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ABSTRACT 

The spectra of depolarized ·I lg~_t scattered from Isotropic 

and anisotropic liquids were Investigated In order to obtain information 

on both the reor I en·:J·at I ona I and co I I Is I ona I motIons of the I i qu I d mo I ecu I es. 

The II quId ~spectra taken at 22°C on a Cod erg spectrometer 

(1 em. - 1 slits) wert3 decomposed into relaxatlonal and collisional 

components using let3st squares fitting techniques. Integrated Intensities 

and depolarization rratios in the zero em - 1 (1 em -t= 3~x 1010 hz.) 
. -1 

frequency shift region as well as In the >5 em region are reported. 

-1 The Isotropic liquid spectra from 5 em consisted of a narrow 

Lorentz and a broad{er coli istonal component which was exponential at 
-1 . 

shifts> 10 em • The anlsotroplc.spectra also consisted of relaxattonal 

and collisional components; however, the Integrated Intensity of the 

relaxational and the collisional components Increased by 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 Intensity ratios of the collisional 

component for both Isotropic and anisotropic liquids. 

The relaxation time of the Lorentz component was Interpreted for 

both isotropic and anisotropic liquids as being the average time between 

coli is tons. It was, found to vary as p.
312tp, where 11 Is the reduced mass 

of two coli idlng mc)lecules and p the I I quid density. 

I 



The I tne wfd!th parameter 1/"
0 

for al ~ the collisional 

components was t nter,preted as bet ng a measure of the duratIon 

t I f . 1/2 1 f of a coli s on and ~as ound to vary as p ndependent o the 

density P~ 

i I 

. z: . 
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-CHAPTER I 

INTROOUCTI ON 

-L1gh't scattering has become an extremely useful method of 

. ( 1) (2) 
--I-nvestIgatIng both reor t entat I ona I _ and co I II s I ona I motions of 

.alecules In liquids. 

The _ s_pectrum of vIs i b I e I I ght scattered by a I i quId genera II y 
' (3) . 

consists of a Rayleigh line (due to fluctuations in the dielectric 

. (4) ' 
constant), a Bri I louin doublet (due to scattering fr'?"' longit-udinal 

phonons), and a broader depolarized llne(S) associated with the anisotropic 

molecular polarlzabfllty. 

-=-+fe1"erodyne or beat f-requency techniques with a resolution of 

--i-0
14 

-have been used to investigate ~aylelgh scattering due to density 

and orlentational fluctuations in macromolecules(6) and liquid crystalsC7>. 

Diffusion constants, Doppler velocities (t-ypical range of 10-5 m/s to 

,10
2 -m/s), and molecular orientation times (10-3 to 10-4 sec.> can be 

·detennf ned In thIs manner. 

For many liquids the depolarized line can be resolved by scanning 

Fabry-Perot methodsCB) wtth a resolution of about 106• The spectral 

-proft le is Lorentzi-3n, with the llnewidth ·parameter representing the 

(9) ' 
relaxation time of fluctuations in the molecular motion • Recently, 

S. Stegeman and B. ·P. Stolcheff have showed that liquids composed of 

anisotropic molecules exhibit a narrow depolarized doublet. superimposed 
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on the depolarized l~aylelgh I lneCtO). This doublet Is bel feved to 

originate from scattering from transverse shear waves. 

For low vls(:osfty anisotropic I fqutds, the depolarized line can 

be reso I ved by conv~ent I ona I spectrometers wIth a reso I utI on of 

104 ( 11) 

Liquids composed of spherical-top molecules have Isotropic 

polartzabflitles and do not exhibit the narrow Lorentz due to orientation 

scattering; however, depolarized scattering can resuft from an Induced 

·an 1 sotropy produced when pat rs of atoms or mo I ecu I es coli t deC 12). The 

-1 spectrum Is a broad C>lO em ) exponential and occurs In all liquids, 

although weaker than orientation effects In the anisotropic liquids. 

The depolarized spectra of the Isotropic molecules show an Increased intensity 
-1 ( 13) In the low _frequency (v < 15 em ) region , which Is believed to be 

due to tntercolltslonal Interference effects( 14>. 

·rt Is the purpose of this project to study the depolarized spectra 

of I sot.rop lc and an tsotrop Jc I lqu Ids, startIng from a frequency shIft 

of 5 em - 1 from the laser line, In order to relate the Integrated Intensities 

and ltnewfdths of the relaxattonal and collisional components to properties 

of the llqu Ids. 

,-



II .1 Background Theory 

-'CHA-PTER I I 

THEORY 

3 

,_.hen monochromatic I ight ·ts incident on a medium~ a -small 

portion of It Is scattered from the beam direction. Of this portion, 

·· -abolff- 99% Is Ray I e I gh scattered resu I tl ng In essentl a II y no change in 

frequency from that of the Incident beam and Is due to translational 

and highly damped rotational motions of moleculesClS>. ·The remaining 

__ .1$ ls Raman scattered and frequency shifted due to Interactions with 

• ( 16) 
quantized rotational and vibrational energy levels of Individual molecules 

In-liquids, the Rayleigh spectrum of scattered light consists 

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

-1 as the Ray I e I gh w i rtg. The wing spectrum extends to tens of em for 

--Isotropic molecule!;C 17> and to hundreds of em -l for very anisotropic 

molecules such as those which ca~ exist in liquid crystals(lB). The 

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

There are a few Ideas that are fundamental ·to the understanding 
. 
o~ t'he dep<?larlzed Rayleigh wing: An Incident radiation field at frequency 

--·--v1nc.' -wlth electrlic vector polarized In the "b" direction (Eb) induces 

a dipole moment p
8 

11-1 
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&ab Is a tensor of rank two representing the fluctuation of the dielectric 

constant of the medium about an average value £ • The magnitude of the off 
\ ' 0 

d I agona I e I ements of tab are a measure of __ the mo I ecu I ar anisotropy of the 

Medium. The frequency spectrum of light reradiated by the dipole and collected 

at 90° to the incident radiation field Is: 

2 
-~:--:--

l(v) = C 1 "a <v> 1 11-2 

!he constant C contalliiS the famtl tar v4
1 dependence and the 1/L2 dependence, nc. 

uhere L Is the d I sta nc:e between the scatter f ng vo I ume and the detector. 

v repre~ents the frequency shift of the scattered radiation from the Incident 

tfrequency v 1 • nc • For Isolated molecules, the Induced dipole moment Is 

proportional to the difference between the polartzabtl Tty .. parallel and 
A 

perpendicular to the niolecule's major axis which Is defined by unit vector r. 

lla GC /4 : Cl I I - Cl ..L 11-3 

The proporttona I tty ccmstant Is a function of the az imutha I ang I es (8, +) of 
A 

the vector r. 

Since there are several mechanisms which can produce a change In the 

toalarizab IItty (resu 11·1 ng in the scatterIng of It ght), a chronolog tea I survey 

Is perhaps the simplest presentation of the developments In the depolarized 

Rayleigh wing field. 
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· '11.2 Developments In the Rayleigh Wing Field 

The Rayletg:;, wing was observed as early as 1928 by 

Sir C. V. Raman and K. S. Krlshnan(lg) •. They concluded that the wing 

spectrum was depo I a1r I zed 11 and Its IntensIty depended strong I y on the 

-- -:=anisotropy of -the m1:> I ecu I e. 

Assuming that the local strain in a liquid Is relieved by preferential 

··-rotational reorientation of molecules. M. A. Leontovtch, tn 1941. developed 

a ~heory which predicted a narrow depolarized line in anisotropic lfquids(20). 

The line profile was Lorentzian. the parameter T representing the relaxation 

time of the I oca I s·rra In. 

~0 
11-4 

Leontov I ch' s reI axa-~u ona I theory was later ex peri menta II y conf i rmed by 

!:21 22) 
several researchers • • For most of the liquids studied, the Lorentzfan 

l.lnewtd'ths were bet\leen 3 to 10 ghz. or .1 to .3 em -t and were therefore 

resolved by Fabry-Perot methods. 

Leontovtch's theory was adapted by Rytov, In 1957, to allow for 

seattering from transverse shear waves, which produce a depolarized symmetric 
. (23) 

.doublet situated at about a gigaherz from the laser frequency • The narrow 

lorentz and doublet are absent In molecules with spherical polarlzabllitles 

--,.fcl-sotroplc) such as the tetrachlorides. 

--5-I-nee fsola1·ed atoms and spherically- symmetric molecu_les have to the 
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first order isotropi!c polartzabllltles, I tght scattered from them is 

polarized; however, on colltslon 0 the Isotropic nature of the polartzablltty 

Is destroyed. In 1968, Levine and Birnbaum developed a theory based on 

this collision-Induced light scattering, which Is believed to be the dominant 

scattering process tn the far wings(> 15 em -l) of noble gases(24>. In 

-their theory they c(Jnsldered binary collisions with_ straight line trajectories, 

and an assumed Ga~ssian distribution for the variation of the anisotropic 

polarVzabtltty with Interatomic separation. The frequency spectrum is given 

_by thf) express I on: 

CD CD. 

HY, Tl .. f I 
0 0 

• 

I
. lvt 2 

N (b,v) I p (r(t1) ed+J dbdv _. a II-5 

where N(b,v) Is the number of binary collisions per unit volume per unit 

ttme ~ith relative velocity v and Impact parameter b. 

NCb,v) 
2 

· 2 3/2 1/2 · 3 -pv 
= Z11'n (p/kT) (2/11') v exp (- ) II-6 

2kT 

n is the number of molecules per unit volume with reduced mass ~ at a 

temperature To The fourier transform of p
8

CrCt)) can be de~ermtned knowWng 

t~e collision trajectory r(t), which depends on the Intermolecular potentia I. 

lt'i gases, the disto~rtlon of the polarlzabt I tty Is predominantly due to 

long-ranged dipole-Induced dipole (010) effects. An Incident electric 

field Induces a dipole on an atom, which In turn induces an additional 

-dipole· on a netghbc,urtng atom, generai ly not In the dfrectton of the Incident 
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field. This Is comm,nly known as the Van der Waals Interaction and 

Is characterized by an attractive Interaction potential: 

.. 

