow
Lorentz and a broader collisional component which was exponential at
shifts > 10 cm °‘. The anisotropic.spectra also consisted of relaxa?!dnal
and collisional components; however, the Infegfafed intensity of the
relaxational and the collisional components increased bf a factor of 20
- and 10 respectively from the isotropic liquids.

A simple model based on frame distortion induced anisotropy was
constructed to predict the relative infensify'ra?Ios of the collisional
.component for both isotropic and anisotropic liquids.

The relaxafloﬁ time of the Lorentz component was interpreted fof
both isotropic and anisotropic liquids as being the average time between

collisions. 1t was found to vary as u3/2/p, where u is the reduced mass

of two colliding mclecules and p the liquid density.



The line width parameter l/vo for all the collisional
components was interpreted as being a measure of the duration

1/2

of a collision and was found to vary as u independent of the

density p.
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-CHAPTER I
INTRODUCT ION

Light scattering has become an extremely useful method of

1 (2)

-investigating both reorientational " and collisional motions of

molecules In llquids.

The spectrum of visible light scattered by a liquid generally

(3) (due to fluctuations in the dielectric

(4)

cansists of a Rayleigh line

(due to scattering from longitudinal
(5)

constant), a Brillcuin doublet

phonons), and a broader'depolarized line associated with the anisotropic

molecular polarizability.

-~Heterodyne or beat frequency techniques with a resolution of

'4,have been used to investigate Rayleigh scattering due to density

(6 and liquid crys?als(7).

10
and orientational fluctuations in macromolecules

Diffusion constants, Doppler velocities (typical range of 10‘5 m/s to -

2 3 4

10“-m/s), and molecular orientation times (10~ to 10~ sec.) can be

‘”defermined in this manner.

For hany tiquids the depolarized line can be resolved by scanning

(8)

fFabry-Perot methods with a resolution of about 106. The spectral

profile is Lorentzian, with the linewidth parameter representing the

(9). Récenfly,

relaxation time of fluctuations in the molecular motion
6. Stegeman and B. P. Stoicheff have showed that l|iquids composed of

anisotropic moleculas exhibit a narrow depolarized doublef; super imposed



on the depolarized Rayleigh line('O). This doublet is believed to

originate from scattering from transverse shear waves.

For low viszosity anlsotropic liquids, the depolarized |ine can
be resolved by conventional specfromeféfs with a resolution ofv
104 (ll).

Liquids composed of spherical-top molecules have Isotropic
polarizabilities and do not exhibit the narrow Lorentz due to orientation
scattering; however, depolarized scattering can result from an induced
6nisofropy produced when pairs of atoms or molecules collide(tz). The
spectrum is a broad (>10 cm _1)~exponenfla| and occurs in all liquids,
although weaker than orientation effects in the anisotropic liquids.

The depolarized spectra of the isotropic molecules show an !ncfeased Intensity

1 (13)

in the low frequency (v < 15 cm ~") region , which is believed to be

due to intercollisional interference effec*s(14).
flf Is the purpose of this project to study the depolarized spectra
of isotropic and anisotropic liquids, starting from a frequency shift
of 5 cm -1 from the laser line, in order to relate the integrated intensities

and linewidths of the relaxational and collisional components to prbperfies

of the liquids.



CHAPTER II
THEORY

I1.1  Background Theory

~—~When monochromatic |ight is incident on a medium, a -small
. portion of it is scattered from the beam direction. Of this portion,

abouf”99$ is Rayleigh scattered resuiting in essentially no change in

frequency from that of the incident beam and is due to translational

(15)

and highly damped rotational motions of molecules . “The remaining

1% is Raman scattered and frequency shifted due to Interactions with

quantized rotational and vibrational energy levels of individual molecules(16).

In liquids, the Rayleigh spectrum of scattered light consists

of a Rayleigh-Brillouin triplet as well as a depolarized component known

as the Rayleigh wirg. The wing spectrum extends to tens of cm -1 for

U7) 2nd to hundreds of cm ~! for very anisotropic

molecules such as those which can exist in liquid crysfals"e). The

“isotropic molecules

. Investigation of this "wing" is the subject of this research project.

| There afe a few ldeas that are fundamental to the undersfanding
éf the depolarized Rayleigh wing: An Incident radiation field éf frequency
‘nc.,-w!fh electric vector polarized in the "b" direction (Eb) induces

a dipole moment ¥,

B, =€, Eb/ 4f I1-1



€ab is a tensor of rank two representing the fluctuation of the dlelectric
coqsfanf of Thé medium about an average value €° The magnitude of the off
diagonal elements of €,p are @ measure of the molecular'anisofropy of the
medium. The frequency spectrum of light reradiated by the dlpole and col lected
at 90° to the incident radiation fleld is:

2
Itv =C [u, O | 11-2

" The constant C contalns the familiar v?nc. dependence aﬁd the l/L2 dependence,
where L Is the distance between the scattering volume and the detector.

v represents the frequency shift of the scattered radiation from the incident
frequenéy Yinc , For isolated molecules, the induced dipole moment is
proportional to The difference between the polarizabll!*ywparailel and
perpendicular to the molecule's major axis which is defined by unit vector ;.

ua=m?al;-uJ_ 11-3

The proportionality constant Is a function of the azimuthal angles (8, ¢) of
the vector ;. “

‘ Since there are several mechanisms which can produce a change in the
~ polarizability (resulting in the scattering of light), a chronological survey
Is perhaps the simplest presentation of the developments in the depolarized

Raylelgh wing field.



. 11.2  Developments in the Rayleigh Wing Field

The Rayleigh wing was observed as early as 1928 by
Sir C. V. Raman and K. S. Krishnan“g).~ They concluded that the wing
‘spectrum was‘depolarized, an& its Intensity depended sfroﬁgly on the
- ~anisotropy of the molecule. |
Assuming that the local strain in a liquid is relieved by preferential
“'“rofa?tonal reorientation of molecules, M. A, Leontovich, in 1941, developed
a theory which predicted a narrow depolarized line in anisotropic quuids(ZO).
The line profile was Lorentzian, the parameter t representing +hé relaxation
time of the local strain.
o :
1 =—--[-B-—— ’ 11-4

R 1+ v2 12

Leontovich's relaxational theory was later experimenfally confirmed by
several researchersq21’ 22). For most of the liquids studied, the Lorentzlan
lLinewidths were between 3 to 10 ghz. or .1 tfo .3 cm -1 and were therefore
| resolved by Fabry-Perot methods.
Lsonfovlch's theory was adapted by Rytov, in 1957, to allow for
' SQE*fering from transverse shear waves, which produce a depolarized symmetric
doublet situated at abouf-a glgaherz from the laser frequency(zs). The narrow
Lorentz and douslef are absent In molecules with spherical polarizabilities

-4{isotropic) such as the telrachlorides.

--Since isolated atoms and spherically symmetric molecules have to the



first order isotropic polarlzabilifles,‘lighf scattered from‘?hem is
polarized; however, on colllslon,kfhe isotropic nature of the polarizability
‘ls désffoyed. In 1968, Levine and Birnbaum developed a fhéory based on

this collision-induced |ight scattering, which Is believed to be the dominant

(24). in

scattering process in the far wings (> 15 cm ") of noble gases
their theory they considered binary colilisions with straight line fréjecfories;b
‘ and an assumed Gaussian distribution for the variation 6f the anisotropic
Apolarﬁzablll?y with Interatomic separation. The frequency spectrum is giveﬁ

by the expression:

vt 2 o
Iy, D = ff N (b,v) Ifu (r(t)) edt] dbdv II-5

where N(b,v) Is the number of binary collisions per unit volume per unit
time with reiative velocity v and impact parameter b.

2
-uv
32 (912 P exp (= 11-6

2KT

N(b,v) = 2rn2 (u/KT)

n is the number of molecules ber unit volume with reduced mass p at a
temperature T. The fourier ?fansform of ua(r(f)) caﬁ be determined knowing

~ the collision trajectory r(t), which depends on the intermolecutar potential.
Ia gase;, the distcrtion of the polarizability is predominantly due to
long-ranged dipole-~induced dipole {DID) effects. An incident electric

field fnduces a dipole on an atom, which in turn induces an additional

-dipole on a nefghbcuring atom, generally hof in the direction of the incident



field. This is commonly known as the Van der Waals interaction and

Is characterized by an attractive interaction potential:
UR) = - 1/RS 11-7

where R is the separation of the two dipole centers.

