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ABSTRÁCT

Col ìisjon-induced light scatterjng (CILS) refers to the

Rayìeigh and Raman spectral features forbidden by the symmetry of
a free molecule, but which appear in the scatterjnq from dense medja

throuqh molecular jnteractions.

In orden to avoid complications from al lovrèd rotational
Raman Iines, molecules of high symmetry (spherìcaì top) were chosen

for the present study.

The two- and three-body (CILS) spectra of both pure

octahedral rnolecures (sFu), and tetrahedrar morecures (cF4) at 295 K

have been determined experimentally, As welI, the two_body spectra

0f these systems perturbed by inert gases have been measured.

Classicai line shape calculations were performed for the

free-free jnteractions (translational spectrum), and a model was

used to calculate the effects óf bound dimers. comparison between

the two-body experimental and theoretical spectra showed a very good

agreement at low frequency shifts where the collision-induced

rotational Rarnan scattering has a negl igible effect. This agreement

was best in the cases of SFU mixtures t,Jith inert qases because of
the avai'lability of good intermo'lecular potentìals.

At higher frequency shifts, hiqher order polarìzabi,l ities
p]ayed a roìe, the dipole-octopole polarizabil,ity f, in the case of
octahedral molecules, and both the dipoìe-quadrupole A and the djpole_

octopole f, polarizabiìities in the case of tetrahedrar morecures.

The intensity and the shape of the rotational spectra were accounted

for welI by theory. The varues of the po'rarizabirities found were

(ii)



E= 10.7 12.5Å5forSFU, andA= z.s!0.:Åa, r=z.stO.¡Ã5 for
CF+, The CILS spectrum of SFU-Xe, together wj th both the va.l ues

of the djffusion coefficient and the second vjrial coefficient, were

used in developing a new t',l2SV jntermolecu,lar potential for SFU_Xe.

A temperature study of the CILS of CH4 l,ras performed jn

the range 130-295 K. The model for the paii po.larìzabil jty anjsotropy
v,/i th no adjustabì e parameters sti I I hol ds at .lower 

temperatures.
calculations for both the induced transratìonaì and rotational
scatterjng worked wel l over this wide temperature range. Values

of the dipole-quadrupoìe polarizab,i ìity A of 0.Ag r O,Og Å4 and the
dipole-octopole poiarizabi lity E of Z,S t g.26 Ã5 were found.

(iji)
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CHAPTER 1

INTRODUCTIOI{

Raman scatterìng is named after the Indjan scientist

C.V. Raman, vúho first observed this phenomenon in lìquìds in 192g.

In the spectrum of the inelastical ly scattered radjation

from molecules, the new frequencies constitute Raman Ijnes, or bands.

Raman bands at frequencjes 'ìess than the incident frequency ï0 are

referred to as Stokes (30-ïu) bands, and those at frequencies sreater

than the jncident frequency as Antistokes (ïO+Tu) Uanas. The scatter-

ing of radjation without change of frequency js cal ìed Rayleigh

scatteri ng .

The scattering radiatjon in general has po'l arization

characteristics djfferent from those of the incident radjatjon, and

both the ìntensity and the polarization of the scattered radiation

depends on the direction of observation.

ColI jsion induced l ight scattering (CILS) refers to the

Ray'leigh and Raman spectral features forbidden by the symmetry of

a free molecule, but which appear in the scattering from dense medja

through molecular interactions, In case of only two interactìng

molecules, the electric field of the incident ììght induces a dipoìe

moment in one molecule of the pair; the total field acting on its
neighbour, to the first order, is the field of this induced dipole

plus the external field, which is called the dipoìe-,induced-dipole

jnteractjon. CILS was discovered in 1967 by Thibeau (Thìbeau, l968).

The first experìments on jnteractjon jnduced Raman scattering

(Tabisz, 1979) were performed jn the mid-seventies (Holzer and leDuff,
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1974; Holzer and 0uíl'lon, i971, 1976) on the mo'lecules of CF4, SF6

and C0r. They explaìned their observation of the depolarized component

of the v, vibrational bands by a dipoie-induced-dìpoìe (DID) mechanism.

Thjbeau et al, (1977) elucjdated thìs mechanjsm, making a thorough

and genera'l comparison between the depolarizatjon ratio for Ray'leigh

and for Raman scatterìng by a fìuid composed of ìsotropic molecules.

Such an approach, however could not explain the observation of

compl etel y for"bidden vibratjonal bands.

Samson, Pasmanter and Ben-Reuven (1976i Samson and

Ben-Reuven, 1976) proposed a theory to account for these whìch fornally

included effects due to dipole-quadrupole { and electric dìpole-

magnetìc dipole $ poìarizabilìtìes. This theory has not been developed

to the point at which jt js useful for analysis of experiments. At

this time, Buckingham and Ladd (1976) extended the theory of

col l i son- induced absorption jn the far infrared regìon to include

the contribution of the dipole moment induced in a molecule by the

gradient of the fìeld due to the permanent muìtipole moments of jts

neighbours. A theory of induced pure rotational scattering was then

developed by Buckingham and Tabjsz (1977, i978). A recent computer

search ( Fronrnhol d, 1987 ) , showed that 500 papers deal i ng wi th the

colljsion jnduced Rayleigh and Raman spectra by gases and condensed

matter have appeared from 1967 until the end of 1987.

Collision induced light scattering (CILS) is a general

effectt it appears in the spectra of ìsotropic and anisotropic

molecules in the gas, ìiquìd, and solid state phasc' The interest

in CILS lies in the fact that it exists because of collisions and

is, in principal , a source of information on molecular interactjons

and dynanics in dense media.
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The purpose of this thesis js to study the CILS for sphericaì

top i sotropìc molecules jn the gas phase (octahedral molecules (SFU),

and tetrahedral molecules (CFO and CHO)), and to deal with some of

the persjstìng prob'ìems that one has in investigatjnq the spectra

of those molecules. Some of these problems are as follows:

(1) There is perhaps no adequate potentjal to deEcribe SF6-5F6

i nteracti ons .

(2) The exjstence in the 'l iterature of two sets of parameters

for a potential for SFr-Kr mixture.

(3) There js no good potential for SFU-Xe mixture.

(4) A djscrepancy between the theoretical calculations and

the experìmentaì spectrum ìn the case of CFO (measured

previousìy jn this laboratory) exists possibly because

of an jmpurity in the sample.

(5) Detailed study of CILS as a function of temperature has

never been done systematical ly.

A number of experiments are conceived and performed in

in order to deal with these problems:

The spectrum of SF6-SF6 js measured tlrice to obtain a

rel jable experimental spectrum to compare vrith various

cal cu latj ons using different potentials.