UCR> • - 1/R6 II-7 

where R Is the separation of the two dipole centers. 

Canblning e~quations 11-5 and II-6, the levine and Birnbaum model 

predlcts~ for v>10cm-1a broad weighted exponential Intensity spectrum, 

whose I lnewidth par,ameter \)0 depends on the duration of, the coli lsic?n, 

and whose Intensity for gases varies as the density squared. 

The exponent fa I wei~ghtlng factor is IV; Its importance wi II be demonstrated 

later. 

In May of 1970, H. Howard-Lock, W. Gornalland B. P. Stolcheff 

verified that the exponential nature of the spectrum with the square root 

weighting factor oc,cured In Isotropic and anisotropic I iquids as well as 

In the gaseous state(2S) They found that the lfnewldth parameter v
0 

could be related to the square root of the reduced mass (p) divided by kT, 

-1 wIth a _pro port I on a I I ty constant y 2 re I a ted to the d I sta nee between ·co I I I d I ng 

molecules for maximum Induced anisotropy. 

1/v = 2w Y2-1 ( !_)1/2 
o kT 11-9 
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In 1971, Bucaro and litovitz postulated a theory appropriate to 

~- t-Ight-scattering in llqtJfdsC26) ·,At --t lquld densities, due to The symme1Ty 

__ alol-Jf..__.tbe .. .close _packed environment_, the. dlpole-lndw:ed _dipole mechanIsm Is 

suppressed and shorl· range e I ectron over I ap _ and mo I ecu I ar frame dIstortion 

effects predominateo They assumed a zero impact pa~meter for liquids, a 

--leonard-Jones form i~or the I ntenno I ecu I ar potent I a I 

U(r) « [(a) 12 _ Ca>6 ] 
r r II-10 

and a 1/rm fonm for the change In polarizablllty (Aa) between two atoms or 

WlOlecules, where "mn Is a value appropriate to whether electron 

overlap or frame distortion processes predominate. Evaluating the fourier 

-transform of the energy spectrum n umer i ca I I y, they found an f ntens i ty 

-cltstrlbutton 

I I 2(m-7)/7 -v/v = c v e o 11-11 

where v Is related to the Leonard-Jones parameters and to the factor Cp/kT) 112 • 
0 

For atomic !liquids, the change In polartzabiltty for an electron 

9 overlap mechanism ts given by Am c 1/r , Implying that m=9. The· resulting 

.. Intensity distrlbutUon 

--II-12 

fs nearly Identical to the expression found by Levine and Birnbaum 
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(equation II-8>, al·though their IV fac:Tor was a result of the mathematics 

of the bInary co II i :s I on theory. Consequent I y, on the bas Is of II neshape 

alone, It Is not evident whether- a DID.( long-ranged) or an electron overlap 

(short-ranged) mech13n ism Is preva I ent. 

----For -tsotrop I c (e.g. CC 1
4

) -a nd:-moderate I y an f·sotrop i c (e.g. C 
6
H 12) 

molecules, Bucaro a11d Litovitz assumed a frame distortion mechanism In which 

flle change in polartzabllity depended upon the first derivative of the 

repulsive part of t:;,e Leonard-Jones potential, giving m=13 and a 12/7 

weighting term. With the 12/7 factor, good fits were obtained for ·isotropic 

.. and moderate I y a.n I s.:>trop I c mo I ecu I es. 

Also In 1971, Bucaro and Litovttz enalyzed the CCI 4 Rayleigh 

-1 -1(27) .· ' 
spectrum from 2 em to 80 em • They found that the spectrum cou I d 

·be represented by a sum of two tenms, one dominant at low frequencies and 

relaxatlonal In cha1racter, the other dominant at frequencies greater than 

·15 ·cm-1• The high ·frequency term is just the weighted exponentta I of 

eq_uatlon II-11. Th(a explanation of the low frequency line Is not clear. 

Otlentattonal scatt(aring can be ruled out since the polarlzabi I tty Is a 

scal~r, although th(are. is a posslbi I tty of orientation due to long- I tved 

0 0 dlmers. Temperatur<3 stud tes by Bucaro and Litovitz from -20 C to 70 C 

showed that the lor(antz intensity and I inewidth were constant to within 10%, 

-apparen-tly rul tng O(Jt the possibll tty of dimers. 

A possible r3xplanation Is given by lewis and Van Kranendonk. Their 

·theory, developed f!Jr rare gases, showed that radiation processes during 

successive binary CtJII is ions are correlated producing strong interference 

effects (28 >. Destlructive fnterference produced a dip at zero frequency 
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shift In the Induced Infrared absorption spectrum, and constructive 

Interference produc{3d an additional peak In the collision-Induced I ight 

scattering spectrum .. Tbe theory holds for dens I ties such that the time 
.. 

between collisions is much greater than the duration of the collision. 

The predicted peak Is • 65% Lorentzfan In nature, and Is centered at 

zero frequency; It has a peak IntensIty ... 1/4 of the peak I ntens I ty of the 

collision-Induced line; and has a ltnewtdth which Is Inversely proportional 

to the time between collisions. If this theory of lntercollistonal Inter­

ference can be applied to the liquid state, the peak Is expected to occur 

In all I lquld spectra; although for anisotropic molec.ules, It would be much 

weaker than the nar1""ow spectrum produced by orientation f luctuatlons. 

By the end t)f 1971, It was evIdent that a I though the nature of the 
~ . 

first 10 em was tJncertaln, the higher frequency spectrum seemed to consist 

of a single exponen·tlal for both gases and liquids. However, J. Gersten( 291 

(30) and Hyung Kyu Shin experimenting on rare gases and liquids respectively, 
· . I/ 2(m-7)/7 · 1 showed that graphs ~'f log C v ) versus v had several slopes wh ch 

. . 

they concluded were due to the added contribution of the attractive part of 

the Leonard-Jones p<Jtential and therefore, the DID mechanism.· H~ng Kyu Shin, 

using the overlap a~nd distortion approach favoured by Bucaro and Lltovitz, 

presented an analytical solution In the fonm of a weighted exponential 

I<v> (2 (m-7)/7 + 4/19) _12/19 6/19 = Ic v exp c-c1v + c2 v > Il-13 

" The pre-exponential part Is similar to that of Bucaro and Lftovltz, and also 
m 

depen~ s on the va I u~e m In &1. a: 1/ r • Howev~r, the exponent I a I has two terms 
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~a small term due to the attractive potential, dominant at low frequencies, 

and a larger term d1.ne to the repulsive part of the Leonard-Jones potential, 

dominant at high frequencies. Hyung Kyu Shin gives an expression for 1/v , 
- 0 

similar to that of Bucaro and litovttzo 

1/v
0 

,_a (p/kT) 112 II-14 

Using the distrlbut~on <II-13), he obtains reasonable fits for liquid Ar, 

Xe, and CCI 4, and is able to extend the exponential regJon down to 3 to 10 
-1 . 

em. • As a result of his work, It Is necessary to Investigate the effect 

of this new dl"stribution on the existence of the l·ow frequency lorentz 

ell scussed prev t ous I~'. 

To summariz~or isotropic liquids, theoretical and experimental 

ev t dence f nd I cate·s ·~hat the depolarIzed spectrum cou I d consIst of a sma II 

relaxatfonal compon,~nt lying on a broad collisional background. The 

8nlsotroptc spectra should have the above two components plus a narrow lorentz 

due to orientation $Cattering. 

The sma II r(31 axat ion a I component may be due to an i nterco! I is i ona I 

effect, ~hlle the e:<ponenttal component could be due to either short-range 

overlap·and frame distortion effects or long-range DID effects or, In fact~ 

a combination of both; the fonmer dominant at high frequency shifts, 

>30 em .-1, the latter dominant below 30 em ""' 1• 

It ! s the:' Intent I on of thIs project to de tern I ne how the I I ne 

~ntensftles and linewidths of the various components relate to the liquid 

parameters. 

.-



12 

CHAPTER III 

EXPERIMENTAL APPARATUS 

In order to obtain reproducable results of relative Intensity 

measurements of the depolarized Rayleigh wing, several apparatus require-

ments must be satisfied. 

The light source should have an hour to hour as well as a day 

to day stability of better than 98%. It should be Intense enough to give 

a good signal to noiise ratio (>50: 1 > but not so Intense as to pose a sample 

heating problem. The o'ptlcs should be crltlca lly a llgned to cornp letel y 
v separate the strong polarized Iv spectra of the tetrachlorides from their 

H weaker depolarized [ spectra. The scattering cell and liquid sample must . v 
be dust free to prevent Tynda I I scatterIng at the I aser frequency. F Ina I I y, 

the spectrometer should be designed to eliminate stray light, be able to 

scan from +200 em. -·1(antl-stokes> to -200cm. - 1 cs.tokes> with varying scanning 
-1 . 1 

speeds, and have a \#avenumber (em ) reproducibi I tty of < 1 em - • 

The experimental apparatus will be discussed under four topics: 

scattering system, ~;pectrorneter, optical alignment , the scattering cell and 

sampl~ p~eparatton • 

. ·1 I I. 1 Scatter I ng System 

A II the mea!;urements t n thIs experiment were made at 295° K and at 
~ 

atmospheric pressur<~. The scattering plane was defined as the plane through 

the scattering cell parallel to the direction of the Incident radiation. 
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The .scattered Intensity 1s denoted by Ib • where "a" ~refers to the a . 

polarization of the incident field with respect to the scattering plane, 

and "b'v refers to tha poI art zat I on of the scattered f I e I d a I so wIth i"'espect 

to the scatter I ng p li:1 ne. I n thIs experiment, the po I a r i za t I on took on two 

-values, "H" and "V"• which refer to electric fields parallel and normal to 

the scattering plane respectively. 