Combining equations II-5 and II-6, the Levine and Birnbaum model
predicfs; for v>10cm-1a broad weighted exponential Intensity spectrum,
whose |inewidth parameter v,depends on the duration of the collision,

and whose Intensity for'gasés varies as the density squared.
. I - Ic /; e-“/\)o II" 8

The éxponen?tal weighting factor is /v; its importance will be demonstrated
later. | ‘

In May of 13970, H. Howard-Lock, W. Gornalland B. P. Stoicheff
verified that the exponential nature of the spectrum with the squaré root
weighting factor occured in Isotropic and anisotropic liquids as well as
in the gaseous s?afs(ZS). They found that the |inewidth parameter o
could be related to the square root of the reduced mass (u) divided by kT,

with a proportionality constant y;' related to the distance between colliding

molecules for maximum induced anisotropy.

= -1, u,1/2 :
I/v° =2ary, (3 I1-9



In 1971, Bucaro and Litovitz postulated a theory appropriate to

(26) At {iquid densities, due to the symmetry

-—4fght-scattering in |liquids
_____of the close _packed environment, the dipole-induced dipole mechanism is

-suppressed and short range electron over‘lap'and molecular frame distortion

effects predominate. They assumed a zero impact parameter for liquids, a

Leonard-Jones form tor the intermolecular potential

ury « L7 - &% 1I- 10

and a 1/r" form for the change In polarizability (Aa) between two atoms or
molecules, where "m" is a value appropriate to whether electron

overlap or frame distortion processes predominate., Evaluating the fourter
fransform of the energy spectrum numerically,A;hey found an intensity
distribution

I - IC v2(m-7)/7 e-\’/vo II-‘ I

where Y is related to the Leonard-Jones paramefers and to the factor (u/kT)i/Z.

For atomic liquids, the change In polarizability for an electron
overlap mechanism is given by Aax = 1/r9, implying that m=9., The resulting
_intensity distribution

=*I:=~-Icv4/7 e-v/“o —11-12

is nearly identical to the expression found by Levine and Birnbaum



iequafton 11-8), although their ¥v factor was a result of the mathematics
of the binary collision theory. Consequently, on the basis of |ineshape
alone,-if is not evident whether a DID .(long-ranged) or an elecfroﬁ'overlap
(short-ranged) mechanism is prevalent.

—~For -tsotropic (e.qg. CCI4)-and*mndera+ely anisotropic (e.g. CGHIZ)
molecules, Bucaro and Litovitz assumed a frame distortion mechanism in which
" Fhe change in polarizability depended upon the first derivative of the

repulsive part of the Leonard-Jones potential, giving m=13 and a 12/7
weighting term. With the 12/7 factor, good fits were obtained for isotropic
.and moderately anlsotropic molecules. . :

Also in 1971, Bucaro and Litovitz analyzed the CCI4 Rayleigh

"(27). They found that the spectrum could

spectrum from 2 em~! +o 80 cm
" be represented by a sum of two terms, one dominant at low frequencies and
relaxational In character, the other dominant at frequencies greater than
’15'cm-‘.v The high frequency term is just the weighted exponential of
equation II-11. The explanation of the low frequency line is not clear.
Orientational scattering caﬁ be ruled out since the polarizability is a
écalar, although there is a possibility of orientation due to long-tived
dimers. Temperature studies by Bucaro and Litovitz from -20° € to 70° C
showed that the Lorentz intensity and linewidth were constant to within 10%,
1apparen+!y ruling out the possibility of dimers.

A possible expianafioh is given by Lewis and Van Kranendonk., Their
‘theory, developed for rare gases, shdwed that radiation procésses during
successive binary collisions are Eorrelaféd producing é?rong interference

(28)

effects . Destructive Interference produced a dip at zero frequency
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shift in the Induced infrared absorption spectrum, and constructive |
Interference produced an additional peak In the collision-induced |ight
scattering spectrum. The theory holds fof densities such that the time
between collisions is much greater fhaﬁlfhe duration of the collision.
The predicted peak is ~ 65% Lorentzian in nature, and Is centered at .
zero frequency; It has a peak intensity ~ 1/4 of the peak intensity of the
collision-induced line; and has a |inewldth which Is inversely proportional
to the time between collisions. |f this theory of intercollisional inter-
ference can be applied to the quuid;sfafé, the peak is expécfed to occur
in all liquld spectra; although for anisotropic molecules, it would be much
weaker than the narrow spectrum produced by orientation fluctuations.

By the end of 1971, i+ was evident that although the nature of the
first 10 cm - was uncertain, the higher frequency spectrum seemed fo'consisf
(29)

of a single exponential for both gases and liquids. However, J. Gersten

30 experimenting on rare gases and liqulids respectively,

and Hyung Kyu Shin
showed fﬁaf graphs of log (I/v2¢m-7)/7) versus v had several slopes which

fhéy concluded were due to the added contribution of the attractive part of
the Leonard;Jones potential and therefore, the DID mechanism. Hyung Kyu Shin,
usan the overlap and distortion approach favoured by Bucaro and Litovitz,
presented an analytical solution In the form of a weighted exponentlal

12/19 6/19

(2 (m=7)/7 + 3(;';9)(4:1\‘» +c,v ) II-13

Itv) =Icwv

The pre-exponential part is similar to that of Bucaro and Lifovifz: and also

depends on the valus m in Aa = 17", However, the exponential has two terms



1

= a small term due to the attractive potential, dominant at low frequencies,
and a larger term due to the repulsive part of the Leonar¢fJones potential,

dominant at high frequencies. Hyung Kyu Shin gives an expfession for l/vo,

similar to that of Bucaro and Litovitz.

1y, ~o tu/kn)'/? B 11-14

Using the distribution (II-13), he obtains reasonable fits for liquid Af,
Xe, and CC|4, and is able to extend the exponential regjon down to 3 to 10
cm,°1. As a result of his work, it 1s necessary to investigate the effect
of this new distribution on the existence of Thé low frequency Lorentz
discussed previousivy. ‘

To suﬁmarize«fcr isotropic liquidé, theoretical and experimental
evidenca ind!cétes ‘that the debolarized spectrum coulid consist of a small
relaxational componant lying on a broad collisional background. The
anisoiropic spectra should have the above two components plus a narrow Lorentz
dué to orientation 5ca++erlng.

The smail relaxational component may be due to an Interco! lisional
effe?t, while the exponential component could be due to either short-range
overlépvand frame distortion effects or long-range DID effects or, in fact,.
a combination of both; the former dominant at high frequency shifts,

! the tatter dominant below 30 cm ~'.

530 cm .~
if Is ?heytnfenfion of this project to determine how the line
Intensities and Iinewidfhs of the various Components relate to the |iquid

~ parameters.
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CHAPTER III
EXPERIMENTAL APPARATUS

In order to obtain reproducablé results of relative intensity
measurements of the depolarized Rayleigh wing, several apparatus require-
4manfs must be satisfied. |
The I ight source should have an hour to hour as well as a day
to day stability of better fhan 98%. }f should be Intense enough to give
a good signal to noﬁse ratio  (>50:1) but not so Intense as to pose a sample
heating problem. The optics should be critically aligned to completely
separate the strong polarized I: spectra of the teirachlorides from thelr
weaker depqlarized Hc spectra. The scattering cell and liquid sample must
be dust free to prevent Tyndall scattering at the laser frequency. Finally,
the spectrometer should be designed to eliminate stray light, be able to
scan from +200 cm."(anfi-sfokes) to -200cm.”! (stokes) with varyfng scanning
speeds, and have a wavenumber (cmb-') reproducibility 6f <1ecm -1.
The experimental apparatus wlll.be discussed under four topics:

scattering system, spectrometer, optical alignment , the scattering cell and

samble preparation.