Spectra are taken for SFU mixtures:

(i ) SFU-Xe

(j i ) SF6-Kr

(iii) SFU-Ar

(iv) SF6-Ne

thi s study

tlJ

(2)
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(3) Ihe spectra of CFO to re-investigate the CFO Þrobìem are

recorded, these are

(j ) cF,-cF,++
(ii) CFo-Ar.

In addition, experìments tvere performed .in Fjrenze (Italy) by the

group at CNR. In particular, spectra for CHO were studied as â

function of temperature from 295 K to 130 K. These data are compared

wi th a seri es of calculations.

In the case of SFU-SFU, an HFD form js fit to the lleumann

numerjcal potential , and calculat,ions performed vrjth it agree wel l

with the experimental data (see Chapter 4). There are good potentiâls

avajlable for SFU-Kr, SFU-Ar, SFU-Ne from the pack group wh.ich heìp

to obtain a firm value for the djpole-octopole poìarizabiìity (E)

for SFU. In the case of SF6-Kr, vúe do the calculations using the

two avai lable sets of parameters, compare the theoretical spectra

t,iith the experimenta'l one, and are able to make a distinction between

these potentials.

In the case of SF6-Xe, through cooperatjon vrith pack and

the use of avajìable data (v'i rial coefficient, djffusion coefficient

and the CILS spectrum as a thjrd property), a nevr potentiaì is

devel oped for SFU-Xe.

In the case of CFO, the new series of experiments enable

us to obtain better agreement between the theoretjcal and experimentaì

spectra, especialìy at hiqh frequency shifts. This spectrum together

with the CFO-Ar spectrum, enable us to find refined values for the

dipole-quadrupole A and the dipole octopole t polarizabilities for
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cF..
t+

In the case of CH4 as a function of temperature, two models

are tried to expìain the induced translatjonal spectrum, one of them

works wel ì . The dimer contlibutjon as a functjon of temperature

js studied. A model to explain the rotatjonaì scattering works well

over the enti re temperature range. Val ues of the di pol e-quadrupol e

and the dipole-octopole polarizabil ity for CH4 are determined.

This thesis is divided ìnto eìght chapters:

Chapter l. Introducti on.

Chapter 2. The theory of col I i sjon-induced transl ational

and rotational scatteì"ing is discussed in detail; the dimer

calculations are described and the djfferent forms of potentials

used in the calculatjons are presented,

Chapter 3. The experìmental set-up, data collection and

data analysis for both pure and perturbed molecular interactions

are detailed.

Chapter 4. The generation of theoretjcal spectra and

the comparison between t.he theory and experiments for both pure and

perturbed octahedra l mol ecul es are di scussed.

Chapter 5, The development for an l.'l2SV potentìa1 for 5FU-Xe

i s descri bed .

Chapter 6. Calculations of theoretical spectra and

comparison between the theoretical and experimental spectra for both

pure and perturbed tetrahedral molecules form the subject here.

Chapter 7. Detaiìed calculations and analysis for CHq

spectra in the range 130-295 K are presented,

Chapter 8. Conclusions.



CHAPTER 2

TIIE()RY OF COLLISIOI{ IIIDUCED SCATTERII{G

In the study of molecuiar interactions, we are normaìly

concerned wi th the di fference between the energy of a group of

molecules (usually a pair) and the energy of separate molecules for

fixed molecular positions and orientations.

This interactìon energy is usually small compared to the

molecular electronjc and vibratjonal energies, but it may be much

'I arger than the djfference between the rotatjonal energy levels;

the rotational and translational motions of interacting moiecules

can, therefore, be very different from those of the free molecule.

The basic probiem is the evaluation of the energy as a function of

relatjve molecular posìtions and orientations, Hhen this has been

solved, the effects of the interaction can be determined by considerìng

the translational and rotational motions,

In some cases this is a formidable task but often the

occupied states have energy separations that are smal I compared to

k"T and a classical treatment suffices.

, This chapter is concerned with the interaction of molecules,

as perceived through features of their scattered jjght spectrurn.

The chapter wil l be divided into three sections:

1. Tran s I ational spectrum.

2, Dimer or 'long-l ived c'ì uster spectrum.

3. Rotati onal s pectrum.



2.1 THE TRAIISLATIONAL SPECTRUI'I

!,e consìder the collision-induced lìght scattering by

pair of molecules, negìecting the internal degrees of freedom

the i nteracti ng mol ecul es.

2. 1.1 The Pair Polarizability

The polarizabiljty of a pair of 'ltidely separated molecules

has the vaìue (oO, + o02) where o0l' o02 are the polarjzabiljties

of the two isolated molecules. Ho|/rever, v,lhen the separation of the

two molecules is smalI enough, the polarìzability wjll be different

from the sum of the jsolated molecular poìarizabilities due to the

interactjon. The dominant interactjon leadìng to this effect is
the so-called dipole-induced-dìpo1e (DID) mechanìsm'

2.1.la The Di pol e- Induced-Di pol e llodet (Tabisz' 1979i sjlberstejn'

1917 )

The electric field of the incident I ight ìnduces a dipole

moment jn one molecule of the pair. To first order, the total field

actìng on its neìghbour js then the field of this induced dìpole

plus the external fieid, The interaction may be taken to higher

orders, t.lherein the field of the dipole induced in molecule 2 acts

back on mo'lecul e 1, etc. Thi s effect can be descri bed as fol lows

and the situation is shown in Fig.2.i:

a

of



pzt = dipole
induced in 2

Figure 2.1

For a sphericaì molecule, the

B=oo[o

dipole moment g is g'iven by

where oO ìs the polanizabi1ity of

(2.1)

the i sol ated mol ecule and FO 'i s

the external field.

In cases of two non-interactjng molecules:

g = aor fo * ooe fo e.2)

If the two molecules are jnteractjng, the dìpo1e noment wilI be given

by,

g = or [t * 
"Z F_Z (2.3)

where a1, o, are different from o10, o20 and the total field acting

on each moìecuìe wilI be gìven by

'-2 -0 -21:- 1 '-0 '-12 ' ( 2.4)



is the field at 1 of the dìpo1e induced in 2

9

and ìs gi venwhere F. ^- t¿

by

Qz'tz)-vz
,^3

vector pojnting from 2 to I.and n' is the unit

Simììarìy

E-
-¿r

wi tn n^, ll r^'
-¿L ll

ZVo

lrz = -ì and
r

where Ll" = c" F^

F. ^- I¿

g

"nË :0

2$.,-T

- ol !1

(2.5)

(2.6)

(2.7 )

(2.8)

3!re (ur.!tr) - gt
3r

o1 It*ozlz----.---E--
l-0

E
'-21

Ir

The

by

polarìzability in a direction paral1eì to the incident fieìd is gìven

(Si l berstei n, 1917 )

. kl oZ (r" + c, + cr)
L- ¡ - - r

L¿b. r - ¿ltl a2

(2,e)

incident

(2.10)

For nrra f6, ttre polarizabil ity in a direction I to tt,e

fieid is given by

o, o, (2r3 - o, - o2)
¡- : !

r I t (.0-oro2)



In case of two sim'i I ar mol ecul es

or- - too

\,/here r is the distance betvJeen the tv/o molecules;

and the anjsotrop'ic parts of the pair polarizabi'l ity
by

.2 ^3 --4
^ 

kO uao J.bqo
= Zco + ? - T * -l= * ...