A schematic diagram of the apparatus Is shown In figure Io The 
0 

Wight $Ource was a 17 mwQ He-Ne (6328A ) Stablite model 124A laser from 

Spectra Physics., The laser was vertically polarized to better than 1 part 

3 
~~ 10 and operated in the T.E.M.00 mode with a spectral width 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. It has been show~ that heating of the 

liquid sample by a 50 mwo laser beam accounts for a tefll>erature rise of only 

.01° K, and Is therefore expected to be negligible In this experiment(3l>. 
' ~ The laser beam was filtered by a 50 A spike filter to eliminate 

spontaneous emlssJorli from the laser plasma. The beam was then reflected 90° 

( by a mirror onto a half wave plate (>../2 plate) adjusted to rotate the 

Incident polarization (V) by 0° (V) or 90° (H) as required., A -rotating 

polaro.ld positioned between the >../2 plate and the scattering ,.cell ensured 

that the Incident beam was corrected for any depolarization effects occuring 

·at the mirror or at the A/2 plate. The diaphragm In fWgure I collimated 

the laser beam In order to avoid scattering from the cell 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 I t1g through the d t aphragm. the Incident beam was 

focussed Into the St:atterfng cell, where It was subsequently scattered 
0 . 

and collected by a lens at an angle of 90 to the Incident beamo The 

scattered light was passed through another. polaroid to select the scattered 

polarfizatlon and th~an frequency analyzed by a Coderg model PHO double 
-1 monochromator operating wtth j om entrance slit widths. The detection 

was perfonmed by a photomultiplier tube (EM ~9558 0 dark current of 3 x 10-10 

amperes) 9 with the ~output displayed on a chart recorder. 

Each spectrum was r-epeated three tlmes.to average out fluctuations 

Un the iaser power, drifts In the amplifier baseline, and noise due to the 

scatter f ng and detect f on systems. ·. For certa l n Intense spectra, ca I I brated 

neutra~ density f'f lters were used to keep the detection and amp I iflcatton 

systems operating 1n their linear regions. 

Spectrometer 

The Coderg Raman spectrometer consisted of two monochromators In 

·- parallel. The second! monochromator helped to minimize stray I tght entering 

the photomultiplier tube.Each monochromator possessed a 1200 lines/mm. 

dlffr~ctlon grating blazed at 7500 K·. The spectrometer had a scanning 
. ~~ -1 

~nge of! 4000 em with a wavenumber reproducibility of< 1 em In the 
. -1 ±. .. 200 em scan rangeo The maximum resolution of the apparatus was about 

-1 .3 em. • 

Since· the diffraction gratings were sensitive to the polarization 

of the scattered light, a quarter wave plate (1/4 plate or scrambler> was 
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0 Inserted just after the analyzer to rotate the polarization (V or H) by 45 • 

All measurements of the depolarized line were made starting from 
-1 . 

5 em • This was done for several reasons. As was the case with Bucaro 

and Lftovltz, ·It was very difficult In the. tetrachlorides to Isolate the. 

Intense Rayleigh-Brill louin triplet of the lv spectrum from the weaker IH . v v 
. (32) . 

spect~um • This low frequency region was also the region with the largest 

uncertainty due to stray light scattering. As well, three of the anisotropic 

molecules (C6F6, c
14

H14o2, C6H5No2> had an unresolved orientation scattering 
. -1 peak centered at 0 em with a half width determined by the spectrometer 

slIt width. Starti1lg from 5 em -l enabled the separation .of the unresolved 

components from the broad background. 

For all the liquids studied, the spectrometer slit width was chosen 

to be 1 em -l larger slit widths tended to broaden the strong unresolved. 

peaks Into the 5 em -l. reg I on a Iter I ng both the I n+ens I ty and the II new I dth 

of the broad depo I a 1r I zed component. Sma II er s I It wIdths comb I ned wIth the 

sma I I Input power I 1nto the scatter I ng ce I I ( 6 mw. ) produced a much poorer 

- signa I to noise ratio (<50: 1). 
. -1 . 

A scan speed of 1 em. /minute was chosen for the unresolved lines, 

which .had a laser plus spectrometer plus sample full width at half maximum 

(F.W.H.M.) of 1.5 c1m--1• A scan speed of 5 em - 1/m.tnute was chosen for the 

b~ad spectra (F.W.H.M,>10 cm-1>. Faster scan rates resulted In overdamping, 

while slower scan rates decreased the signal to noise ratio. 

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

finite spectral width, the observed line profile f b (y) is a convolution 
. 0 s. 

,of some apparatus function A (x-y) with the true Intensity d istrl button +t(x), 

whIch wou I d be obse~rved If the I a ser and 
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Instrument wIdths we1re I nf 1 n I tes I ma I I y narrow. 

fobs (Yl =Jr +t (x) A (x-y) dx III-1 

Knowing the spectral llneshape and linewldth of the laser plus spectrometer 
. -1 

(Gaussian for T.E.M. 00 mode, F.W.H.M. of 1.4 em ), and that of the observed 

-1 line (predominantly dispersion· in form, F_.W.H.M. > 10 em ) , the true 

distribution Intensity and F.W.H.M. could be found graphlcally(33>. The 

corrections to the intensity and F.W.H.M~ were less than 4% for most of 

the broad depolarized spectra. This was confirmed experimentally by varying 

the slit width or apparatus function width and noting the change In the half 
. -1 width at half lnten~;ity of the depolarized spectra taken from 5 em • No 

-1 significant change tms noted up to slit widths of 2 em • 

111.3 Optlca.l AI lgnment 

The procedur·e for a I fgnlng the polarizer, >../2 and 'A/4 plates was 

as follows: 

The power fr"om the vertically polarlzedHe-Ne laser was measured 

using ·an Optics Technology model 610 powermeter calibrated In mi II iwatts. 

_ The vertical axis o1: 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 1/2 [l I a"te was Inserted between t-he vert I ca I I y a I I gned 

polaroid and the la:;er and was rotated to give a maximum signal (absorption 

of 1/2 plate-' 10%>. This corresponds to a null (0°) rotation of the laser 

·'polarization (V). The l./2 plate was then rotated to extinguish the signal 

(I.e. crossed polar(>id condition) and "therefore corresponded to a 90° 

rotatIon of the I as•3r poI ar i zat I on. Using thIs a I t gnment method, the 

__ transmitted powers ·from the 1./2 pJate i.n the "V" and "H" pos itt ons were 

wlth In 2% of each o·rher. 

The A/4 pla·l-e was substituted for the 1/2 plate. between the laser 

and the vertically aligned polarizer and was aligned as follows: Knowing 

.th~ absorption losses of the polarizer C-25%> and the l./4 plate C-10%>, 

-::The :power transmittt3d by the l./4 plate and polarizer at perfect alignment 

··--could be calculated. The A/4 plate.was rotated until this power reading was 

obtained. The pola1·izer was then rotated by 90° (i.e. from, V to H) and 

_sma II a~Justments o1f the A/4 pI ate were made to obtain the same power readIng 

as with the polariZt3r vertica I. 

111.4 Scattering Gel I and Sample Preparation 

T.he scattering cell was designed to minimize stray light scattering. 

It consisted of a 1/2" diameter, thin walled glass cyl lnder drawn Into a 

trapping Woods horn configuration. The cell was painted with flat, black 

patnt except for an entrance and exit slit. It was positioned In a standard 

rectangul.ar Raman Ct)lf holder with i~s cyl indrlcal axis parallel to the 

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

lllcMASTER UNIVERSI"F£ DBRAD 
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and be mu·l tip I y ref il ected down the !horn and trapped ., 

Great care uas taken to r-emove dust fran the ~ lqu ld samples and 

the scattering eel i :1 since a sma I i amo~nt of dust, could produce enough 

-1 scatter i ng near 0 ern to ob II terate the II quId spectra In thIs reg I on. 

Before·each run, the scattering cell was flushed out twice with methanoi 

followed by carbon ·~etrachlorldeo The liquid samples were ft ltered using 

a mllit-mlcropore f~lter driven by extremely pure N
2 

gas. After this pro­

cedure, passage of "the focussed laser beam through the cell produced no 
. 

visual Tyndall scat·tertng. For I iqufds stc14, GeCi 4 p TIC1 4 , which react 

violently with the 111ater vapour In the atmosphere, vacuum dlsti llation 

methods were used t~, obta In c I ea n samp 1 es • 

For weak de!)Oiartzed scatterers such as the tetrachlorides, the 

H . 
stray ~ lght enterfn!~ the Iv spectrum at zero frequency was less than 10%. 

This percentage was reduced to 1% for the IH, Iv spectra of the aniso~roptc v v 
''I 

molecules and the I,i spectra of the Isotropic molecules. In all llqul.ds, 
. . . 1 

the contribution of stray I Jght at. 5 em - was neg I fgfble. 
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The liquids studied In this experiment are listed In Table I 

along with sel_ected ~characteristic parameters: columr:a 1 lists the 

molecular weights (mol. wt.>; column 2, the density (p); column 3, the 

Ionization potential CI.P.); column 4, the Index of refraction (n); 

column 5 the dipole moment; and column 6, the viscosity <n>. 

The I lqulds were chosen so that their J_ntenstttes and llnewldths 

could be studied over a wide set of molecular configurations. The 

Isotropic molecules are represented by four tetrachlorides, XCI 4, where 

the X atom occupies the center and the Cl atoms the corners of a 

.tetrahedron. The moderately anisotropic molecules are represented, in 

order of Increasing an·Jsotropy, by c6H12, C6H6, c6F6 ~ c6H12 consists of 

a benzene ring with each carbon having two hydrogen atoms in an out of 

plane bridge structure. c6F6 Is a simple benzene ring structure with 
./0; 

-fluorine ~toms replacing the hydrogen atoms. Finally, the very anisotropic 

molecules are represented by benzyl benzoate (two benzene rings Joined by 
p t# 

a -c -0 -c -H brlclge) and nitrobenzene (benzene ring with N02 radical 

su~stftuted for a benzene hydrogen atom). 