. TI1.1  Scattering System ,
All the measurements In this experiment were made at 295° K and at
-~ atmospheric pfessure. The scattering plane was defined as the p]ane through

the scattering cell parallel to the directlion of the incident radiation.
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‘The scattered ip?ens!fy Is denofed by I: , whers "a" refers to the
polarization of the incident fleld'wlfh respect to the scattering plane,
and "b" refers to the polarization of The scattered fleld also wlfh'respect
fo fhe scattering plane. Iin this experiment, the polarization took on two
- values, "H" and "V, which refer to electric fields parallei and normat to
.+he'scaf+erlng plane respectively. |
A schematic diagram of the apparatus is shown in figure I. The
i ight source was a 17 mw, He-Ne (63282 ) Stablite model 124A.Iaser from
Spectra Physlcs. The laser was vérflcally polaflzed to be+feF than 1 part
In 103 and Operaféd in the T.E.M.00 mode with a spectral wjdfh of 2 ghz.
After a two hour warm-up, the laser output power was stable to within 1% over
a five hour average experimental period. I+ has been shown that heating of the
Jiquid sample by @ 50 mw. laser beam accounts for a temperature rise of only
.010 K, and Is therefore expected to be negligible in this expertmen+(31).
The laser beam was fiitered by a 50 A spike filter to eliminate
spontaneous emissior from the laser plasma. The beam was then reflected 90°
‘ by & mirror onto a haif wave plate (A/2 plate) adjusted to rotate the
incident polarization (V) by 0% (V) or 90° (H) as required. A rotating
polaroid positioned between the A/2 plate and the scattering .cel! ensured
that the incident beam was corrected for any depolarization effects occuring
.at the mirror or at the A/2 plate. The diaphragm in figure I collimated
the laser beam in order +oAavold scattering from the cel! entrance window

~and walls. Although It reduced the incident intensity by 20%, it reduced the

scattering from an empty cell by over 50%.
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After pass!ng through the dlaphragm, the incident beam was
focussed into the scattering celi, where it was subsequently scattered
and collected by 2 lens at an angle of 90° to the incidenf beam. The
scattered |1ght was passed through another polaroid to select the scattered
polarization and then frequency analyzed by a Coderg model PHO double
monochromator operating with 1 cm -1 entrance slit widths. The detection
was performed by a}pho+omul+lpller tube (EM 19558, dark current of 3 x 10“0
amperes), with the output displayed on a chart recorder.

Each specfrﬁm was repeated three times to average out fluctuations
ﬂﬁ the laser péwer, drifts In the amplifier baseline, and noise due to the
scattering and detection systems.  For certain intense spectra, calibrated

 peutral density tilters were used to keep the detection and amplification

systems operating in their linear reglons.

ili.z Spectrometer
o The Céderg Raman speé+rome+er consisted of two monochromators in
- péraliel. The second monochromator helped to minimize stray iight entering
the photomultiplier tube.Each monochromator posseésed a 1200 lines/mm.
dlffréc+ion grating blazed at 7500 R'. The spectrometer had a scanning
1

range of + 4000 cm =1 with a wavenumber reproducibiiity of < 1 cm ~ in the

+.200 cm -1 scan range. The maximum resolution of the apparatus was about

.3 s

Since the diffraction gratings were sensitive to the polarization

of the scattered iight, a quarter wave plate (A/4 plate or scrambler) was
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inserted just after the analyzer to rotate the polarization (V or H) by 45°,
All measurements of the depolérized |ine were made starting from

5 cm -‘. This was_done for several reasons. As was the case with Bucaro

and Litovitz, it was very difficult In the tetrachlorides to isolate the

lnfensq Rayleigh-Briliouin triplet of the I: spectrum from the weaker 13

(32). This low frequency region was also the region with the largest

specfrum
underfalnfy due ?o’sfray light scattering. As well, three of the anisotropic
molecules (06F6, C14H‘402, C6H5N02) had an unresolved orientation scattering
" peak centered at 0 cm -1 with a half width determined by the spectrometer
slit width. Starting from 5 cm -1 enabled the separation -of the unresolved
components frdm_fhe broad background.

" For all the liquids studied, the spectrometer slit width was chosen
to be 1 cm -1. Larger slif widths tended to broaden the strong unresolved
peaks into the 5 cm -1 region altering bofh the infensify_and the lineyidfh
of ?he broad depoléwized component. Smaller slit Qld+hs combined with the
smal | inpuf pb@er Into the scattering cell‘(6 mw.) produced a much poorer

VVSiQnal to nolse ratio (<50:1).
A scan speed of 1 cm."/minufe was chosen for the unresolved Iineé,
which had a laser plus spectrometer plus sample full width at half maximum

1

(F.W.HM,) of 1.5¢cm ', A scan speed of 5 cm 'I/mfnu?e was chosen for the

_1).

broad spectra (F.W.H.M,>10 cm Faster scan rates resulted in overdamping,

while slower scanAraTes decreased the signal to noise ratio.

Since the spectrometer had a finite slit width and the laser a

finite spectral width, the observed Iline profile f (y) is a convolution

obs.

V,Of some apparéfus function A (x-y) with the frue intensity distribution ¢+(x),

.which would be observed if the laser and
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instrument widths were infinitesimally narrow.

fobs ¥ =_Z 8y () A (x=y) dx -1

Knowing the spectral |ineshape and linewidth of the laser plus spectrometer

(Gaussian for T.E.M.,. mode, F.W.H.M, of 1.4 cm -‘), and that of the observed

00
line (predominantly dispersion in form, F.W.H.M. > 10 cm -'), the true

distribution intensity and F.W.H.M. could be found graphically
corrections to the infenslfy and F.W.H.M. were less than 4% for most of

the broad depolarized spectra. This was confirmed experlmenfally by varying
the slit width or apparatus function width and noting the change in the half

width at half intensity of the depolarized spectra taken from 5 cm 'l. No

significant change vas noted up to $lit widths of 2 L

I11.3 Optical Alignment
The procedure for aligning the polarizer, A/2 and A/4 plates was
“as follows: ' |
The power from the vertically polar{zedHe-Ne»laser was measured
using bn Optics Technology mode! 610 powermeter calibrated in mitliwatts.

_ The vertical axis of easy transmission of the polaroid was determined by
inserting it between the laser and the detector and rotating it for a maximum
signal. The difference in the power readings due to the polaroid absorption
was about 25%. The horizontal axis could be found by rotating the polaroid

for a minimum signal. Crossed polaroids gave an extinction ratio of 4 x 10'4.
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~Next a A/2 plate was inserted between the vertically aligned
polaroid and the laser and was rotated to give a maximum signal (absorption
of 3/2 plate ~ 10%). This corresponds to a null (0°) rotation of the laser
-polarization (V). The A/2 plate was then rotated to éx*inguish the signal
(i.e. crossed polaroid condition) and therefore corresponded to a 90°
rotation of the laser polarization. Using this alignment method, the
_transmitted powers from the A/2 plate in the "V" and "H" positions were
within 2% of each other.

The A/4 plate was substituted for the 1/2 plate. between the laser
and the verticaily aligned polarizer and was aligned as follows: Knowing
the absorption losses of the polarizer (~25%) and the A/4 plate (~10%),

~the :power transmitted by the A/4 plate and polarizer at perfect alignment

~could be calculated. The A/4 plate.was rotated until this power reading was
obtained. The polarizer was then rotated by 90° (i.e. from, V to H) and
_small adjustments of the A/4 plate were made to obtain the same power reading

as with the polarizer vertical.

II1.4 Scattering Cell and Sample Preparation
The scattering cell was designed to minimize stray light scattering.
It consisted of a 1/2" diameter, thin walled glass cylinder drawn into a
trapping Woods horn conflguration. The cell was painted with flat, black
pélnf except for an entrance and exit slit. It was posifioned in a standard
 rectangular Raman cell holder with its cylindrical axis para!fe? to the

scattering plane. The unscattered laser beam would hit the back of the horn

McMASTER UNIVERSITY CIBRARY
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and be multiply refiected down the horn and trapped.

Great care was taken to remove dust from the liquid samples and
:+he sca?ferfng cell, since a small amount of dust. could produce enough
scattering near O cn -1 to obiiterate the liquid spectra in this region.
| Before each run, the scattering cell was flushed out twice with methanol
followed by carbon tetrachloride. The liquid samples were filtered using
a miili-micropore filter driven by extremely pure N2 gas. Affér this pro-
cedure, passage of the focussed iaser beam through the cell produced no
visual Tyndall scattering. For Ifqulds SICI#, GeCI4D'TiCI4, which react
violently with the water vapour in the atmosphere, vacuum distiilation
methods were used to obtain clean samplés.