;1.¡ = 
on + 2oJ. 

= zq.^ + 
*3 

.. 
*å 

..u\',/ 3 *0 . rF'T *

,7¿.20õ 2dð 2"ò

3 6 I "'rrr

.2 -3 4þc^ bc^ c^U U "^ U_ q. = ___; + ___; + 18 _å + .,,IJbY rrr

(2.11)

(2.t2)

.

then the i sotropì c

tensor are gi ven

(2.13)

g(r) = orr (2.14)

To first order the incremental polarizability, ¡c(r)

o1Z - ol - e2, is completely anisotropic where ctt is the total

polarìzabìlity of the interactìng molecules; o1r¡ = eoflr3, which pro-

vides a major (usually the princìpal) contribution to 
^d(r) 

for gases.

2.1.lb other Contributions to ilol ecu I e-l{ol ecul e Interactions

(i ) Electron 0ver'lap Interaction: The distortion of the electron

clouds during close col Iision of molecules gives a negative

contrjbution to the total incremental polarizabiìity. Because the

volume occupied by the electrons will be reduced when the electrons

are more tightly confined, they move less in response to an applied

field and hence the polarìzability is reduced. 0,Brjen et al. (i923)

completed Hartee-Fock calculations on (He)z at several jntermolecular
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dj stances. They found that or(r) - 2oH. ì s al ways negati ve and

decreases vlith increasing r and that o,, (r) - 2cr. js positive over

the range of r studied, initiaì1y ìncreasìng and then deo"easing

wìth decreasing r. The incremental anisotropy, o,, (.] - or(r) is

nearìy zero beyond r = 8 a.u.; they find that [e(r) - 5l has an

e xponen t i al form. 13

(iì) Electron Oensity Fluctuations: The term in the molecular paìr

polarizabìì ity due to electron density fluctuations is analogous

to the London dispersion which arises because the electrons are not

static within the molecule. At any given moment the electron density

distribution within the no'lecule may differ from its time-averaged

val ue, wi th the resul t that the net d'ipol e moment of the atom

fluctuates rapid'ly about zero. The instantaneous dipole noment on

the atom tends to induce a parallel dipole moment in any neighbouring

molecules. Two paraìlel dipoles aìways attract and the time-averaged

effect of the coffelated fluctuations is a net attraction between

the charge djstribution.

Certain and Fortune (1971) appìy variational methods to

obtain the coefficients in the r-6 term for (He), and got d,ifferent

values than the classical values for both õ and g (fqns. 2.13 and 2.14),

To account for both contrìbutions p(r) has been written

as

A, B and r0 are constants which

lowest even experjmental moments

resul tant lìght scatterìng.

(2.15)

be determined using the three

the spectral profì I e of the

.2
bd^

e(r) = { + AFo - B exp (-rlro)
r"

can

of
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l,lork has been done for Ar (Bafile et al ., 19g3), Kr, and

Xe (Barocchì et al. , 1983) and CHO (l4einander et al . , 1985), and

it seems that the numericaì values of the three parameters are very

sensjtive to the input values of the moments, but the corresponding

functions g(r) are reaì'ly very s,imilar, except for very sma.l I values

of r. Therefore a new model was developed in whjch tvo of the

parameters are fixed by theor€tical consjderations

2.l.lc A llew Hodeì for g(r) and The Scalinq Law (Meinander et al.,
1986 )

A simple model for the parameter (A) of model (2.15), has

been derived by Buckingham (1956)

(2.16)

where y js the hyperpolarizabiìity and CU is the first dispersion

force coeffi ci ent.

The value of A for the noble gases and for CHO using Eqn.

(2.16) is within the range of the A vaìues obtained by model (2.15)

using different experimental data (Barocchi and Zoppi, lgTg).

Tha va lue of A can

the model of Euckingham.

therefore be fi xed as determi ned by

The value for ) 
rô

,O = i. has been fixed at the value XO =

0.0953i, where r, is the separation at which the intermolecular

potential energy attains its minimun value, using the ab initio
calculations of s(r) for He by Dacre (1982). l,le are thus left with

onìy one adjustable parameter in our model for g(r), the parameter

B, which we determine using the first few even moments of the measured

spectrum.

^ v C-
A=6'ð-Ë



Br3't i. -ç iñ¡eFêi+ +h¡* :he reCUced Dat-ameter B* = _4 is
ooõ

very sjnilar for Ne, Ar, Kr, Xe and CHO (lileìnander et al., 1986).

l,lithin the uncertajntÍes, a conmon reduced value of B* = 2600 r 200

would seem to be appl icable to al I fjve systems and perhaps can be

used for other gases. The final form for the anisotropy is then

t
0ù^ ^ YL-

e(r) = + + (6aj + l---9) ¡b -
r- - 3o0

where all the parameters are kno|n,

-2bd:
(2600) (+) exp(å)

ri 0.09531 r,

(2.17)

2.1.2 Line Shap€ Analysis (Meinander and Tabisz, 1986)

At moderate pressures, the CILS spectrum is determined

by binary interactions only and i s proportional to the Fourier

transform of the pajr correlation functìon c(t):

Dt, (r) o dt exp (-it¡t) c(t) (2.18)

wi th c(t) = <c*.(t) o*r(0)> ,

where c*r(t) = c*r(¡(t)) is the xz component of the polaì"jzabi lity
tensor of the interacting molecular pailin a space fixed coordinate

system. Thj s function can be expressed in terms of the dependence

of the pair polarizability anisotropy B(r), and on the motion of

the atoms, whjch is governed by the intermolecular potential U(1).

The tjme dependence of a*r(t) can be explicitly described by specifying

the functional dependence ¡(t). The function ¡(t) can be eval uated

by transforming the two-body problem to an equìvalent one-body problem

as foì i ows.