IV. 1 Tota 1. Integrated IntensItIes 

Table II.sum~marlzes the observed polarized I~ and depolarized I~ 
-1 .Integrated I ntens It 1 es norma I I zed to the 459 em I I ne In CC 14, wh lch t s 
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frequently used as an Intensity standard In Raman Spectroscopy. In 

both columns 1 and :z, the Integrated Intensities were determined starting 

·from 0.- em c:ool (a), while for column 3, ~_hey were determined starting 
. -'i 

from 5 em (b)G 

The erro·rs (ln the integrated I ntens Itt es are rough I y 15%: 5% Is 

representative of the standard error found by repeating each run three 

times, 10~ Is an estl'!'ate of the day to day experimental rellabiiityo 

The 10% Includes errors due to the day to day variation of the sample 

cell alignment and iaser fluctuations. Since all Intensity ratios in 

this ~eport were· taken from one set of resultsv their error is about 10~. · 
v 

All liquids possessed an Intense Iv (a) sp~ctrum (table II, 

column 1); however, the depolarized intensity I~ (a) (table 11 0 column 2; 
increased by a factor of 100 with the progression to ·Increased anisotropy. 

Since there Is very ~ittle Integrated Intensity data available In the llt-

p erature, the only comparison to the results of table II Is the I~ 

(a) Intensity ·ratJc., f~r C
6

H
5

No
2
tc

6
H

6 
which Is given b~ reference (36) 

·--~as 4. 7 and by reference (37) as 7 .2. The value for this experiment of 6.2 ±.. 

.6 fal~s In reasonable agreement between the two quoted valueso 

IV.2 Intensity lineshape. 

Plots of log CI/v417 > versus" (figure II>· indicate that the 
-1 tetrachlorides as tiel I as c

6
H12 are fit very well above 15 to 20 em 

by an exponentla~ 'Intensity distrlbutJon with a r=4/7 In the ,,r· weighting 

tenn of equation II-1e For the anisotropic molecules, the range of linear 
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fit cou~d be extended from 125 to 150 em -l using the r= 12/7 power In 

vr. In both cases 0 there was only a slngle linear region~ contrary to 

that observed by Jo Gersten· and Hyung ll<yu Shln, Indicating that short-range 

ef.fects alone can account for the observed llneshape. Use of Hyung Kyu Shin's 

distribution (equatiion 11~13) did extend the range of linear fit at low 

frequencies by 5 to 10 em -l but only at the expense of 5 to 10 em -l Jn 

the high frequency r·egion. The distribution could not account for the sharp 
. . -1 

rise In Intensity In the tetrachlor.ides at v < 10 em and therefore did 

not r~le out the possibility of a Lorentz at low frequencies due to the 

I nterco I i Is I ona ~ ef":rects. 

IV.3 Depolarization Ratios 

Column 4 of table XI lists the depolarization. ratios pv defined 
H v : 

as py(a) = lv(al/lv(a). The subscript "v" In pV'Indlcates that the tncident 

H lght Is vertica i i y polar I zed. pv can be related to the depol art zatfon 

ratio for unpolartz~ad ·1 fght' p by <38 > u 

IV-1 

From e I ementa ry the.Jret I ca I cons I d~rat tons, both p u and p ~ s hou I d be zero 

f~r the Rayleigh and Brillouin components scattered at 90° <39). Experimentally, 
(40) there Is a departure from zero In the order of ~or 2% for most ~lqutds • 

The non-zero p .,for the Ray l_e t gh Br II I ou I n tr f p I et combined wIth the broad 

. depo I ~r i zed background account for the non-zero ~y-Ca) observed In co I umn 4 

of table II. In the anisotropic moieules, there ts an additional depolarizing 

·. 
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effect due to the orlentatlonal scattering predicted by Leontovtch. It 

Is predominantly the contribution of this strong depolarized component 

whl~h accounts for the Increase In Py<a> ... (column 4, table II> with 

an Increase In mo I ect.ul ar an I sot ropy. 
ref 

Column 5 of 1'able II, p (a) , I tsts values of p from the I tterature. 
. v v 

-1 . 
Considering the great uncertainties near 0 em , the agreement, In most 

cases, is very good. 

~ In a frequency region where the intensity contribution of the 

polarized triplet Is negligible compared to the depolarize~ background, 

the theoretical value of p approaches .75(45 >. Depolarization measurements 
'V 

H v -1 of p!(b) = lv(b)/lv(b) were made on a II liquids starting from 5 em. • 

p (b) for the·tetrachlorldes was consistently low (.55+ .03), while for 
v -

the anisotropic molecules, the p"(b) of .72 +.01 did approach the theoretical 

limit. Values of p '{b) for the· tetrachlorides at selected frequencies from v . 
5 em - 1 to 80 em. - 1 t11ere a I so low. A possIble explanation Is that s I nee 

the average ratio of Iv/IH at v = 0 em - 1 In the tetrachlorides is 1000:1, v v . 
v -1 .· 

the strong polarized triplet I (a) (F.W.H.M. 1.5 em ) could enter the v . . 

l:(b) region as a br~'ad tall, consequently Increasing l~(b) and reducing 

p¥(~). Experimental evidence seems to agree with this explanation. The 

half widths of tbe t~etrachforlde lv(b) spectra were narrower than those of 
v 

. H 
the lv(b) spectra, C1)ntrary to those observed with the anisotropic molecules 

where the two half widths were nearly equal. With a reduction In the. 
. -1 -1 spectrometer slit width from 1 em to .5 em , the triplet F.W.H.M. was 

·¥ narrowed, while the H.W.H.M. of the lv(b) spectra Increased to approach 



H the H.W.H.M. of the Iv(b) spectra. The depolarization ratio Increased 

on an average from e 55 to • 65. Unfortunate I y, due to a weak sIgna I to 
-1 

nol~e ratio, the silt width could not be reduced less than .5 em to 

see ·If the ratio fur·ther approached • 75o 

25 



Lt·st of the· I tqulds studied and selected parameters. Unless otherwise stated, values were 
taken from the Handbook of Chemistry and Physics, 50th. edition. 

* Mol. ~ 

P20°c I.P. Dipole ~0°c· Formula, Wt. Icc __ e.v. n Moment C oe bye) 
~ __ Cj)_ 

-- - - ~ 

Silicon 
11.79(34) Tetrach I or I de SICI 4 169.9 1.48 1. 41 o. 

Germanium 
11.88(34 ) Tetrach lorida GeCI 4 214.4 1.84 1.46 o. 

Titan fum 
Tetrachloride TICI 4 189.7 1. 73 -- 1.61 . o. --
Carbon 
Tetrach l()rfde CCI 4 & 153.8. 1.59 11.47(34 ) . 1.47 o. 1.0 
Cyclohexane C6H12 84.2 .78 9.8 1.42 o. 1.0 

Benzene C6H6 78.1 .as 9.2 1.50 o. .7 

Hexaf I uoro-
1.38(35) benzene C6F6 186.1 1.62 1 o. o. .9 

Benzyl 
benzoate c,4H14°2 214.1 1.16 ··-·· 1.57 2. 8.3 

Nitro-
** benzene C6H5No2 . . 123.1 1.20 9.9 1.55 4. 2.0 

* A. L. Mclellan, Tables of Experimental Dipole Moments CW.H. Freeman Co., San Francisco, 1963) 

** International Critical Tables of Numerical Data, Physics, Chemistry and Technology, 
(McGraw HIll .Pub II sh I ng Company, New York, 1928) • 

N 
0\ 
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TABLE II 

-1 
Polarized and depolarized Intensities relative to the 459 em line of CCI 4 

IV 
v 

Cal I~ (a) IH (b) 
v . Pv (a) Py 

(a)ref. 

* * SICI 4 280. 1. 7. .42 .006 

GeCI 4 100. 1.2 .77 .013 

CCI 4 90. 1.2 .so .013 .019'41 ) 

* * TJCI 4 _150. 2.1 .83 .014 

C6H12 75. 1.4 1.0 .02 .02(42) 

C6H6 170. 26. 15. .15 .27(~2 ) 

C6F6 130. 50. 8. .36 .3(43) 

c,4H14°2 140. 70. 9. .52 

C6H5N02 320. 160. 18. .52 .52(44) .. 

Ca) Stokes side from o. em - 1 

(b) Stokes sfde from 5. cm-.-1 

* To be taken as maximum due to Tyndall scattering. 

4-

.~ 
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As mentioned In Chapter XI, theoretical and experimental 

considerations Indicate that the depolarized spectra of the Isotropic 

liquids can adequately be described by a narrow relaxatlonal component 

resting on a broad, coll1sfonal background •. Since the orientation 

c -~ components of c6F6, c14H14o2, . 6H5 N02 are conftned to < 5 em. , 

these liquids should also be described by a relaxatlonal and a collisional 

componentQ c
6
H

6 
and c6H12 are more complicated since their orientation 

' ~1 
component extends wall Into the 5 em region. For consistency, the 

intensity profiles of all the liquids were curvefft from 5 cm.-1 using 

the foil owl ng functt:ona I form: 

Is r -v/v 
c v e o V-1 

Since the actual lorentz should be centered at 0 em - 1, the first 
~ 

~1 
term Is an approximation of the lorentz i tne profile starting at 5 em • 

. This approximation ~;hould not greatly effect relative intensity ratios and 
~ 5 . 

I fnewldths., The pau·ameters IR~ aR represent the peak intensity and half 

-1 width at half maximum of the lorentz from 5 em i"'espectlvely. 
. s 

The second term rep~resents the broad coli fstonal component. lc is the tntenslty 

-1 of the coli I slona I •::omponent at 5 em , while v
0 

Is the coli Is tonad 

~ inewidth parameter a Th.e quantity "r" in the exponential weighting term 
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vr is either 4/7 Of' 12/7 depending on whether Bucaro and lftovltz' 

electron overlap Of' frame distortion mechanism prEdomInates. 