For weak depolarized scatterers such as the tetrachlorides, the
éfray fight entering the IU spectrum at zero frequenéy was less than 10%.
This percentage was reduced to 1% for the Is, I: spectra of the anisotropic

molecules and the Iz spectra of the lIsotropic molecules. 1In all {iquids,

‘the contribution of stray (ight a¥;5 cm -1 was negligible.
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 CHAPTER IV
OBSERVED SPECTRA .

AThe tiquids studied in this experiment are listed in Table I
along with selected characteristic paramefersf column 1 lists the
molecular wefghfs (mol. wt.); column 2, the density (p); column 3, the
lonlzaflon’po+en+lél (1.P.); column 4, the index of refraction (n);
column 5 the dlpo}e moment; and column 6, the viscosity (n).

The quufds were chosen so that their intensities and l|inewidths
cquld be studied over a wide set of molecular configurations. The
Isotropic molecules are represented by four tetrachlorides, XCI4, where
the X atom occuplies the center and the Cl atoms the corners of a
tetrahedron. The moderately anisotropic molecules are represenfed, in
order of increasing anisotropy, by CGHIZ’ CGHG' CGFG’ 06H12 consists of
a benzene ring with each carbon having two hydrogen atoms in an out of
plane bridge s%rucfure. CGFG is a simple benzene ringAs+ruc+ure with
“flﬁorlne atoms replaclag the hydrogeﬁ atoms. Finally, the very anisotropic
moleéules are represented by benzyl benzoate (two benzene ringshjoined by

H
a -C -0 -C~H bridge) and nitrobenzene (benzene ring with NO, radical

2
substituted for a benzene hydrogen atom).

IV.1 Total Integrated Intensities
Table II.summarizes the observed polarized I: and depolarized 13

» which is

integrated intensities normalized to the 459 cm “! line in ccl,



21 .

frequently used as an intensity standard in Raman‘Spécfroscopy. In
both columns 1 and 2, the integrated intensities were determined starting

" from 0. cm -1 (a), while for column 3, fhey were determined starting

=1

from 5 cm (b).

The errors on the integrated in+enslfles are roughly 154: 5% is
representative of the standard error found by repeating each rﬁn three
times, 10% is an estimate of the day to day experimenfél reliabiiity.

The 10% inciudes errors due to the day to day varlation of the sample
(cellbalignqenf and laser flucfuaflons. Since all intensity ratios in
this report wereifaken from one set of resulfsu their error is about 10%. -
Al llquids possessed an Intense i (a) spectrum (table II,

column 1); however, the depolarized intensi?y I (a) (fable II, column 2)

increased by a factor of 100 with the progression to ‘increased anisotropy.
. Since there is very littie integrated Intensity data available In the 1it-
" erature, the only comparisdn to the results of table II is the IH

(a) intensity ratic for C_H NO, /C Hg which is given by reference (36)

65
" as 4.7 and by reference (37) as 7.2. The value for this experiment of 6.2 +

.6 falls In reasonabie agreement between the two quoted values.

IV.2  Intensity Lineshape.

4/7

Plofs of Iog (I/v''") versus v (figure II) indicate that the

fe+rachlorldes as well as CGH12 are fit very well above 15 to 20 cm -1

by an exponential Intensity distribution with a r=4/7 in the v welighting

+erm of equaﬂon‘II-‘Io For the anisotropic molecules, the range of linear
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#it could be extended from 125 to 150 em ' using the r= 12/7 power In

v . In both cases, there was only a single linear region, contrary to

that observed by J. Gersten and Hyung Kyu Shin, indicating that short-range
effecfs alone can account for the obser?ed | Ineshape. U#e of Hyung Kyu Shin's
distribution (equation II-13) did extend the range of linear £t at low
trequencies by 5 to 10 <:mvm1 but only at the expense of 5 to 10‘cm -1 in

the high frequency iregion. The dis?flbuffon could not account for the sharp

-1 and therefore did

rise in !nfénsl?y in the tetrachlorides at v < 10 cm
not rule out the posstbilify‘of a Lorentz at low frequencies due to the

intercolilsional effects.

IV.3 Depolarization Ratios
Column 4 of table II tists the dépolariza?ton'raflos Py defihed
; as pv(a) s Ic(a)/lt(a). The subscript "v" In pvind[cafes that the ¥ncident
light Is verticaiiy polarized. Py can be related to the depolarization
ratio for unpo}arized 1igh+’pu by (38

p, = va((l +-pv) | lv-i

From eiementary theoretical considerations, both Py and pv should be zero

fér the Rayleigh and Briliouin components sca?fered at 90° (39). Experimentally,

there is a departure from zero in the order of 1 or 2% for most Hiquids(40).
The non-zero pvjor the Rayleigh Brillouin triplet combined with the broad
depolarized background account for the non-zero pv(a) observed in column 4

of table II. In the anisotropic moieules, there 1s an additlonal depolarizing
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effect due to the orlentational scattering predicted by Leontovich., It
Is predomlnanfly the confrlbufion of this strong depolarized componenf'
which accounts for the increase in pv(a)w(column 4, tablie II) with

an jncréase in molecular anisotropy.

Cplumn 5 of table II, pv::; , lists values of Py from the |iterature.
Considering the great uncerfalnfie? near O cm -‘, the agreemenf, in most
cases, Is very good.

>~ In a frequency region where the Intensity contribution of the
polarized triplet is negligible compared to the depolafized bapkground,

the theoretical value of p.vapproaches .75(45). Depolarization measurements

of p,(b) = Ic(b)/lz(b) were made on all liquids starting from 5 em ).

' pv(B; for the tetrachlorides was consistently ftow (.55& .03), white for

the anisotropic molecules, the pv(b) of .?2 1,01 did abproach the theoretical
'I(mtf. Values of p_Ib) for the tetrachlorides at selected frequencies from

5 cm to 80 crn."l were also low. A possible explanation is that since

the average ratio of I:/Ic at v=0cm ! in the tetrachlorides is 1000:1,

the strong polarized triplet I¥(a) (F.W.HM. 1.5 cm -1

) could enter the
I:(b) region as a broad tail, consequently increasing I:(b) and reducing
pv(b). Experimental evidence seems to agree with this explanation. The
half widths of the tstrachloride Iz(b) spectra were narrower than those of
fhé Is(b) spectira, confraky to those observed with the anisotropic molecules
whére the two half widths were nearly equal. With a reduction in the

-1

spectrometer siit width from 1 cm "1 o .5 ¢cm , the triplet F.W.H.M. was

narrowed, while the H.W.H.M, of fhe'i:(b) spectra increased to approach



the H.W.H.M. of the Ic(b) spectra. The depolarization ratio increased
on an average from .55 to .65. Unfortunately, due to a weak signal to
noise ratio, the slit width could not be reduced less than .5 cm -1 to

see 'if the ratio further approached .75.