Í
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and mb whose coordinate

then the vector for

If we consider the encounter of two masses ma

vectors in the laboratory frame are ra, and rO,

the centre of mass rc is

- -t.!u*tblblc - --m T rn -AD

lle may ìntroduce the separation vector r = ru

as shovJn in Fig, 2,2,
-0

Fi gure 2. 2

equat ions of notion to

(2 . re)

The-situation'is

each partjcle

tle have

App'iyi ng Newton' s

dc

dt

d9^-f=mu-i

I

lf
;o
I

I

t./"

(2.20)
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assuming a spherical iy symmetrìcaì potentìa1 .

Here Cu, and Cb are the respective velocities of a gnd

b. It is clear from Eqns. (2.19) and (2.20) that
t0L 0 r

9c---l--- -2-u'dtdt

that is, the centre of mass moves wjth a constant velocjti çc. The

relative acceleration of the ttvo partìc1es can be writien using

Eqn. (2.20) as

ddrdCdC^dC. 11F
- 

/ -l = - = -d - -u = /- ¿ 
-\ 

F - -dt\dt/ dt ¡f - ¡î mb'--u (2.2r)

where ¡ is the reduced mass of the system.

Eqn. (2.21) defines the rejative motion of a and b, whjch

is confjned to a plane containing both particles and their centre

of mass. In the centre-of-mass frame, the relative motion of the

two particles is thus equivarent to the motion of a singre particle
of mass I in the centra] force field F, i.e, under the influence

of the potential U(r), (Fig. Z.3).

F

, o ,,

Fi gure 2.3
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The vector ¡ joins the centre of mass 0 to the position

of the particìe of mass g, whìch fol lows the trajectory v. The angle

between r and the initial direction of motion is called the orientation

angle 'a, This has the vaìue eO at the distance of closest approach.

The ìmpact parameter b, is the distance of closest approach in the

absence of the potential U(r) and, hence in the absence of any

deflection.

The dynamjcs of thjs collision may be descrjbed by

consìdering the conservatjon of both energy E and angular momentum

L ìn the system as follows:

, =iur3=ïuvz +s(r) =ïui' ri4*rr"l e.z2)- - [r-

L = u 12 o = u b vO (2 .23)

where v0 is the initial veìocity.

Soìvìng Eqns. (2.22) and (2.23), one can get

(2.24)

(2.25)

These equations can be ìntegrated to obtain 1(t).
once r(t) js known, together with U(r), the expl icjt time

dependence of the polarìzability o(t) can be found, The incident

light is along the x axis r.,ith its electric vector polarìzed in the

z direction and observations are made in the z direction. The

differential scattering cross-section for a single similar paìr of

ìnteractìng molecules per unit frequency and unit soììd angle is

T =tt - (fr2 - !(Ù, 1z

,-buo"2 r



given by (Bafile et a1., 1983)

,2o o,, ? ó
--_:do d L = 2K0 K; _t dt exp

5
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(-i,,rt) < c*.(t) o*r(o) > (2,26)

r,ihere K0 and K, are the wave vectors of the incoming and scattering

light respecti vel y, and

< c*r(t) c,.r(o) > = o/ dv d(u,¡) d. Pfv) P(b,r(r))/ db

a *, (t+. ) "*, (. ) (2.27 )

where P(v)dv is the probabj lity that the relative velocity is
be t'dee n v and v+dv

P(b, r(r)) ¿U ¿r is the probability that the impact parameter

is between b and b+db Ì^¿here the initial distance

of the pai r i s between r(r ) and r(r )+dr and the

ìntegration js extended to all possible r(r) on

the trajectori es v(v,b).

For a system of volume V at thermal temperature T, P(v)

is the Maxwell distribution of the relative velocity v, and

P(b, r(r)) db dr = 2nubu d. db (z.za)

Usìng Eqns. (2,27), (2.28) and the convolution theory, Eqn. (2,26)

becomes



d2o,, 2Kô K:

-j; = aiì 
nr- av e1y¡ 

A
_= 'i;. _r dv p(v) / db 2_bvvsvO0

I {: dt exp(-ir,rt) o*r(t)12 (2 .2s)

Re|riting Eqn. (2.29) using the intrinsic variables r(t) and o(t)
of the colliding pair and defining the depolarized spectrum D,¡ (r,r)

as

d2o.
D,,(,) =vt (2.30)

l,le get

D,, (,) = Ít *o *3 
or-av 

r(v) J-db 2n bv r(,) (2.31)

r(,¡) = 1.5 t ^¡- s(t) cos [2e(t) +,¡t] dt]2o 
(2.32)

* { 0, B(t) cos,t dt}2 + 1.5 { 0/' ß(t)

cos [20(t) - 't] ¿t]2

whe re

The computatjon (Bafile et al,, 1983) of the CILS can be performed

using Eqns. (2.31) and (2.32).

The integrations in Eqn, (2,32) are perforrned along the

trajactory of the ìnteractìng molecules, starting from the point

of closest approach a, which is a solution of the equation



2 .,,,u=1---Z utal
MV

The accuracy of the trajectorjes was

functi on
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(2.33)

checked by conparjson with the

( 2.34)

The ìntegrands of Eqn. (2.32) are computed as products

of slow]y varying functjons r.t (o,e) with sin(urt) or cos(ot) (Meinander

et al., 1986). For time steps Àt s r/ûr, seventh deqree interpolation
polynomials reproducìng the jntegrands and their first three t.ime

derivatives at the end points, are ìntegrated analyticalìy, For

hi gher frequencì es 
^t

sub-intervals of ¡/u, The intensity ôt o = 0 js obtained easily

durìng the calculations of the trajectories by setting r.,r = O in Eqn.

Q.32).

Classical spectral line shapes are symmetrjc, i.e.

D(-o) = ¡1r¡ (2.35)

Usuaì1y the t,tings of induced spectra extend to energies qreater than

thermaì energìes, i,e. h r,r > k"T, where k" and T are the Boltzman

constant and the temperature. Accordingly, the principle of detailed

balance (Pol l , 1980; Borysovr and Frommhold, 1993) causes observed

profiìes to be asyrÍmetric, i,e,

o(r) = b ^r" d, -r2 lt - ø2 ¡2 - U(r) 
¡t-'

a

D.ro(-,) = exP (-h,/krT) D.*O(r) (2,36)
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It is believed that thjs defect of the classjcal profì1e calculation

can be corrected hy desynmetrizìng (Borysow and Frommhold, l9g3;

Poll and Hunt, 1981) classjcal line shapes for comparìson wjth

measurements, by multipìyinq the classjcal profjle by the factor

2 [1 - exp [-h,/kBT]l-1

which leaves the even moments of the profi le unchanged and val'id

for the fjrst order in h (Barocchi et aì. 1982). The even spectral

moments are gì ven by

M2n = 
O.r 

D(, ) ,2n d, (2 .37 )

with n = 0, 1, 2, .,.

which we use as a check for the correctness of the calculated profile'

by comparison vtìth the theoretical moments obtajned from the sum

formul ae (see section 2.2).