The collision distribution has a maxlum at v = rv
0 

lmax 1s r -r c • = c (rvo) e V-2 

The position and magn11ude of this maximum vary with the power "r" and 

parameter v
0

, resulting In different Intensity contributions for the 4/7 

and 12/7 powers. Since the exponential distribution Is an asymptotic 
. -1 

expression valid ~·c1r v > rv
0 

, the region v < rv
0 

(usually about 5 to 20 em ) 

was approximated by a straight line nearly tangential to the peak maximum. 

The approximation ~Jives a similar collision llneshape as Bucaro and litovftz' 

numerically evalua1·ed distribution, which was valid down to zero frequency 

shlfts(46 )~ 

·The llneshclpe parameters were obtained as follows: The I I near 
. r 

nature of the plots of log Cl/v ) versus v <+igure II> Indicate that for 
. ' -1 

V· > 20 em. , the Intensity distribution Is predominately exponential. 

The slope of each ! lne gives an accurate estimate of v
0

• Knowing v
0

, 

."r", and several vcllues of the total Intensity In the linear frequency region, 

average values d r: and I~ax. can be calculated using equations V-1 and 
. 5 

V~2 respectively. The value of IR can be found by simply subtracting 

~~x. from the toi·al observed Intensity at 5 em - 1• The slope of a 

<1~/I- 1) versus Cv- s-> 2 graph for v < 15 em -l gives an estimate of 
s 2 

(aR) • 



s s . 
When the parameters ~0 , Iv, aR wer.e varied simultaneously, 

~0 Increased and I~ decreased substantially from their experimental 

values. To avoId thIs, two parameters a.R9 aFld 15 were used In the curve-. c 

fitting at a fixed v;:~lue of ~0 • A coarse grid was performed on v
0 

with each value having the same Initial parameters aR5 , ·Is. The . c 

procedure was repeated with finer grids on~ until the best fit was 
0 

achieved. 

The curveflttlng was done using least square fitting techniques 

with a Chi square <x2> goodness of fit test defined as 

i = i ( I exp • ("I l - 1Th' ("I ) ) 2 V-3 
I 

IExp. Cv 1l, ITh. c~ 1 > are the experimental and theoretical Intensities 

at f_requency v1 with standard error a c~,). The standard error was found 

by repeating e~ch spectrum three times and obtaining the average deviation 

from the mean Intensity at 2.5 em -l Intervals. It amounted to 3 to 5% for 

most llqu Ids. The criterion for a good fIt was the ChI square per degree 

of freedom <x2/N) 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 curveflttlng 

prOgram until x2/N approached unity and the parameters converged to physically 

acceptable values. x2 for a parameter A and its Increments A + AA were 

least squares fitted to a parabola, and the change In the parameter corres­

ponding to a mtnimurn x2 with a change In x2 of unity represented an estimate 
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(48) 
of the standard err~or of the varied parameter • 

In order to compare the fits of r = 4/7 tor= 12/7, only the 

frequency region v > 12/7 v
0 

(value of .. "o found using 12/7 power) was 

considered. This eliminated uncertainties of the linear approximation and 

the presence of the Lorentz. 

V.2 Curveflttfng Results 

FIgure I I I :;hows the reI axat I on a I and co I I Is i ona I components of 

a representa'tive tetrach Iori de CCC 14). Figure IV shows similar components 

f9r nitrobenzene which Is representative of the very anisotropic molecules. 

In both cases, exce II ent fIts were obtaI ned for both I ow ( v c 15 em - 1 ) and 

and high frequency ~tv > 60 em - 1) regions. The anisotropic molecules show 

a strong Increase In the ratio of the peak relaxatfonal to coli lsfonal 
. -·1 

Intensity at 5 em • The relaxationa I component makes the prEdominant 

contribution to the Intensity In the first 25 em - 1 but becomes negligible 

relative to th~ colll Is tonal canponent by 60 em -l. 

Tabl·e III dlisplays the final curveflttfng parameters a~ and v
0

Cc. fit) 

1 along with their correlation times defined by TRCsec.l = g _ 1 • 
1 211'c aR (em ) 

Tc CsecJ =. _1- • where c Is the speed of light • 
. 211'CV

0 
(em ) 

Column 1 of table IV lists the experimental values of v CexpJ 
0 

taken from the plots of log CI/vr) versus v for r = 4/7 and 12/7. Column 2 

shows the corresponcllng curvefit values v Cc. fit). In every case. 
. . 0 

subtraction of the lorentz from the total Intensity changed v Cc. fit> 
. 0 
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from v (exp.). by less than 10%. Column 3 gives curveftt·values v Cc •. ftt) 
. 0 . 0 

found using data obtained on a Spex Spectrometer with .5 cm.-1 slits 

and a 40 mw.· He-Ne. laser. The two sets of values for v Cc. fit) agree 
•' 0 

exceedingly well, Indicating the consistency of the results under widely 

varylng experimental conditions. Column 4 gives the x2/N for the 4/7 

and 12/7 powers calculated ·starting from v = rv • The x2/N values are 
0 

also very representative of.the goodness of fit over the entire frequency 
. 2 -

range. the x /N results Indicate a trend toward better fits using the 4/7 

power for Isotropic molecules and the 12/7 power for anisotropic molecules. 

Unfortunately, the trend Is not strong enough to definitely select the 

electron overlap and frame distortion mechanisms as the p.rtmary scattering 

mechanisms for Isotropic and anisotropic molecules respectiVely. 

The Integrated Intensities of each component were obtained as 
. . · H -1 

follows: The Integrated Intensity of the lorentz Iv CR> from 5 em. to 
S' s Infinity Is just proportional to the product of IR and aR (Appendix I> 

a_nd can therefore readIly be calculated. Since the fits were excell~nt, 

·the collisional Integrated Intensity I~ (C) was found by simply subtracting 

the relaxational Intensity I~ CR) from the total experimental Intensity 

H H H H lv· (T). The result's of Iv CT), lv CR), Iv (C) and the peak Intensity ra·tlos 

of I~ CR)/1~ CC> at 5 em - 1 are recorded In Columns 1 to 4 respectively, In 

table V. 

As mentioned previously, the Intensities of the collisional 

and relaxati~nal distributions are different for the 4/7 and the 12/7 

powers. In a II cas;es, the co II Is i ona I IntensIty for the 12/7 power Is 

about 15% lower than that obtained with the 4/7 power .• 
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V. 3 ReI at I ve I nterJs f ty RatIos of the ReI axat I ona I Component 

Discussion c~f the integrated intensities of the relaxattonal 

component will occur· In two sections dealing with isotropic and anisotropic 

molecules respectively. 

As mentioned fn Chapter lie lewis and Van Kranendonk predict, 

for rare gases, a peak predominately lorentzlan in nature centered at zero 

frequency and with c) peak intensity 1/4 that of the collisional component. 

If this lntercoll is ilona I effect is r-esponsible for the observed relaxationa ~ 

component U n the teil"ra: h i,or I des., the peak t ntens Itt es, as we I I as the Integrated 

Intensities relative to the collisional component, are enhanced in the _liquid 

state. With the present uncertainties, the relaxatfonal component In 

the tetrachlorides '~ill hereafter be referred to as the Isotropic relaxat1onai 

component and not a!s the i nterco II Is fona I component o 

From log l(f~) versus ~og p plots, the relaxatfonal Intensities seem 

to be a strong function of the liquid densities (~5 ) 0 but since there are 

several other param~eters which may vary from molecule to molecule, such as 

the recuced mass, It is hard to ascertain the exact density dependenceo Density 

~tudtes on the relaxattonal component, now beVng performed by T. Ae lltovltz 

et_ al , wll i c·ertatniy clarify the situation. It Is stf II assumed that 

this component enters Vnto the scattering distribution of all ilquids. 

Without knowledge of the dependence of the Isotropic relaxational 

component on the molecular parameters, It Is very difficult to estimate the 

size of this component in the anisotropic molecules ( c6F6, c14H14o2, 

C
6

H5No2>. If the strong density dependence is correct, the Isotropic 

~elaxational contribution to the obssrved anisotropic relaxattonai component· 

_would be quite small (<15%> •. It's therefore possible that some other 
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scattering process accounts for the strong relaxational component 
. . -1 In the anlsotnopic 1nolecules at5.cm • Orientation scattering Is 

ru.led out stnce ln ·these mol_ecules It produces an unresolved peak 

centered at zero frequency and has been found experimentally to contribute 
~ ... 

to tess than 10% of the Intensity at 5 em - 1• However, a second major 

component has in fact been observed by Zattsev and Starunov(49) In 1965, 

and by Craddock et al., In 1968(SO). The spectrum of d-epolarized I Jght 

.. · .scattered In varlollls anisotropic I iqulds consisted of more than one 

Lorentz and could be successfully described by a sharp Lorentz on a 

broader Lorentzlan pedestal. 

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

which predicted a narrow Lorentz on a similar broad background( 52>. 

__ They assumed that during the average ttme T between Brownian reorientations, 

each molecule of tfhe liquid execut~s quasielastic rotatlctnal osct I lations 

In a potentia I well with an average angular frequency w . . . osc. 
- -12 . . 

(Period T = w/w = 10 sec.). The oscfl lations are perturbed by osc. osc. 
Irregular Impact Interactions of frequency Z. T was previously Interpreted 

by Leontovtch as the relaxation time of fluctuations In the anisotropy; 
-10 -11 (52) . for c6F6, c14H14o2, c6H5No2 T ~ 10 - 10 seconds • 

. The rotattonal-oscfllatlon theory predicts a narrow Lorentz 

Identical to that found by Leontovich 

V-4 
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·(see Chapter II, equation II-4> and also a broad lorentz squared Intensity 

distribution In the wing, appnoxlmated by 

I o 
1 p>IP w22.2 
w (1 + w /Z) 

V-5 

provided that Z/w > 1, T /T < 10-l. The Interesting point to note 
OS&:. OSC. 