25



List of the |lquids studled and selected parameters. Unless o?herwfse stated, values were
" taken from the Handbook of Chemistry and Physics, 50th, edition,

A , "
Mol. - P I.P. Dipole n, o_
207¢c 0°c
Formula, Wt. a/cc e.v, n Moment (Debye) cp
Silicon : (34)
Tetrachloride SICI4 169.9 1.48 11,79 1.41 0. -
Germanium : o (34)
Tetrachloride GeCl, 214.4 1.84 11.88 1.46 0. -
Titanium , , \ :
Tetrachloride TICI4 189.7 ' 1.75 -— 1.61 0. -
Carbon ' ' | ‘ .
Tetrachloride  CCl, - 153.8 1.59 1.47°%% 147 0. 1.0
Cyclohexane CGHIZ 84.2 .78 9.8 . 1.42 0. ‘ 1.0
Benzene CeHe 78.1 88 9.2 1.50 . o, .7
Hexaf luoro- (35) : .
benzene : 06F6 186.1 1.62 10. 1.38 0. .9
Benzy| ,
Nitro- - ke
benzene CcHgNO, ~ 123.1 1,20 9.9 , 1.55 4. 2.0

* A, L. McLellan, Tables of Experimental Dipole Moments (W.H, Freeman Co., San Franclisco, 1963)

%% International Critical Tables of Numerical Data, Physics, Chemistry and Technology,
(McGraw Hill Publishing Company, New York, 1928),

9z
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TABLE II

Polarized and depolarized intensities relative to the 459 cm-1 line of CCI4
IV (a) I () I (b o, @ o, @

sicl, 280, 1.7 .42 .006 - -

GeCl 100. 1.2 .77 .013 —

cct, 90. 1.2 . .80 .013 .019¢41)

Tict, 150, 2.1" .83 .014 S

Cei2 75. 1.4 1.0 .02 _02t4)

CeHg  170. 26. 15, .15 27442

CsFs 130. 50. - 8. | ..35, .3‘435

CygHy0, 140 70. 9. .52 -

CeHsNO, 320, 160. 18. 52 .52¢44)

(a) Stokes side from 0. cm -1

(b)  Stokes side from 5. em.”!

* To be taken as maximum due to Tyndall scattering.
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CHAPTER V
DATA ANALYSIS

V.1 ¢urvefi+?lng Procedure .

As mentioned in Chapter II, Theore+lcéi and experimental
considerations indicate that the depolarized_spec?ra of the isotropic
liquids can adequately be described by a narrow relakafibnal éomponenf A
resting on a broad, colltslonal background. . Since the orientation

i

C -
components of Cst, C14H!402, _ 6”5 NO2 are confined fo < 5 cem. ,

these liquids should also be described by a Eeiaxaflonaluéndia collisional
component . C6H6 and CGHIZ are more compi icated slnée their orientation
c;mponenf extends wel! Into the 5 cm - region. For consistency, the
intensity proftles of all the liquids were curvefit from 5bcm-" using
the following functional form:
. I: “ s . r -v/v‘
ITh.‘ =:—r_v:—s:~)2+lcv e o - V-'-
°R
Since the actual Lorenfz should be centered at 0 cm '1, +he'flrsf
1érm is ;n approximation of the Lorentz iine profile starting at 5 cm _1.
This approximation should not greatly effect relative intensity ratios and
ITnewidths., The parameters I;; o: represent the peak intensity and half
width at half maximum of the Lorentz from 5 cm ' respectively.
The second term represents the Broad coilisional component, Ifbﬁs the Intensity

of the colllsional -omponent at 5 cm -1, while Yo is the collisional

finewidth parameter. The quantity "r" in the exponential weighting term
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v is elther 4/7 or 12/7 depending on whether Bucaro and Litovitz'
electron overlap or frame distortion mechanism pred ominates.
The collision distribution has a maxium at v = rv,

r

max. _
I c V-2

= Ig (rvo)r e
The position and megnltude of this maximum vary with the power "r" and
paramefer Vo? resuiting In different intensity contributions for fﬁe 4/7
and 12/7 powers. Since the exponential distribution is an asymptotic
expression valid for v > M, » the region v < Vo (usually abouf 5 to 20 cm -')
was approxlha*ed by a straight line nearly tangential to the peak maximum.
The approximation gives a similar collision |lineshape as Bucaro and Litovitz!
numerical ly evaluated distribution, which was valid down to zero frequency
shifts 46

‘The |ineshape parameters were obtained as follows: The |inear
nature of fhe'plo?s of log (I/v") versus v Figure II) indicate that for
v ; 20 cm.“, the intensity distribution is predominafeiy exponential.

The slope cf each {ine gives an accurate estimate of Voo Knowing Vo

- "r", and several values of the total intensity in the linear frequency region,

max.

average values o I: and I

can be calculated using equations V-1 and

V-2 respectively. The value of I; can be found by simply subtracting
Igax. from the total observed intensity at 5 cm -'. The slope of a
(I;/I - 1) versus (v - s)z graph for v < 15 cm -1 gives an estimate of

5.2 )
(°h) .
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When fhe.paramefers Vor 13, c; were varied simulfaneously,
Y increased and I: decreased substantially from their exper]men}ai
values. To avoid this, two parameters q; and I: were used in the curve-
fitting at a fixed value of Vor A coarse grid was performed on Vo
with each value having the same Ini?!qi parameters as,'I:. The
procedure was repeated with finer grids on Y until the best fit was
achleved.‘ | .

The curvefitting was done uéing least square fitting techniques

with a Chl square (xz) goodness of fit test defined as

I (v,) -1 (v,)
2 . *
> =1 ( exp 1 Th i ) 2 V-3
¢ , o( v')
IExp. (v‘), ITh. (v') are the experimental and +heore+ica|»ln+ensl+ies

at frequency v with standard error o (vi). The standard error was found
by repeating each specfrumvfhree times and obtaining the average deviation

! intervals. |+ amounted to 3 to 5% for

from the mean intensity at 2.5 cm ~
most liquids. The criterion for a good fit was the Chi square per degree

of freedom (leN) test. N Is the number of degrees of freedom and equals

~ the number of data points fitted minus the number of parameters varied in

the fit (47). Values of the parameters were generated by the curvefitting
-program unfll'xZ/N approached unity and the parameters converged to physica!ly
acéepfable values. xz for a parameter A and its increments A t;AA were

least squares fltted to a parabola,‘and the change in the parameter corres-

ponding to a minimum xz with a change in x2 of unity represented an estimate
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of the standard error of the varied paramefer(48).

In order to compare the fits of r = 4/7 to r = 12/7, only the
frequency region v > 12/7 Vo (value of Yo found using 12/7 power) was
considered, This eliminated uncertainties of the |inear approximation and

the presence of the Lorentz.

V.2  Curvefitting Results

| Figure IIl shows the relaxational and colllsionalAcomponenfg of
a representative tetrachloride (CCI4). Figure IV shows similar components
fqr nitrobenzene which is representative of the very anfso*ropic molecules.
In both cases, excellent fits wére obtalined for both low (v € 15 cm '1) and
and high frequency (v > 60 cm -1) regions. The anisotropic molecuies show

a strong Increase in the ratio of the peak relaxational to collisional

intensity at 5 cm 'J. The relaxational component makes the predominant

contribution to the Intensity Iin the first 25 cm -1 but becomes negligibie _

relative to the collisional component by 60 cm -1,

Tabte III displays the final curvefitting parameters og and vo(c. fit)

1

along with their correlation times defined by tR(secJ = r
27nc % (cm

1
——
2wcv°(cm )

-]) ’

tc(secJ = » where ¢ Is the speed of light.

Column 1 of table IV lists the experimental values of_v° (expd
taken from the plots of log (I/v") versus v for r = 4/7 and 12/7. Column 2
shows the corresponding curvefit values Vo (c. fit). In every case,

subtraction of the Lorentz from the total intensity changed i (c. fit)
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(exp.). by less than 10%. Column 3 gives curvefit values c.fI1)

1

from
) Yo

slits

Yo
found using data obtained on a Spex Spectrometer with .5 em.
and a 40 mw.” He-Ne. laser. The fﬁo sefg of values for Vo (c. fit) agree
exceedingiy well, indicating the consistency of the results under widely
varying experimental conditions, Column 4 gives the xZ/N for the 4/7

and 12/7 powers calculated starting from v = FVge. The x2/N values are

also very representative of the goodness of fit over the entire frequency
range. fhe xz/N results Indicate a trend toward better fits using the 4/7 —
| power fér isotropic molecules and the 12/7 power for anisotropic molecules.
Unfortunately, the trend is not strong enough to definitely sélecf the

- electron overlap and frame distortion mechanisms as the primary scattering
mechantsﬁs for isotropic and anisotropic molecules respecflve(y.