It should be noted that calculations, using Eqn, (2'32),

do not jnclude the contributions from bound or semi-bound traiectorjes'

The computation of the ìntensity at 40 different frequencies

(Stokes side) requìres about 17 minutes of CPU tine on the Amadahl

470/V8 Computer.

2.1.3 The Intennolecular Potential U(r)

The intermolecular potential jn general includes both

isotropìc and anisotropìc jnteractions, but in our purely translational

spectrum we will be dealing wìth spherìca1 top molecuìes' for which

the anisotropìc part (as ìn CHO) is small. t,¡e fit the total potentiaì

to an ìsotropjc form (as wil1 be discussed in detai l in Chapter 7).
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The interactjon potential s used in our computation can

be expressed by an analytical function. For the present calculations

the follol.ting potentjal functions were used.

In the case of SFU, CF4 and thei r mi xtures, i sotropì c

potentj al s were used,

(j ) SFU-SFU Interactions - Two different: intermoleculan potentials

were te sted .

(1) Lennard-Jones 28-7 - The potentia'l

urr-r(r) = r#, ( (i)28 -

is gi ven by

(i)7 ) (2.38)

where (j) rm = 4.999 A, e/t<"= 439 K (ilcCoubrey and Singh, t9S9).(l4C)

(ii) r, = 5.4305 A, e/iB= 404 K (powets et al., i9B3).(pS)

(2) Neumann Potential - Since there r,lere numerical data avaijable

for a site-site potential that pleich had used to determine the value

of the dìpoìe-octopole potarìzabi lity E, (Neumann, 1984), we decided

to employ thìs potential as welI.

The data are I isted in Tabìe 2.1.

Fitting the data to the Hartree-Fock (HFD) form, nameìy

A' -4. x
u(x) = Ao * I. "2^- 

{ru *-u + c8 x-8 * ct' r-10) F(D) (2.39)

F(D) = 1

_(1,29 - 1\2
= e . x Lt

x à D = 1.28

x<D

where
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TABLE 2.1

Neumann Potentiâl Data for SF6-SF6

r
G)

4.0
4.1
4.2
4.3
4.4
¿.Ã
4.6
4.7
4.8
4.9
5.0
5.1
a.¿
5.3
5.4
5.5
5.6
5.7
5,8
Ão
6.0
6.1

^)6.3
6.4
6.5
6.6
6.8
6.9
7.0
7.1

u(r)
(K)

Â106 1(
2797 .15
1809 . 81
1i09 . 45
622.469
288.779
60. 9057

-94.436
- 199. 09
-267 .44
-309.6
-332.26
-340,25
-337 .57
-327.43
-312.03
-292.87
-271 .18
-248.27
-225.37
-203.41
-182.91
-1.64,17
-147 .22
- i32.03
-118.46
-t06.42
-86. 18
-77 .7 3
-7 0.2
-63.52

r

dt
7.2
7.3
7.4
7.5
7.6
7.7
7.8
70
8.0
8.1
ó.¿
8.3
8.4
8.5
8.6
8.7
8.8
8.9
9.0
9.1
9.2
9.3
9.4
9.5
9.6
9.7
9.8

10. 0

u(r)
(K)

-57 .57
-52.25
-47 .49
- 43.24
-39 .42
-36.00
-?, 02

-30.17
-27.66
-rÂ ?o

-23.35
-2t.49
-19.82
- 18. 30
-16.91
-t5.62
-14 .47
- 13. 40
-12. 44
-11.57
-1.0.7 4
- 10,00

-9.32
-8. 69
-8. 11
-7 Ê7

-7.08
-6.21
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and using a I jbrary program (ZxSSQ), !,rhich employed a

Levenberg-l'larquardt method, \,re find the constants

A0 = 0'147976 x 10i K

Ar = - 0.114067

AZ = 14.50061

CO = 0.6776507 K

I = rl ?0Ã?240 K"8

CtO = 0.3656460 K

which fit the data very accurately as shown ìn Fig. 2.4.

(ji ) For SFU-Kr, SFU-Ar, and SFU-Ne l.tixtures: pack et al, (1982,

i984) have reported the most accurate jnteratomic potentjal s yet

for these systems. In the M3SV form, (the pbtential js shown in

Fi g. 2.5) vìz:

rsroj=l
Ui(r) = ei {exp[-2c, (r-rr' )l -2exp[-c., (r-rrr)Ji r'sr<rm j = II

rmsrsrl i = III
(2.40)

UIu = B1 + (x-x1) {0, + (x-xr) [0, + (x-xr) ooJ] r"r<rsr,

.-6-8^-10
Uu = - C6 " 

" - Cg r - - CrO r '- rzrz

where .ll =rlll=ã
rmll=rmlll=im



.l -. 'II/11
- _1.0 = r, - cr, 1n2

-1rml =to*ol^ln2

rmi 
n

_1.1 = r,n + cri, ln 2

st = U(xr)

Bz = 1*r-xr)-1 [u(xr) - eri

ß3 = (xr-x1)-1 tff lr, - ert

ß4 = (xr-x1)-1 {(xr-xr)-1 l# l*, - ß21 - ß3}

The data for the isotropìc potential js given in Table

2.2, (The dimensions of the first seven parameters are in Hartree

a,u., the last two are dimensjonless),

( j i j ) SFU-Xe Mi xture - For thi s mi xture there was no potentì a1

available. }Je tried the combination rules gìven by Pena et al' (1982)

for two L-J (12-6) potentials for SFU and Xe.

The combi nat ion rules are

6 (lt + 12)
oiz = * ---6-ci ,--,1 b 1e r)6 <e>r,

z\e¡t2alõZ LI LZ)

6 2(e t, z o? ol r, tr)'
't2=---Ar+lqz

( 2. 41)
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TABLE 2.2

The Parameters of M3SV Potential for SFU-Kr, SFU-Ar, and S F6- Ne

SF. Kr
ô

Pa rame te r SF- Ne
b

SF- Ar
t)

' f¡,52i0.02)x10-4

im 8. i281o.oos

ol=oII 0,88t0.01

oIII 0.8510.02

co 76.4113

c8 1505

cto 34000

*1 infl . pt.

*2 1. 55

(7,5t0.1)x10-a

L 39Ì0. 02

0. 97 r0. 03

0.8810, 03

252t10

6100

180000

ìnfl. pt.

1.4

(8.6t0.1)x10-4

8.7 2!0.02

0.8410. 02

0. 8430. 02

320r 10

9000

27 0000

i nf l . pt,

1.4

(8.0r0.1)x10

8.8110.02

0.89r0. 02

0, 89!0. 02

277 !8

9000

27 0000

ìnfl . pt.