Ws 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 ar11d Van Kranendonk's lntercoll isiona I theory. Therefore, 

although the contribution of the Isotropic and rotational-oscillation 

processes to the observed anisotropic relaxattonal component are uncertain, 
a 

8 n both cases the ha I f width parameters depend on the tIme be~ ween co I 11 s ion 

The Importance of thIs dependence wi II be demonstrated t n V •. 4. 

_ -.The last section deals with the particular cases of c6H6 and c6H12 

which also contain an orlentat_ion peak in the 5 em ~ 1 region. To Isolate 

each component, the Intensity contribution in the far wings, which ls 

predominately due to short-ranged coll-Ision induced ·scattering can be found 

and subtracted from the total tntensttya The remaining spectrum can 

be curveflt using Lorentz and Lorentz squared distributions corrected for· 

the contribution of the Isotropic relaxational component. Due to the 

uncertainty In the tsotroptc relaxational component and to the complexity 

of this problem, the decomposition procedure was not carried out. 
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.. V.4 Relaxattona~ fl.inewidth 

As demonstr-dted ! n the last section, the relaxation time of 

the isotropic and anisotropic relaxation component could theoretically 

be identified with ·the time between collisions 'i:Ro Experimentally, this 

time varies from molecule to molecule by only i5% 0 which 1s surprising 

eonsldert ng the wid~e range of molectjJar masses, densities, and anisotropies 
:~~~F-

Involved. The foll~owing tis a possible s·imple explanation: Assuming. that 

between co I .~ 1 s ions two · mo I ecu I es trave I toward each other w_i th an average 

~elattve velocity v' 0 through a mean free path 1, then the time between 

collisions, TR' will be given by 

In a gaseous approximation 1/2 \IV 2 
c ~Tor V ~ { T/p ·• The distance i wl II 

depend Inversely on the product of the number of molecules per unit volume 

times the mean col! tsJona~ cross-section area per molecule~.. As wf ~I be 

demonstrated In the· section ent it I ed "Co I II s I on L I new I dth", thIs cross-sect I on 

Is almost constant for the molecules studied. The number of molecules per 

unit volume equals~. giving .TR proportional to ~312tpr112 • For liquids 
. . 3/2 
at the same temperature, TR varies as~ /po For each molecular liquid, 

this simple model predicts that the ttme between col~isfons varies Inversely 
' . 

as the density of i'he ilqutd. This Is consistent with the relation found by 

lewis and Van Kranendonk in Chapter Ilo 

Using the lJ!
312/p relation, calculation of the possible 1'R ratios 
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for all possible pairs of liquids studied (excluding ratios Involving 

C
6
H6, c6H12, c14H14o2 gave an average v~lue of 1.2 :!:_ .2. The experimental 

ratios were found using~~· corresponding to the 4/7 power for Isotropic 

molecules and TR corresponding to the ~2/7 power for the anisotropic 

mo I ecu I es. The expe1r I menta I va I ue was 1 :!:_ • 1 , In very good agreement w t th 

the simple gaseous model. An Interesting consequence of these ratios Is 

that they predict that the time between coli tstons Is very similar in all the 

liquids studied regc1rdless of their widely varying molecular parameters. 

The ratios involving benzyl benzoate, which consists of two connected 

benzene rings, agreed with the model predictions If p/2 Instead of p was 

used In the p.
312/p r·elatlon. Experimental ratios of 1"R Involving c6H6 and 

c
6
H12 were dtffereni.· from the model predictions by several standard errors, 

consistent with theiJr relaxattonal component being comprised of an additional 

peak due to or I enta~r ton scatter f ng • -5 . 
All the exp•3rlmental values for a R' 1:R presented in table III 

have been determined from a Lorentz centered at 5 cm-1• As mentioned this 

. -1 
was done to avoid uncertainties for\)< 5 em due to stray light scattering, 

~on-zero Rayleigh-Brillouin triplet depolarization ratios, unresolved 

· orIentatIon components, and samp I e ce I I a I 1 gnment errors. The va I ues · of 

0 0 -1 
aR, ~ of a Lorentz centered at 0 em can be obtaI ned In the fo I towIng way: 

0 
Gr.~phs of Lorentz distributions with a range of H.W.H.M. parameters aR were 

-1 5 
plotted and Interpolated at 5 em to find the corresponding value ot aR. 

0 5 5 -1 A plot of aR versus ~R gives a straight line (valid for a tn the 4 to 7 em 
R 

region) with slope of nearly 1:2 and zero Intercept. Therefore 
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a~ can be found from the relation 

c6H12 (figure V> illustrates the extrapolation procedure. The 

tota~ Intensity profile centered at zero frequency consists of a narrow line, 

with a F.W.H.M. determined by the spectrometer slit wUdth, sitting on a much 

broader p.ea k. As tbe spectrometer s II t wIdth was reduced 11 the narrow I I ne 

contracted to widths close to the spectrometer silt widths, leaving the 

11ildth of the backgrclund peak unchanged e It was concluded that the marrow 

line was due to one of the above four probiems and did ~ot simply represent a 

s~arp Increase ln.the depolarized Intensity near zer.o frequency. For example, 

a vertical mtsallgrtment of the scattering cell by 1° Is sufficient to account 

for the narrow compClnento The H.W.H.M. (a~) of the broad background with 
. -1 

the collisional component (4/7 power used) removed was 8 ~ .5 em The 

0 -1 extrapolation prediction for erR Is 9 :!:..1 em- , in reasonable agreement. 

V.5 Relative Intensity Ratios of the Collisional Component 

Unfortunately, there Is no theory available In the literature 

describing the Integrated Intensity ratios of the co llfsfonal component. 

As·. a rresult, a simple model based on a molecular frame distortion mechanism 

will be constructed and applied to all the liquids except c14H14o2 and 

C
6
H

5
N0

2
, which were: difficult to analyze properly due to their asymmetric 

structure. 
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The mode I as;sumes that when two mo I ecu I es wIth reI at I ve ve I oc I ty 

v collide, there is an angular distortion a (v) In the bond framework of 

each mo~ecule. For smal ~ displacements_ ( a few tenths of angstroms)" the 

change nn polarlzablltty from the equll ~brium state Am Is assumed to depend 

linearly on the angu!ar displacement a Cv>( 53•54). Using the expression 
.. 

for the total scattered Intensity (equation Il-5>, and since "a« Am, 

_the coJI.fsiona I I ntons tty d istrl butlon becomes 

- (V,b) .6 m2Cv) dV X (c) c ! N V-6 

• 
0 I (c) c L N- CV ,b) a2Cv) dV 0 C> V-7 

lhe azimutha~ angular proportionality constant. in p c 6a affects the a 

magnitude of the absolute Intensity, but cancels out in an Intensity ratio 

of similarly structured molecules. NCv ,b) Is the number of coli Is ions per 

unit volume per unit time with Impact parameter b and is given by equation II-6. 

r~e expression for N(v,b) ts appropriate for gases but will serve as a first 

order approximation to the liquid state" Just as In Bucaro and Lttovltz' theory 

for collision Induced scattering, a zero Impact parameter b will be assumed 

for the closely packeda ~iquid state CSS>~ 
As Is quite often the case In Chemistry, the chemical bonds are viewed 

as Hooke's law springs with spring constantfk
5

o When two molecules coli Ide, 

their relative kinetic energy 1/2 p v2 is.stored as potential energy 
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2 :(). 
1~2 ka a Cv) In the distorted springs and then returned as the distortion 

process relaxes. F1:)r the molecules stu_died In this experiment, the spring 

constants ks corresroond I ng to the str~tch I ng and compressing modes were 

an order of magnitude greater than the angular spring constant ka/R2
0 

appropriate for the bending modesc56 >. It was therefore assumed that the 

p~edominate distortion mechanism was the bending of the atoms from their 

equilibrium positions In the molecule. For the tetrachlorides, with central 

atom X, the engular displacement of the CI-X-CI bond for collisions of molecules 

with relative kinetic energy of a few kT can be as much as 10°. 

~2 2/ ... Using a Cv) « p v ka equation V-r becomes 

1JV2 
CD --

· I (c) « n2c..J!.> 312 (p/k ,· J v~ e lkT dV V-8 
kT a 

0 

This Integral Is easily evaluated using the C.R.C. Handbook of Mathematics 

and Physics. 

V-9 

Def.l.nfng an Integrated collision Intensity ratio IR(c) = I 1 (c)/I2Cc>, 

where subscripts 1 and 2 refer to liquid 1 and 2 respectively, then: 

= c~ ,2 c11
lr1/2 c ka2> <~>3/2 

n2 ~2 ka1 T2 
V-10 

0 

Since n = p/2~ and for constant ~fquld temperatures, IR(c) reduces to the 

simple expression 
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V-11 

The ratio of the ln..Jt,egrated Intensities of two molecular i lquids based on 

a frame distortion fillechanlsm, should vary as the ratio of the liquid densities 

squared, Inversely as the 5/2 power of the reduced masses, and Inversely as 

the angular spring constants. 

Table VI I ts·ts the angular force constants and the bond lengths. 

II Icalc~ Table V gives the calculated Intensity ratios R and the 

experimentally obsee·ved ratios I~xp. for pairs of similarly stru~tured 

mo I ecu I ~so The agri3ement i s quite good • The I ow ca I cu I a ted rat t os for 
w 

CCI 4/SICI 4 and c6H12/SiCI 4 may be accounted for by the inclusion of the 

electron overlap sc:3ttering mechanism. Table i 0 column 4 indicates that CCI
4 

has the lowest ionization potential of the tetrachlorides, while the ionization 

potential of c
6

H
12 

Is considerably lower than that of CCI
4

• On the assumption 

-that the Ionization potential Is a measure of the deformablllty of the outer 

molecular electron orbitals, then CCI 4, C6H12 may have significant contribution 

from the electron overlap mechanism. Taking this effect into account might 

~e II Improve the ca I cu I a ted ratIos. 

Very little: more can be done until a complete theory ts avat lable 

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

(MChan t sms and pred t ct t ng how each depends on the mo I ecu I ar param·eters. 