The integrated Intensities of each component were ob¥ained és

1 to

follows:. The Integrated intensity of the Lorentz lc (R) from 5 cm.~
infinity Is just proportional to the product of I;,and o: (Appendix 1)

and can therefore readily be calculated. Since the fits were excellient,
. the collisional integrated intensity 13 (C) was found by simply subtracting
the relaxational intensity Ic (R) from the total experimental intensity
Is_(T). The results of Is m, Ic (R), Ic (C) and the peak intensity ratios
of Ic (R)/IS ©) at Scm ") are;recorded in Columns 1 to 4 respectively, in
table V.

h L As mentioned previously, the intensities of the collisional

and relaxational distributions are different for the 4/7 and the 12/7

powers. In all cases, the collisional intensity for the 12/7 power is

about 15% lower thzn that obtained with the 4/7 power ..
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V.3 Relative Intensity Ratios of the Relaxational Component

Discussion Qf the integrated intensities of the relaxational
component will occur In two sections dealing with isotropic and anlsotropic
molecuies respectively.

As mentioned in Chapter II, Lewis and Van Kranendonk predict,
for rare gases, a peak predominately Lorentzian in nature centered at zero
frequency and with a peak intensity 1/4 that of the colllisional component.
if this Infercollisﬂenal effect is responsible for the observed relaxational
component in the telrachiorides, the peak intensities, as well as the Integrated
Intensitles relative to the collisional component, are enhanced in the liquid
state. With the present uncertainties, the relaxational compohenf in
the tetrachlorides will hereafter be referred to as the isotropic reiaxational
component and not as the intercollisional component, |

From log I(R) versus log p plots, the relaxational intensities seem
to be a strong function of the liquid densities (n--ps)p but since there are
several other paramasters which méy vary from molecule to molecule, such as
the recuced mass, it is hard to ascertain the exact density dependence. Density
studies on the reilaxational component, now being performed by T, A. Litovitz |
et al , will certainiy clarify the situation. It is still assumed that
this comﬁonent enters into the scattering distribution of ail iiquids.

Without knowledge of the dependence of the fsotropic relaxational
cémponenf on the molecular parameters, ﬁf is very difficult to estimate the
size of this component in the anisotropic molecules ( CﬁFs’ C]4H]402,
C%HSNOZ)' I¥ the strong density dependence is correb?, the iso+ropic.

relaxational contribution to the obsasrved anisotropic reiaxational component

‘would be qui?é small (<15%). It's therefore possfble that some other
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scafferfng process accounts for the strong relaxational component

“In the anisotropic molecules a+5.cm’l. Orientation scattering is
ruled out since In these molecules It produces an unresolved peak
cénfered at zero frequency and has been found experimentally to contribute

to less than 10% of the intensity at 5 cm -‘. However, a second major

component has in fact been observed by Zaitsev and Sfarunov(49) in 1965,

and by Craddock et al., in 1968(50). The spectrum of depolarized |ight

scattered in various anisotroplic liquids consisted of more than one
Lorentz and could be successfully described by a sharp Lorentz on a
broader Lorentzian pedestal. .

In 1969, A. V. Sechkarev and P. T. Nikolaenko developed a fheory

whlch predtc?ed a narrow Lorentz on a similar broad background(sz)

;They assumed that during the average fime T between Brownian reorientations,
each molecule of the liquid executes quasielastic rotatienal oscillations

in a potential well with an average angular frequency "osc
-12

(Period Tosc. ° "/"osc.g 10" '“sec.). The oscillations are perturbed by

Irregular impact interactions of frequency Z. +t was previously interpreted

by Leontovich as the relaxation time of fluctuations in the anisotropy;

-10 LR (52)

. for C_F,, C, H CLHNO, t ~ 10"~ - 10 ' ' seconds .

6 6° “141402 502
The rotational-oscillation theory predicts a narrow Lorentz

identical to that found by Leontovich

= Ioh + 2 v V-4
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(see Chapter II, equation II-4) and also a broad Lorentz squared intensity
distribution In the wing, approximated by
1° |
T oot V-5

¥+ wisDH?

provided that Z/w__. > 1, tosc{T>< 107!, Tﬁe interesting point to note
fs that the half width at half maximum (H.W.H.M.) of this distribution is
a measure of the time between collisions. This is the same H.W.H.M. dependence
as found in Lewis and Van Kranendonk's intercollisional theory. Therefore,
although +hé contribution of the isotropic and rotational-oscillation
processes fo'+he observed anlsofrdpic relaxational component are uncertain,
in both cases the half width parameters dgpend on +hé time between céllision
The importance of this dependence will be demonstrated lnFV.A.
‘The iasf section deals with the particular cases of C6H6 and C6H12

- which also contain an orientation peak in the 5 cm f‘ region. To isolate
each component, the intensity confrlbu?ion in the far wings, which is
predominately due to shérf—ranged‘colllslon induced scattering can be found

and subtracted from the total in‘tensifyo The remaining spectrum can
be curvefit using Lorentz and Lorentz équared distributions corrected for
the contribution of the isofropic reiaxational component. Due fo the
‘uncertélnfy ln‘The Isotropic relaxational component and to the complexity

I

of this problem, the decomposition procedure was not carried out. .
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V.4 Relaxational Linewidth

As demonstrated In the last seétlon, the relaxation t+ime of
'?he isotropic and anisotropic relaxafiqp component could theoretically
be fdentified with the time between collisions Tpe Experimentally, this
time varies from molecule to molecuie by only 15%, which ts surprising
conslidering the wids range of molqujar masses,idensifies, and anisotropies
invoived. The following is a poss{zié simple explanation: Assuming that
between col!isions two molecules travel toward each other with an average
relative veloci+y v , through a mean free path I, then the time between
collislons, TRe will be given by

g = NV

In a gaseous approximation 1/2 uv 2 « kT or V « V' T/u . The distance f\»il!.
- depend fnversely on the product of the number of mbiecules per unit volume
times the mean collisional cross-section area per molecule:., As will be
demonsfra+ed_ln the section entitled "Collision Linewidth", this cross-section
isAalmos+ constant for the molecules studied. The number of molecules per

e__ 3/2, 1/2
unit volume equals 2y, givlng»tR proportional to w™' “/pT *“. For liqulds

S/Z/po For each molecular liquid,

‘at the same temperzture, 1 varies as u
?his simple model predicts that the time between collisions varies inversely
as the density of the liquid. This is consistent with the relation found by
Lewis and Van Kranendonk in Chapter II.

Using the w3/2/p relation, calculation of the bosslble ” ratlos
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for all possible pairs bf Ifquids studled (excluding ratios InvolvlngA
vCGH6, 06H12? CI4H1402 gave an average vglue of 1.2 + .2, The experimenfai
ratios were found using TR corresponding to the 4/7 power for isotropic
molecules and R corresponding to the Ié/7 power for the anisotropic
molecules. The experlmenfal value was 1 + .1, in very good agreement with
the slhple gaseous mode!. An infereSfing consequence of these ratios is
that they predict that the time between collisions is very similar in all the
liquids studied regardless of their widely varying molecular parameters.

The ratios involving benzyl benzoate, which consists of two connected
benzene rings, agreed with +he\model predictions if u/2 lﬁsfead of u was

- 3/2

used in the u”' “/p relation. Experimental ratios of~1§ involving CGHG and

C6H12 were different from the model predictions by several standard errors,
consistent with their relaxational component belng comprised of an additional
peak due to orienta’tion scattering. |

All the experimental values for cSR, iﬁ bresenfed in table III
have been determined from a Lorentz centered at 5 cm“. As mentioned this
was done to aVoId uncertainties for v < 5 cm-1 due to stray light scattering,
non-zero Rayleigh-Brillouin triplet depolarization ratios, unresolved

~orlentation components, and sample cell alignment errors. The values of

og, qg of a Lorentz centered at 0 cm" can be obtained in the following way:
Graphs of Lorentz distributions with a range of H.W.H.M. parameters 0; were

plotted and interpolated at 5 cm-I to find the corresponding value ot og.