1.4

Ir I, are the ionization potentials

to 19.3 and 12.!27 e.v. respectìvely.

For xe ,t/hi 222.43 K

For SFU er/x; 182 K

72,1/ t3þ1 = te1 01 J

In our case

<B>^' = 61 %

for SF6 and Xe and are equaì

o1 = 4.105 A

o, = 6.631 A

82 = (e, o1r27t/ts (2.42)

(2.43)



which gives 612 = 4.gg7875 ;,, ,tZ/Ri I1O.TZSZZ K

anC

u(r) = 4.12 t (+)t' - t'flu I

Thjs method provided a potentiai whjch yieìded spectra in poor

agreement compared with the experiment. cooperation ,niith pack to
deverop an M3SV potentìa'r for this system ensued and wi.ì'l be discussed

in Chapter 5. .

(iv) cF4-cF4 Interaction - A L-J (12-6) potentiar ,nras used in the form

u(r) =4,ttflr2-(i)6 1 , e.44)

e,/t+"- 152.5 K, o = 4.7 Å (l,lacCormack and Schneider,

1951)

CFO-Ar l4ixture - Two potentiajs were used:

A sìmpìe combjnation rule gives

- = ./7--- - =o!* 
oz

L - t¿7 u2 o = ---Z- \¿.+5'

were tri ed for tl.ro(2) The combination rules by Pena et al. (1982)

L-J (12-6) potentials for CFO and Ar.

The parameters requi red are:

For CFO erlt<;152.5 K o = 4.7 "A

For Ar e2/t<; 123.29 K o = 3.41169 Å

I(Ar) = 15.775 e.v. I(CF4) = 17.8 e.v.

These give (1) or, = 4.0558 'A, ,n/ke= 137.119 K

(2) or, = 4.0056 'a, err/ç= 136.62 K

(v)

(i)



at

(vi ) CHO-CHO - An HFD modified potential (l'leinander and Tabisz,

i983) had been developed in this iaboratory and was used to construct

an j sotropi c effecti ve potenti a l at dì fferent temperatures.

2.2 DII{ER CONTRIBUTION

In thi s thesì s, the term dimers refers to a metastable

bound paìr of molecules held together by van der trlaals forces.

0un computer code, which is based on classical physjcs,

at present does not include the effects of bound dimers in the

calculation of the spectraì profile. The contribution from these

states to the spectrum i s smal l at room temperature for rare gases

and I imited to low frequency shifts. The spectrum can convenjently

be established from caìculation of the spectral moments of these

contri buti ons ,

The first four even moments for the tv,/o-body jnteraction

incìuding the djmer contribution have been calculated from the

follor,Jinq expressions (Barocchi and Zoppi, 1980), The f.irst three

are quantum mechanically corrected (Barocchj et al. , 1981).

t{ò'Íåxfcsz>o

Aä. zu t+ r<l < (e,)z * , # ro

''t¿' Tl v Kå { (9',)z < 3 (8.)z n 4!-' il. - rr% * ¡z (ï)z

- ss+. rzo$ ro - rbrt. riit' {u" * 2+ - u;åro

o . (L#)' ,o )

(2.46)
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- ls84 !-
r

t¿ = fi*á,F,'< [rs1s-)z + ¡60 ({)2 u ¡oEB ,lrr,sooo (å)z

- roeezS;å, *u$irs (e,,)2 * roz 1!_¡2

- rqc {j, -Ë [o s,s"] -,ËJ, ¡s,)z ro

Hzn=ï / rä.

llere B(r) may be obtained from Eqn. (2,17) and U(r) from sectjon

2.1.3. ïhe primes ìndicate first, second and third derivative with
respect to the pair distance r. k, is the Boltzman constant, T is
the temperature and ¡ is the reduced mass of the pair of atoms or
molecules. The averages indicate:

<"'>0
ol- dr 

"2 9o{.¡

4*tzzo!- 4f' r rJ

=4, (2 .47 )

where the pair distribution function is taken in zeroth order, gO(r)

= exp (-U(r)/k"T).

The di fference betvreen these moments and the moments

calculated from the translational spectrum I(to) using Eqn. (2.97)

gives the dimer contributjon. prengel and Gomal I (1976) have shown

that the dimer spectrum for CHO is roughly gaussian at ìow frequenc.ies

tvith a long high frequency tai l. Recentìy Leduff et al. (1987)

observed a maximum in the Xe spectra at 153 K at 1ow frequency shifts

which is due to the contribution of dimers, This is difficult to

detect due to the stray l ight at Iow frequencies. Accordingly, we

have estimated the dimer spectrum associated with these moments by

fitting the different moments to a gaussìan pìus an exponent.iaì.



I(r) = It exp(-À1,,) + I2 exp(-À2.,2)
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(2 .48)

Usìng the first four even moments MO,MZ,l'l4 and M6, one can find
I1,À1, I2, r2 and the approximate form of the d.imer spectrum.

2.3 COLLISIOH INDUCED ROTATIOI{AL SCATTERIIIG

In the first part of this chapter, we considered co.l Ijsion
induced light scattering by a pair of molecules, neglecting the
jnternal degrees of freedom of the jnteracting moìecuìes. In thjs
part we will now consider the vJay in which hjgher order

polarizabìlities can lead to a rotational Raman spectrum from colliding
isotropic molecules, The mechanism we wil'l present is essentìally

the result of the work done by Buck,ingham and Tabisz (1979), which

explains why higher jntensities are observed in experjments than

predicted by the DID model , especialìy at h.igh frequency shifts.
He will be dealing with isotropic spherical top molecules (SFU, CFO and

cH4).

The total di pol e
/rl

and octopo'le moment n(i) of

F and field gradients F', F"

1967 )

moment [(i ) , quadrupo le moment Q (i )

a single molecule i in.an external field

, can be vlritten as fol lows (Buckingham,

u(i) = ilo)(i, - "jå, ru * | oji] ru r.,

- 
å ^jå.) 'å., 

*.1¡ rji]u r¿.,,0 - ...

ejå) = ej!"" - ojå,Ì r.,, - cji]o r;u

- +'iå1, Fu F., Fu

(2.4e)



/,:\
-(i) = "(o)\'/ * F(i ) ' +
"o8y - "a8y ' 'aByô'6 "'

The subscrj pts refer to components of the tensors i n a Cartesi an

reference frame. The superscrì pt zero denotes a permanent moment,

and

{'i s the dipole polarizabjlity; previously. referred to

as the polarjzabiì ity.

f ,{, ... etc. are hyperpolarizabiljtjes descrìbìng departures

from a Iinear polarìzat.Íon law,

ê is the dipole-quadrupole polarizabjlity, determining

both the dipole induced by a field grad.ient and the

quadrupole induced by a uniform field.
E is the dìpo1e-octopole polarìzabilìty.