V .6. Collis lona I l.f newt dth 

As outlined In Chapter II, the llnewidth parameter 1/v Is a measure 
0 
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·Of the duration of n collision and has been successfully related to the 

tenm (p/kT> 112• Ho Howard-locket a~ Interpreted the proportionality 

-1 constant 2wy 2 as being a measure of the distance between two colliding 

molecwles for maximum Induced anisotropy (equation !X-9>. In Hyung Kyu Shin's 

expression for 1/~ , the proportionality constant is just the Leonard-Jones 
0 . . -

rad I a I parameter a ·(equattonlr -14) o 

.,· 1/2 
Plots of ~/v0 versus (p/kT) should 

- -1 
provide an estimate of both y

2 
and aG However, since 1/v

0 
depends on the 

nature of the scatt~artng mechanism~ the results are not expected to fal~ on 

.one iineG In fact, the graph of 1/v
0 

versus (p/kT)~/~ for Isotropic 

(4/7, 12/7) and anl$otropic (4/7 0 ~2/7) molecules yields three straight 

~tneso The values t)f 1/~0 corresponding to the 12/7 power used for the 

Hsotroplc I iqulds f\:>rm the f!rst ~ lne. The values of 1/v
0 

corresponding to 

the 4/7 power for the anisotropic molecules form the second line. Finally, 

the 1/v values corresponndlng to the 4/7 power for the Isotropic molecules 
0 . 

and the 12/7 power for the anisotropic molecu~es fali remarkably on a single 

third I ine, which ~ les between the first twoo se·e f·tgure VI. The va_lues 
~1 0 0 0 0 0 0 

of (y 
2

, a) for the three lines are (.77A, 4()84A), (.58A, 3.64A),- (,6,.'5A, 4.1A> 

~espectlvely. 

For liquids ~n which the leonard-Jones potential is applicable, the 

parameter a is representative of the molecular collision cross-section • 

. Thus for the Isotropic molecules (4/7 power>, and anisotropic molecules 

(12/7 power),_the colltstona~ cross-sections are very similaro Thts fact 

was used in the calculation of TR in sectt~n V.4. 

Nitrobenzer:~e and benzy I benzoate do not fa II on any of the three lines. 
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Benzyl benzoate can be brought significantly closer to the linear region 

If p/2 Is used Instead of p In the p 112 expression, Identical to the 

behaviour previously noted In section V.4. It may be concluded that this 

complex molecule behaves more like a simple benzene ring in colltston-tnduced 

scattering. The dts.crepancy for nitrobenzene Is probably due to the 

complete Inadequacy of the Leonard-Jones potential In describing the 

I ntermo I ecu I a r 1 nter·act I on between such asymmetrIc mo I ecu I es. 

The Interpretation of the three lines Is not clear. Since there 

Is no conclusive prefererce from the curve-fitting results of the isotropic 

and anisotropic molecules to etther4/7 or 12/7 power, the results may be 

Interpreted as follows: If the dominant mechanism in the isotropic 
-1 0 

molecules is frame distortion, the parameters ('t 2,.a) would be (.77A, 
0. 

4.8A ), while if th13 dominant mechanism in the anisotropic molecules Is 
0 0 

electron overlap, the parameters would be (.56A', 3.6A ·). Finally, If the 

dominant process In the Isotropic molecules Is electron overlap and the 

dominant process In the anisotropic molecules Is frame d.lstortton, the 
-1 0 0 

parameters (T 2, a) would Identically be given by (.65A-, 4.1A~). Note, 

that for both Isotropic and anisotropic molecules, the distance between two 

mole~ules for maxtumm 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 anisotropic 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· x2/N (table IV, C:olumn 4) for the Isotropic molecules 
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_using the 4/7 power and the anisotropic molecules with the 12/7 power. 

However, further experimental and theOretical evidence Is needed before 

any definite conclu~;1ons can be drawn about :the proportion of each 

mechanIsm ift I sotrOJ> I c and ant sotrop I c I I qu 1 d s. 
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TABLE III 

Cur-vefft values for the relaxatlonal and collisional llnewfdth · 
parameters (taken from 5 em -1), and their respective correlation times. 

G S 
R 

·em -1 

4/7 - 12n 

TR 

x 1012sec. 

.. 4/7 '12/7 

v
0 

Ccor.) 

-1 em, 

4/7 12/7 

Tc 

~ 1012 sec. 

4/7 12/7 

SICI 4 5 + .3 6 ±. .4 1.1 :t .06 .9 ±. .07 14.3 + .4 9.2 +- .3 .37 :!:. .01 .58 :!:. .02 

G~t 4 s ~ .2 6.5+ .3 1.1 ± .o4 .a±. .o4 12.8 + .3- 8.7:!:. .2 .42 ±. .o1 .61 ± .ot 

CCI 4 4.2:!:. .1 6.0+ .3 1.26+ .04 .9 ±. .05 14.9 ±. .4 9.9 ±. .3 .36:!:. .01 .54 .a. .02 

TICJ 4 5.8:!: .4 7.4+ .6 .92+ .06 .72 ±. .06 13.7:!: .6 9. :!: .6 .39:!: .02 .59.:!:. .05 

C6H12 6.5 + .3 8.5+ .4 .82 +.03 ~63:!:. .03 21.2 ± .4 14.1 ±. .3 .25 + .01 .38 + .01 

C6H6 5.2 + .2 5.9+ .4 1. ±. .04 .• 9 :!:. .'06 31.5 + .1 21. :!:. .5 .17 + .01 .25 ±. .005 

ta.s + .6 13.1 ± .s .29 + .at .41 ±. .o2 

:14H14o2 5.1 ±. .5 6.5+ • 7 1. + .1 .82.:!:, .08 34_.8 .:!:. .6 23.2 :!:. .5 .15.:!:. .002 .23 ±. .005 

6H5No2 5.1 :!: .2 5.8+ .1 1.. ±. .02 .92+ .02 31.5 :!:. .6 20.2 :!:. .3 .17 :!:. .003 .26 :!:. .004 

4/7, 12/7 refer 1~o the power of the exponent I a I we I g ht I ng factor. 
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TABLE IV 

Experimental Cexp.) and curvef It Cc. fit) values for the collisional-

I· I new I dth parameter \J • 
. 0 

* x2/N v
0 

Cexp.) v
0

<c.flt) v
0

Cc.fit) 
. 

-1 -1 -1 em .. em. em-
4/7 1-2/7 4/7 12/7 4/7 12/7 4/7 12/7 

14. ±. .3 9.6 :t .2 14.3 :!:. .4 9.2 :!:. .3 -- .5 1.5 

12.5:!: .2 8.6 :t .2 12.8 ±. .3 8.7 :!:. .2 13.4 ± .3 9.1 + .3 3.0 3.3 

14.4±. .3 fO. I ±. .3 14.~ :!:. .4 9.9 :!:. .3 15.6_:!: .5 11.2 + .4 1.7 1.9 

13.7!. .5 8. 9 ±. • 5 13.7 ± .6 9. + .6 1~6 2.0 -
** ** 20.8 :!:. .3 14.3 ±. .3 21.3 :!:. .4 14.1 + .3 22. 14.8 1.3 1.2 

, 32.4 ±.. 7 21.5 ±. .6 '31. 5 ± . 1 21. + • 5 30. 6 .+ • 6 20. 8 :!: -• 5 4.0 1. 6 -

19.2:!:. .5 14 •. 1 + .4 18.5 + .6 13.1 + .5 17.2:!:. .4 11.8 ±. .4 2.0 1.2 -
38:6:!: .5 23.2 ±. .4 34.8 :!:. .• 6 23.2 :!:. • 5 6.3- 2. 7 . 

29.4.:!: ·• 5 20.3 ! .3 31.5 :!: .6 20.2 :!:. .3 28.1 + .f 19. + .3 1.2 - .9 -

* Curvefit values taken from 1967-1970 data using a Spex Spectrometer, 
.5 em -1 slits, and_ a 40 mw. He-Ne laser. 

** Experlmeni·a I va I ues of v0 from ref. (2). 
4/7, 12/7 refer to the power of the exponential weighting factor. 
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TABLE V 
"'· 

Depo I ar I zed reI a>:at 1 ona I and co Ills I ona I· Integrated i ntens f.t I es 

<I~ (b)), starting from 5 em -l and relative to the 459 em -l· I rne 

In CCI 4• 

~~ (T) I~ <R> I~ (C) 15 CR>/15 
(C) 

4/7 12/7. 4/7 12/7 4/7 12/7 

.. 
.42 • 11 .15 • 31 .27 1.5 2.7 

" 
.77 .28 •44 .49 .33 1.7 3.3 

.eo .17 .32 .63 .48 1. 1 2.2 

.83 .27 .44 .56 .39 1.3 2.5 

1.0 .3t! .49 .69 .51 1.9 3.3 

15. 7.6 8.9 7.4 6.1 7.4 10.6 

e. 5.2 6.2 2.7 1.8 7.7 12. 

9. ~. 3.2 4.4 5.8 4.6 4.7 7.5 

18. 10.2 11.8 7.8 6.2 10. 14. 

4/7, 12/7 refer to the power of the exponential weighting factor. 



TABLE VI -

** 1(a/R~ * R Bond k 
0 a 

rnd/A0 o- 1011 er_gs. A X 

SICI 4 .059 2.02 s1-c1 .24-

GeCI 4 .053 2.09 Ge-cl .23 

·CCI 
4 

.103 1.77 c-c1 .32 

TICI 4 .037 "2.19 . TI-el .18 

C6H12 .425 1.09 C-H ;51 

.09( 57 ) . 1.09 *** 
C6H6 C-H .11 

.07(58) *** 
C6F6 1.3 C-F .12 

- * Unless otherwise stated the values were taken from 
T. Shtmanouchi, Pure Appl. Chern. 7, 131 (1963). 

** Unless otherwise stated the values were taken from 
R. T. Sanderson, Chemical Bonds and Bond Energy · 
(Academic Pr-ess, New York, 1971). 