A plot of ag versus cg gives a s+rélgh+ line (valid for 05 in the 4 to 7 cm"l
: R S
region) with slope of nearly vZ and zero intercept. Therefore
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og can be found from the relation

0 -1
© ~ V7

»CGH12 (figure V) filustrates the extrapolation procedure. The
total intensity profiile centered at zero frequency consists of a narrow line,
with a F,W.H.M, determined by the spectrometer slit width, sitting on a much
broader peak. As the spectrometer slit width was reduced, the narrow line
contracted to widths close to the spectrometer slit widths, leaving the
width of the background peak unchanged . |t was concluded that the narrow
line was due fo one of the above four probiems and did not simply represent a
sharp Increase in the depolarized intensity near zero frequency. For exaﬁpte,
a verticai misalignment of the scattering cell by 1° is sufficient to account
for the narrow component. The H.W,H.M, (og) of the broad ba;kground with
the collisional component (4/7 bower used) removed was 8 + .5 cm -lo The
extrapolation prediction for oz is 9+ 1 cm,'i, in reasonable agreement.
¥.5 Relative intensity Ratios of the Collisional Component

Unfortunately, there is no theory available in the iiterature
describing the Integrated intensity ratios of thecollisional component.

As- a result, a simple mode! based on a moiecuiar frame distortion mechanism
will be constructed and applied to all the liquids except CI4HI402 and
CGHSNOZ’ which were difficult to analyze properly due to thelir asymmetric

structure,
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The model assumes that when two molecules with relative velocffy
v coilide, there is an angular distortion ¢ (v) in the bond framework of
each molecule. For smail displacements ( a few tenths of angstroms), the
change In polarizability from the equil ibrium state Az Is assumed to depend

(53,54)

linearly on the angular displacement o (v) . Using the expression

for the total scattered Infensffy (equation II-5), and since u, = Ax,

the coll.isionai intensity distribution becomes

Te [ Nw,ba a2y gV - V-6
(]

L]

ofe I (e) = J{ N-(V,b) oz(v) av V-7

The azimutha! angular propor*ionallfy constant in u, = Aa affects the
magnitude of the absolute in+ensi+y, but cancels out in an intensity ratio

of simiiarly structured moiecules. N(v,b) is the nuﬁber of collisions per

unlt volume per unit time with impact parameter b and is given by equation II-6.
The expression for N(v,b) is appropriate for gases but will serve as a first
order approximation to the liquid state. Just as in Bucaro and Litovitz' theory

for collision induced scattering, a zero Impact parameter b will be assumed
(55) | '

@

for the closely packed liquid state
As 1Is quife often the case in Chemistry, the chemical bonds are viewed
as Hooke's law spfings with spring cons‘l'an‘tskso When two molecules colliide,

thelr relative kinetic energy 1/2 n vz is stored as potential energy
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1/2 kd oz(v) f; the distorted springs and then returned as the dls*brflon
p}ocess relaxes. For the molecules studied in‘+his experiment, the spring
constants ks corresponding to the stretching and compressing modes were
" an order of magnitude greater than the angular spring constant ko/Rzo
appropriate for the bending modes(ss). It was therefore assumed that the
predominate distortion mechanism was the bending of the atoms from their
_equilibrium positions in the molecule. For the tetrachlorides, with central
atom X, the angular displacement of the ClI-X-Cl bond for collisions of molecules
with relative kinetic energy of a few kT can be as much as 10°.
Using o 2(v) « W vzlkc equation V=T becomes
'I(e) = n ( u)3/2 (u/ko)v fvg e KT dv V-8
[

This integral is easily evaluated using the C.R.C. Handbook of Mathematics

and Physics.

3 ) V-9
2('2]-(?) :

I(c) = n (T(-f)

Defining an Integrated collisfon intensity ratio IR(c) = I'(c)/lz(c),
where subscripts 1 and 2 refer to liquid 1 and 2 respectively, then:

Ny o My k., T
(L2 (1512 2 L2 V-0

N, ¥y 1 T2

S

IR(c) =

Since n = p/2)y, and for constant ]Iquid temperatures, IR(c) reduées to the

simple expression
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te) = (;ioz (;%05’? (;;%) . v-11
The ratlo of the Integrated intensities of two molecuiar iiquids based on
a frame distortion mechanism, shbuld va}y as the ratio of the liquid densities
sduared,vlnversely as the 5/2 power of the reduced masses, and Inversely as
Afhe angular spring constants. a
Table VI 1ists +he}angular force constants and fhé bond lengths -

Table VII gives the calculated Infensity ratios IS%'* and the
experimentally observed ratios ISXp’ for péirs of similarly structured
molecules. The agreem%n+ Is quite good. The low calculated ratios for
GCI4/SiCl4 and C6H12/SICI4 may be accounted for by the inclusion of the
electron overlap scattering mechanism. Table I, column 4 indicates that CCI4
has the lowest ionization potential of the tetrachlorides, while the ionization
potential of 06H12 Is considerably lower than that of CCI4. On the assumption
that the ionization potential is a measure of the deformability of the outer
molecular electron orbitals, then CCI4, 05H12 may have signlffcanf contribution
from the electron coverlap mechanism. Taking this effect into account might
well improve the calculated ratios.

Vgry little more can be done until a complete theory is availiable

.predicting the exact proportion of the electron overlap and frame distortion

.mechanisms and predicting how each depends on the molecular parameters.

V.6 Collisional Linewidth

As outiined in Chapter II, the Ilnewidth parameter 1/v_ Is a measure
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»of the duration of a colllsion and has been successfully related to the

term (u/kT)llz. H. Howard-lLock et al (Interpreted the proportionality
constant Zuy-; as being a measure of the distance between two collidlng
molecuies for maximum induced anisotropy (equation I1-9). In Hyung Kyu Shin's
- expression for 1/p° » the proportional ity constant is jﬁst the Leonard-Jones »

172 shouid

radial paraine*er o {equation®~14). Plots of ‘i/v.,vers'u"s‘ (u/KkT)
provide'aﬂ estimate of both 75' and 0. However, since 1/v° depends on the
nature of the scaffering mechanism, the results are not expected to fall on
.one iine. In fact, the graph of 1/vo versus (u/kT)’lg for isotropic
(4/7, 12/7) and anisotropic (4/7, 12/7) molecules yields three straight
fines. The values of l/¢° corresponding to the 12/7 power used for the
Isotropic liquids form the first line. The values of l/vo correspond ing to
the 4/7 power for the anisotropic molecules form the second line. Finally,
the 1/vo vaiues corresponnding to the 4/7 power for the Isotropic molecules
and the 12/7 power for the anisotropic molecules fail remarkably on a single
third line, which lies between the first two. See figqure VI. The values

-1 o o o ] ) o
of (y 20 o) for the three lines are (.77A , 4.84A), (fEBA, 3.64A), (6.5A, 4.1A)
respectiveiy. |

For liquids in which the Leonard-Jones potential is applicable, the

parameter ¢ Is representative of the molecuiar collision cross-section.
.Thus for the isotropic molecules (4/7 power), and anisotropic molecuies
(12/7 power), the collisional cross-sections are very similar, This fact

was used in the calculation of R in section V.4,

Nitrobenzere and benzyi benzoate do not fall on any of the three lines.
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Benzyl benzoate can be brought significantly closer to the linear region

if u/2 is used instead of y in the u'/z

expression, identical to the
behaviour previously noted In section V,4. IT may be concludéd that this
complex molecule behaves more Ilke a simple benzene ring in colllision-induced
- scattering. The discrepancy for nitrobenzene is probably due to the
fcompléfe inadequacyA of the Leonard-Jones potential in describing the
Intermolecular interaction befweeh»such asymmetric molecules.