I is the quadrupoìe_quadrupole polarizabjlity,

For the present case (spherìcal top molecuìes)

(a) In the case of tetrahedral molecules

rio) =ejl)=o

Aoß.r = A (io jg k., * io j, kg * jß j, ko * js jo k",. * i.,. jo kB

+ iy iß ka) 
(2.50)

- 5 - ..Eoß.rô = ä E tlo iu i., ju * io is i., io * ko kB k., ku (2'51)

|,^- Ë (oou ôrô * ôo., ôeo * ôoo ôß.r) l



(b) In the case of octahedral molecules

u(o) = e(o) ., jll = o

AoB" = 0 , Eoßyo is given by Eqn. (2.51) (2.s2)

He will write the expressions for spherìcaì top molecules, and take the
tetrahedral and octahedral molecules as specìaì cases. The fjeld
and its gradients are given by

Fe = Tg., [.,, * "'

Får= -Tpru uô - "'
Fäyo = Tgron [n * "'

(2.53)

where ToBl ,..u (r-1) = 1+nrg)-! oo oB o, ...vu{r-1) (2,s4)

and

Te_E]-.-,_d. (";å) = (-1)n Toer... 
" 
trrll

n

where va = a/âra

For convenience we will take (4neO)-1 = 1

From Eqns. (2.49), (2.50), (2.53) and (2.54), one can

rewrite the equation for the total djpole moment as
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ç=uji) *ujzl

= o, (õo *.o., u12) *åroru Oj!, --Trro.,u. rlÍl -...,

- 
+ ^jål 

(- Tevô ul,) - + ru.,'u. oÍ.r) - ìE ruro., ,ÍÍ] .,

-ìrrjå.), {turu. ul') *åTuru,, ejl, -ìrrrru.,., ,jl¿ - .,

(2.55)

+ o, (€o * to., u.lt) - å ro"u OÍ1, - lE Toro. ,Íl] _ ..,

- + ^iål {turu uÍt) - å tu"u. e[:) --15 ,rro., '[]J .l

--1r tju.), {turu. ult) - å turu., ejå) --}5 ,uru,,n rll¿ - ...,

where gq is the external fiejd.

The ìi9ht scattering js conventjonal ly described in terms

of the pair polarizabi'l ity tensor aaür

3u
to, = 

d 
= (o1 * o2) ôo, * 2o1 oz To,

* å To.,,o (,, ojSl - ., o.llll *å tu* r., oj|l - ,, ojå.)l

*lEToro, (", t.|3], *'r t.lå],) *tTuro, (", tjålu -.r rjllo)

- å'u.,u, (^jål 
^Í:l 

- nt!] nj.llr

*# tu,o.rn rejf], rjf], - rt!]o ejf],r

(2.56)
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* 1 r ¡ç(1) 
^(2) 

_ Ê(2) À(1)\' 45 '8yôeô \'c81ô ^eôo - 'cB'yô ^¿¡6/

* _L r rF(1) a(2) _ F(2) Á(1)r
45 'Byôeð \'ôeðr,r "oßy 'ôeôr,r ^aBy/

The scattered intensity is dependent on <ao oo,r,) where the angular

brackets denote an average ove'" al ì oris¡l¿ljs¡s of molecule 1 and

2 and of the intermolecular vector r.

,?(oo, oo,r,) = (cr+or)- ôo, ôo,r, + 2(cr+cr) o1 oZ (ôorTo,r,

22{ 6o'r, To, ) * ci o! <To, To,r,>

+ single A transition term

+ single E transition term

+ double A transition term

(2.s7 )

+ AE transition term (evaluated here for the first tìme)

+ double E transition term (evaluated here for the first time)

l,le will derive the first four terms, and give the values for the rest.

The first term gives the poìarized Raylejgh scattering.

The second term is equal to

T =v v r-1 =A-L-!0or c ûr i3.: -T (2's8)
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3R R ô
.dujOrx.<i ) = < -------7- - --3.>ûûJ fÐ f

31/36 ô--ä=o (2'se)
r- r'

The third term represents the translat'ional DID spectrum. The

isotropic part of the multiplication of two second-rank tensors

can be written in the form

aTo" To,r,) = A, ôo. ôo,", * Az ôoo, 6rr, * A3 ôor, ôo,, (2.60)

If e = c' r¡ = o'

0=941 +342+343

Ifo = r¡' c' = t¡

(r J

(To, To.) = 341 
.* 

942 + 343 (ii)

If c = o o' = r¡,

(To., Tor) = 341 + 34, + 9n, (iji)

where A| A2, and A3 are constants.

Solvìng (i), (ii), (iìi) and using

,r .r \=(2n) !.(?^rr)''cßy...n 'cßy".n' 
Zn

n

...<T T, ,>= f4FlLt-zo ô, , +3ô ,6 ,+3ô_ ,ô-, )cr! c -ûJ ' 
Z¿ JU ct! d o tc ûlûl cü) c 0l

Then the DID term $,i11 be equal to



J5

.6 2 2--:6 , ^4 
3O "i oi r - (-2ôo, ôo,r, * 3ôoo, ô.r, + 3ôor, ôo,r)

_4 2 2,-6, ^"= 5 *i oã r - (-zôao ôo,., | 3ôoo, ôrr, + 3ôor, ôo,r) tI]

-n -n 2 -U( r) /k-Twnere r = J r r e " ìr 0r
0

The fourth term (singìe A) is the first .induced rotational

contri buti on and is equa l to

t p _ ><A(2ì A(?) >= 9 oi t <loyô lo'y'ô ûjyô {,, y ö'

* .Torô Tß,y'o', .ojÍl oi?¿,r,, * .Tu* Tß,y,ûr,>

( 2. 61)

<nj!] nj?l ., > * (Tßy, Td,y,6,>.n[2) n(?],,,> r

1')r g "ã. { simitar terms with (2) ê (1)}

l,/e can see that the fìrst and the third terms are similar
and that the second and the fourth terms are simi,lar too. l,le wiì,1

calculate the first term using the identities

.nj!] nj?l , , = rro(Ð (io io, is is, k., *r,, r 24¡(z)

(io i u, 
jg jo' k., kr, )

r,Jh e re

<jd ia' jB jr, k, kr,' = # ôoo, ôBg, urr, - þ { uoo,

(uu.,, uu'r'+ ôßy, ôg,r) * ôßß, (ôor, ôo,y,* ôor, ôo,r)

(2.62)



* ö,,r, (ôoÊ ôo,u, + ôoß, ôßo ) Ì * # (ôoß ôo,., ðu,",

+ 6oß ôo'y' ôß'y * ôoß' ôo'y ôßr'+ ôoU, ôo,y, ôBl * 6o.y ôo,6 ôß'r'

* uo.¡ uo'ß'ôßy' + 6cr' ôo'ß ôß'y + ödy' 6o,ß, ôßy ]

and a similar expressìon for <io jg, jg jo, kv kr,, , from Eqns.