*** Out ,,f plane bending mode. 

52 
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TABLE VII 

Ca I cuI ated: and- exper I menta I Integrated 1 ntens I ty 
. H -1 

ratios for the collisional component <Iv (c), from 5 em ) 

Rai·tos (ft) 1ca lc. 
R 

IExp. 
R 

GeC 14 I S :ic I 
4 .9 1.2 :': .1 

TICI 4 I SJCI 4 1.4 1.4 :!:. .2 

CCI 4 I Sl Cl 4 1. 1 1.7:!: .1 

C6H12 I SICI 4 • a 2 • + .2 

c6H6 I c6~F 6 3.5 3.4 + .3 
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CHAPTER VI 

SUMMARY 

J"he depo 1 art zect ·Ray I e 1 gh wl ng ·spectra of 1 sotrop ic and an 1 sotrop I c 

molecules were taken at room temperature using a Coderg double monochromator 

with 1 em -l entrance slits. 

The experlmontal line profile was decomposed by least squares 

curvefftt·ing t~chnlques Into relaxattonal and cot llstonal components. 

Integrated tntensttJes as well as depolarization ratios were found for each 

llqu ld. 

·The relaxatfonal component was Lorentzlan, had a lfnewldth that 

depended on p
312/p, and was Interpreted as being a measure of the time -

between collisions· TR. T~e excellent flts with the Lorentzian ltneshape and 
, 

llnewidth dependence (TR a: 1/p) Indicate that the relaxatlonal component In 

the tetrachlorides may be described by the Lewis and Van Kranendonk 

t nterco I II s 1 ona .I theory. 

A simpie model was constructed to predtc·t ·the relative Intensity 

ratios of simllarlv structured molecules based on a frame distortion mechanism. 

The results were In fair. agreement with the model. The dlscr~pancies In CCI4 

and c
6
H12 Indicated the necessity of Including the electron overlap mechanism. 

The coli I slon lfnewtdth parameter 1/(2w~0 > (sec.) was found to be 
112 proportional top' with the proportlonaltiy constant representing the 

dIstance between t'wo co Ill dIng mo I ecu I es for maximum 1 nduced an I sot ropy. 
-1 0.· 

A single value of ·y 2 of .65:!:. .02 A was obtained using the 4/7 weighting 

factor for the Isotropic molecules and the 12/7 factor for the anisotropic 

molecules. 



APPENDIX 

I ntegra·~ed I ntens 1 ty of the R e I axat I ona I Component 

Given 

Then 

• • • 

• • • 

. Since 

I <R> 
Total 

dv = as 
R 

I {R) = 
Total 

=Is J• R '· 

sec2e 

IS' 
R 

s 
aR 

1 + 2 tan e = 

:1. Total (R) = 

and • . .• 
I CR) = 
Total 

dV 

de 

. 
w/2 2 

I sec e d e 
1 + tan2e 

0 

2 
sec e 

Is 5 
Tr/2 

aR £ de R 

tr/2 15 5 ( R 0 R) 

55 



56· 

BIBLIOGRAPHY 

1. G. 1. Stegeman~~ Light Scattering from Thermal Shear Waves In Liquids, 
Doctoral irhesls, (Department of Physics, University of Toronto, 1969) • 

. 2. J. A. Bucaro and T. A. Lttovttz, J. of Chem. Phys. 54, 3846 ( 1971). 

3. S. K I e 1 I c h, Acta Phys I ca Po I on I ca XXX I I I , 63 ( 1968) • 

4. G. I. Stegeman, Doctoral Thesis, (Toronto, 1969). 

5. D. A. Pinnow, S. J. Landau, and T. A. Lttovttz, J. of Chern. Phys. 
49 , 347 ( 1968) • 

6. M. J. French, .J. C. Angus, and A. Walter, Science 163, 3865 (1969). 

7. G. W~ Gray, Molecular Structure and the Properties of Liquid Crystals 
(Academic Press, New York, 1962). 

8. A. Szoke, E. Courtens, and A. Ben-Reuven, Chemical Phys. Letters !J 
87 ( 1967). 

9. M. A. Leontovlch, lzv. Akad. Nauk. SSR. Ser. Flz. 5, 148 (1941). 
(Eng I ish trans 1·.: J. Phys. CUSSRll 1_, 499 ( 1941) ~ 

10. G. I. Stegeman., Doctoral Thesis, (Toronto, 1969). 

11. V. S. Starunov, Opt I k I Spektrosc ~. 165 ( 1965). 

12. H. B. Levtne·clnd G. Birnbaum, Physical Rev. 20, ·439 (1968). 

13. J. A. Bucaro 21nd T. A. Lltovttz, J. of Chem. Phys. 55, 3585 (1971 > 

14. J. C. Lewis and J. Van Kranendonk, Physical Rev. Letters 24:, 802 (1970). 

15. D. A. Pinnow et a I, J. of Chern. Phys •. 49 )347 < 1968). 

16. G. Herzberg, Jnfrared and Raman Spectra of Polyatomic Molecules 
CD. Van Nostrand Co., Toronto, 1945) p. 242. 

17. W. S. Gornall, H~ E. Howard-Lock, and B. P. Stotcheff, Physical Rev. 
A !, 12138 ( 1970). 

18. H. Howard-Loc'k and R. S. Taylor, unpublished work on liquid crystals, 
(Eng • Plllys. Dept. , McMaster Un i verst ty, Ham I I ton, 1972) • 



57 

19. Sir C. V. Raman and K. s. Krl shnan, Nature 122, 882 ( 1928). 

20. M. A. Leontovlch, J. Phys. (USSR) 4, 499 (1941). 

21. S. L. Shapiro and H. P. Broida, P~ys.Rev. 54, 129 (1967). 

22. H. C. Craddoct,, D. A.- Jackson,~ and J. G. Powles, Mol. Phys. 4, 1 (1968) • 

. 23. S. M. Rytov, 2h. Eksperlm f Teor. Flz. 33, 664 (1957). 
(English transl. : · Soviet PhysicsTETP 6, 401 (1958) ) 

24. H. B. levine !ett at., Physical Rev.·~. 439, (1968). 

25. W. S. Gornall et al. Physical Rev. A 1, 1288 (1970). 

26. J. A. Bucaro at al., J. of Chem. Phys. 54, 3846 (1971). 

·27. J. A. Bucaro et al., J. of Chem. Phys. 55 3585 (1970). 

28. J. C. Lewis et al., Physical Rev. Letters 24, 802 (1970). 

29. J. I. Gersten, R. E. Slusher, and c. M. Surko, Physical Rev. Letters 
25, 1739 ( 1970). 

30. H. K. Shin, J. of Chem. Phys. 56, 2617 (1972). 

31. H. S. Gabel n !ck and H. L. Strauss, J. of Chern. Phys. 49, 2334 ( 1968). 

32. J. A. Bucaro et al., J. of Chem. Phys. 55, 3585 (1971). 

33. S. G. Rau.ttan, Usp. · Flz. Nauk. 66, 475 ( 1968). (Eng I tsh trans I.: 
Sov. Phys. Usp. 66 1245 (1958).) 

34. P. J. Bassett and D. R. lloyd, J. Chem. Soc. <A>, 641 (1971). 

35. Aldrich Chemical Co. Inc., Cat. 12 (1966). 

3~. G. I. Stegeman, Doctoral Thesis (Toronto, 1969). 

37. M •. Pa Ill ette, Compt. Rend., Acad. Sci. 2628, 264 ( 1966). 

38. D. H. Rank, A. Hollinger, and D.P. Eastman, J. of Optical Soc. of 
Amer. 56, 1057 (1966). 

·39. G. Herzberg, Infrared and Raman Spectra of PoJyatomlc Molecules, 
(D. Van Nostrand Co., Toronto, 1945) p. 246. 



58 

40. D. H. Rank et al., J. of Optical Soc. of Amer. 56,.1057 (1966). 

41. R. C. Leite, R. S. Moore, and S. P. Porto, J. Chern. Phys. 40, 
3741 ( 1965). 

42. M. S. Malmberg and E. R. Lippincott, J. of Colloid and Interface 
Science 27, 591 (1965). 

43. R. l. Schmidt, J. of Colloid and Interface Science 27, 516 (1968). 

44. S. Bhagavantum, Scattering of Light and the Raman Effect, CAndhra 
University, Waltair, India, 1940). 

45. G. Herzberg, Infrared and Raman Spectra of Polyatomlc Molecules 
CD. Van Nostrand Co., Toronto, 1945) p. 247. 

46. J. A. Bucaro and T. A. lltovitz, J. of Chem. Phys, 55
1
3585 (1971). 

47~ D. Kessler and R. s. Taylor, Muonic X-Ray Spectra In Mn and Ge 
(Dept. of Physics, Carleton University, Ottawa, 1971). 

48. Ibid. 

49. G. I. Zaltsev and V. S. Starunov, Opt. f Spectr • .12., 497 (196.-5). 

50. H~ C. Craddock et al,, Mol. Phys. 4, 1 (1968). 

51. A. V. Sechltal~ev and P. T. Nlkolaenko, Sov. Phys.- Dokl~dy Jl., 888 (1969). 

52. G~ I. Stegeman, Doctoral Thes.ls (Toronto, 1969). 

53. 'G. Herzberg, Infrared and Raman Spectra of Polyatomic Molecules 
(0. Van Nostrand Co., Toronto, 1945) p. 242. 

54. H. S. Gabelnfck et al., J. of Chem. Phys. ~' 2334 (1968). 

55. J •. A. Bucaro) et a I., J. of Chern. Phys. 54 3846 C 1971). 

56. G. Herzberg, lnfra~ed and Raman Spectra of. Polyatomic Molecules 
CD. Van Nostrand Co., Toronto, 1945) p. 182. 

57. J. R. Scherer, Spectro. Chtrn. Acta 10 (3), 245 (1964). 

58. D. Steele and 0. H. Whlffen, Trans. Faraday Soc. 56, 5 (1960). 