The interpretation of the three ltqes is not clear. Since there
Is no conclusive prefererce from the curve-fitting results of the Isotropic
and anisotropic molecu!es to eitherd/7 or 12/7 power, the results may be
interpreted as follows: If the dominant mechanism in the isotropic
molecules is frame distortion, the parameters (1-;,-0) would be (.77: ,
4.8X'), while 1f the dominant mechanism in the anisotropic molecules is
electron overtap, the parameters would be (.SGK”, 3.6R ). Finally, 1f the
dominant process in the isotropic molecules is electron overlap and the
dominant process in the anisotropic molecules is frame distortion, the
parameters (T-;, g) would Identically be given by (.653‘, 4.13’). Note,
that for both isotropic andlaniso*ropic molecules, the distance between two
molecules for maxiumm induced anisotropy is smaller for the electron overlap
mechanism than for the frame distortion mechanism. |

The significance of only one set of parameters for isotropic molecules
(4/7 power) and anlsotropic molecules (12/7 power) is uncertain. It's
tempting to conclude that the single set of parameters is somehow indicative of

the trend to better leN (table IV, column 4) for the isotropic molecules
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‘using the 4/1 power and the anisotropic molecules with the 12/7 power.
Hoﬁever,-fur*her experimental and theoretical evidence is needed before
any definite conclusions can be drawn about the proportion of each

mechanism in Isotroplic and anisotropic liquids.
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TABLE III

Curvefit values for the relaxational and collisional linewidth -
parameters (taken from 5 cm =1), and their respective correlation times.

cRs o T . v, feor.) T,
o cm -1 x [Q‘zsec. o cm.”! " x 1012 sec.
4T 2 T ar i a;r o 1277 47 12/7

SICl, 5+.3 6+.4 1.1+.06 .9+.07 14.3+.4 9.24+.3 .37+ .01 .58 + .02

GeCl

54 .2 6.5 .3 1.1+ .04 .8+ .04 12,8+ .3 8.7+ .2 .42+ .01 .61 + .01

ccl, 4.2+ .16.0+.3 1.26+ ,04 .9+ .05 14,9+ .4 9,9+ .3 .36+ .01 .54+ ,02

TICl, 5.8 + .4 7.4+ .6 .92+ .06 .72 + .06 13.7 + .6 9.

i+

.6 .39 + .02 .59 + .05

CgHy, 6.5+ .3 8.5+ .4 .82 +.03 .63+ .03 21.2+ .414.1+.3 .25+ .01 .38 + .01

.01 .25 + .005

|+
.
w\
L ]
——l
~J
+

66 -

CH, 5.2+ .25.9+ .4 1. + .04 .94+ .06 31.5 + .1 21,

CeFg 4.8+ .45.5:.6 1.12.1 1. #.1 18.5+.613.1+.5 .29+ .01 .41 + .02

H,,0, 5.1+ .56.5+.7 1. +.1 .82+ .08 34.8 + .6 23.2+ .5 .15+ .002 .23 + .005

1411402 bt

HNO, 5.1 + .2 5.8+ .1 1. .003 .26 + .004

65 2 -

lalq
.
o
N
.
O
N

|+

.02 31.5 + .6 20.2 +

+
[ )
(¥}
*
3
+

4/7, 12/7 refer o the power of the exponential weighting factor.
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TABLE IV

-

Experimental (exp.) and curvefit (c. fit) values for the collisional
linewidth parameter Vo

. . ) : * 2
v, (exp.) 4 v lc.fit) - vo(c.flf) A x“/N
p— em ! ’ _ em. !

4/7 12/7 4/7 12/1 4N 12/7 471 12/
sict,, 14.4 .3 9.6+.2 143+.4 924 .3 -= . == 5 1.5
GeCl 12.5¢ .2 8.6+ .2 12.8+.3 8.7+ .213.4+.3 9.1+.3 3.0 3.3
ccl, 14.44 .3 10,1+ .3 149+ .4 9.9+ 3156+ .511.2+ .4 1.7 1.9
Ticl,, 13.7% .5 8.9+.5 137+.6 9. + .6 == - - == - 1.6 2.0

' ) *% * %

CeHyy 20,8 + .3 14.3+ .3 213+ .4 141+ .3 22, 4.8 1.3 1.2
CeHg "32.44+.7 21.5+.6 31.5+.1 21. + .530.6+.620.8+.5 4.0 1.6
CeFs 19.2+.5 14,14 .4 18.5+.6 13.1+ .517.2+ .4 11.8+.4 2,0 1.2
3 H '. + . . + Y . + - . . - ' ame o . '
1aM402 615 23.23.4 48+.6 2B.2%.5 6.3~ 2.7
HsNO, 29.4+ .5 203+ .3 31.5+.6 20.2+.3 28.1+ .419. +.3 1.2 .9

¥  Curvefit values taken from 1967-1970 data using a Spex Spectrometer,
i .5 cm =1 slits, and a 40 mw. He-Ne laser.

%% Experimenial values of v, from ref. (2).
4/7, 12/7 refer to the power of the exponential weighting factor.
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Depolarized relaxational and colllsidnal‘!nfegrafed intensities

(1! (b)), starting from 5 cm ~

and relative to the 459 em "V line

in CCI4.
H H H s . e8
I, (M I () I, ©) I* RI/I® ©)
4/7 12/7 4/7 12/7 41 1277
srcu4 .42 XY .15 31 27 1.5 2.7
GeCl, 77 .28 .44 .49 33 1.7 3.3
ccl, .80 17 .32 .63 48 1.1 2.2
- TiCH, .83 .27 .44 .56 39 1.3 2.5
CeHyp, 1.0 .32 .49 69 51 1.9 3.3
g 15. 7.6 8.9 7.4 6.1 7.4 10.6
Cefg 8 5.2 6.2 2.7 1.8 7.7 12,
c,4w1402; 9, 3.2 4.4 5.8 | 4.6 47 7.5
CgHgho,  18. 10.2 11.8 7.8 6.2 10. 14,

4/7, 12/7 refer to the powef of the exponential weighting factor,
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TABLE VI -

Bending force constants (kc/Roz) and bond lengths (Ro)

2 % %%
g /rd R, Bond .k
ind /A® A° x 10! erqs.
sicl, .059 2.02 - Si-Cl .24
GeCl4 .053 2.09 Ge-Cl .23
>CCI4 .103 1.77 c=Cl .32
Ticl, .037 '2.19 . Ti-Cl .18
) ' %% %
C.H 0997 109 cH 1
‘6 '6 . ~
(58) %3
- CgF .07 1.3 C-F .12

*  Unless otherwise stated the values were taken from
T. Shimanouchi, Pure Appl. Chem. 7, 131 (1963).

¥%  Unless otherwise stated the values were taken from
R. T. Sanderson, Chemical Bonds and Bond Energy
(Academic Press, New York, 1971).

¥%* Oyt of plane bending mode.



Cak':ula‘l'edz' and experimental integrated intensity
ratios for the collisional component (Ir’l (c), from 5 cm

TABLE VII

Ratios (R) ele- e
GeCl, / siCl, .9 1.2 + .1
Ticl, / sicl, 1.4 1.4 + .2
ccl, / sicl, 1.1 1.7 + .1
CeHyp / SICH, .8 2, +.2
CeHg / CgF | 3.5 3.4 + .3

6
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CHAPTER VI
SUMMARY

The depolarized Raylelgh wing spectra of isotropic and anisotropic
molecules were taken at room temperature using a Coderg double monochromator
with 1 cm = entrance siits.

The experimental line profile was decomposed by least squares
curvefitting techniques into relaxa?to;al and collisional components,
Integrated intensities as well as depolarization ratios werg‘found for each
liquid.

‘The relaxational component was Lorentzian, had a |inewidth that

3/2/9, ;nd was Interpreted as being a measure of the +imer-

depended on u
be{ween collisions 1. The excellent fits with the Lorenfz[an lineshape and
linewidth dependence (TR = 1/p) Indicate that the relaxational component in
the tetrachlorides may be described by the Lewis and Van Kranendonk
Intercollisional theory. A

A simple model was cohsfrucfed to pred!c+~+he relative lnféhslfy
ra%ios of similarly structured molecules based on a frame distortion mechanism.

The results were in falr agreement with the model. The discrepancies in CCI4

and C_H

62 indicated the necessity of Including the electron oVerlap mechanism,

The collision |inewidth parameter 1/(2«?0) (sec.) was found to be

/
proportional to u1‘2

with the proportionaltiy constant representing the
distance between two colliding molecules for maximum induced anisotropy.
A single value of y'; of .65 + .02 Kﬁ was obtained using the 4/7 weighting
factor for the isotropic molecules and the 12/7 factor for the anisotropic

molecules.



APPENDIX

Integrated Intensity of theR elaxational Component

Given
IGR) = IS/ 1 + (_3_;_5__,2,
%
Then

Total 1+ (32502
R
Let (—‘—’gi) = tan 0
%R
o’ dv = og secze de
x/2 2
o IR) = I; o'; f .._5.95.._9._2._d )
Total A 1 + tan“e
Since 1 + 'ran2 0 = sec2 (0]
n/2
1 Total (R) = I o de
' (<}
and .°.
_ s s
I (R) = w/2 (IR oR)

Total
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