(2.61) and (2.62) the first term can be revrritten in the form

<Toyô To,.¡ u,, ,n(r2l oj?l ,, , = ,ro?Ð { (+85 - Íz)0.,,

(T,ô. T,,yô) - (# - Íz) .to,o To,,,ô) - (fr - fu) ,to",6 To,.ô) ]

(2.63)

As in Eqn. (2.60), one can wrjte

(To.ô To,r'O > = A1 ôo, ôo,r, * A2 6oo, ô.r, * A3 ôor, ôo,,

Using the same method, one can get

(Torô To,r,ô) = (l!+ Fl tu (-z6aû) ôa,ur,+ 3ôoo, ô,r,

+ 3ô , ô , )cÜ) d t¡'

and wjth the identity

(n+l) (2nl) (n+z) R R +¡p2 6
a1 T \ / q n dn\''cßy. . .v tÊv. . .v Zn+l 

, 
;2ñ*6 

l

nn

(2 .64)
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(3) (4!) 4/3 6 , + 2ôr r ( "':- '" ) (2.65)'.ryô'i,:'.16 23 F 
I

= 30ô ;ã
0Jt¡)

By substituting Eqns, (2.64) and (2.65) ìnto Eqn. (2.63) we get

2

"'(Toyô Ta'y'ô') (A.rô A''r'u') = rzAQ) F, ì3Ê ôoc, 6.ru,

* jfu 6o. ôo,", - ft. 0o,, uo,, Ì

Now, the lst term + 3rd term = ,oob\ F, ì3å ôoo, 6,,,

.57 _ 4g ^ ^ r'-lõE oo, óc'r' - 1¡5 oo.r 0or.l

Simì1ar1y, we can show that the 2nd ter"m ìs equal to

2

= vAQ) F,-ïfu ôoo, ô,,, * #E uo, ôo,,, * 
T3å oo,, uo,, )

and the 2nd term + fourth term

2

= 24AQ) F,-ffi ôoo, ô,,, * jfu uo" ôo,,, *.13å uo,, ôo,, ] .

Then the contribution from the sìngle A term

2

= I "l tz+lA(2) Frf#' ooo, 6,,, *-låå ôo, 6o,,, * ìåE uo,, ôo,,]

2

r I "l tz+l A(1) F { iáE ôoo, 0,,, * #å ôo" ôo,,, * ft. 0o,, oo,,}



Sìmì1ar1y, one can evaluate the contributions from the single E

term, double A term, AE term and the double E term.

Contr'ibution from sinqle E term:

= f t{"rer)2 + {orrr)21 FT {rouo, 6o,,, i 11ôoo, ô,,,

(II)

+ 11ô , o , )cI0.) û t¡'

Contribution from double A term:

= 64 to^ 12 ;:lo t_ 472 
^ ^ .!93^

5 *"1"2' I \ 945 "ar,¡ "d'r¡' 945 "cc' "ur¡'

.983' 945 "cr¡' "a 'r¡ /

Contri buti on from AE term:

-;T2,"2.2 ^2-2,,232^ ^ .232"= r -- rAi L2* A' ri] t-zT ôoo, ô.,' * =ãi ôo,, ôo',

40- -'=- Ò ô ' 'i/dt!qù)

(III)

(IV )

(v)

Contribution from double E term:

= 
jT{ ,Z ,2 _. t7Sg9 " 17589 940s ^' '1 '2 t=T$- odc' ôr¡r' '_3T5- ôor' ôû'r - -3fE oo, ÒorrrÌ

(VI)
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If we consjder a particuìar scatterìng geometry, jn rvhich the incident

light is along the x-axis wjth jts electrjc vector polarized jn

the z dj rectjon and observations are made jn the z d.i rection, then

our jnterest will be in <olr> :

c = a' = x

ô , =ô , = 1qc ou

r¡ = (¡' = z

(2.66)

ôor , = ôo ,, = ôo, = 6o , r , =0

,o1,r, = \ t,r,r\2 F - {å [(o1 A2)z * {o, n,)2t rr

* 5 t{", Er)z + (o, rrl2: ," T r % (A1 A2)2 ¡Td e.67)

r#¡rz (AlEt- nlelt -TfåFa (e, rr)z +...

0f course, in thjs equation the first term js the fì rst order DlD.

A ful ler description of the pure translatjonal includes the r-6
&ðxponential terms in Eqn. (2.17).

This is a general expression for the interaction of two tetrahedral

molecules, neglecting all the polarizabi1ities of higher order than

the di pol e-octopol e pol arì zabi 1i ty.

It is of interest to determine the depolarization ratjo

, = ,of,r, / rolr, .

First, one can wrjte a similar express.ion fot <d\z>
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,*lr, = (or*oz)2 *{ t,, "r)27 *ffit{", Ar)2 + (ornrl2: rã

*$ t{.1 Er)z + (orrrlzt .T rffi{n, nr)2 .T (2.68)

* ff t{n, tr)z + ar 1l2l,4 * ffi te , q)2 iE , ...

For the tetrahedral-atom interaction

Ar=Er=o

,o*rr2 =\("r"r)2 F-åå (o2 Ar)2F-+ GrEl)z "T* ...
(2.6e)

,orrr2 = (c, + cr)z * { {o, "r)zF * ffi {', A1)2 ;E

r $ 1", rr)2 "-m 
* ...

For the octahedral-octahedral interaction

(2.70)'

At=Ar=o

,of,r, = \ l"r"r)zF -+ [(o1 E2)2 + {o, er)2] rT

* ffi tr, rr)z 7Ã r ... (2.71)

.o?rr=(o1 * oz)2 * l3 (.r o2)2Í * $ t{,, rr)2

+ 1o, er)zJ ;10 - gÌå+ (El r2)2 ¡T * ... (2.7 2)
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For the octahedral-atom interaction

At=o

Ar= Et= o

.2_-12t ,2Ã.17, -,2-m,o r,= J(û1 o2)- . - * - (a2 E1)- r '- + . ,. (2,73)

.o2r, = (ot*,2)2 *{ (., "r)z "4 *ï.(,, E1)2 ¡16 + ...(2.74)

The depoì arization ratios are

_48 105_ 9_^","
"n - 35-TrZ - T - u.¿{r

"-=4J-=n.ztz952

^ _ 629L2 4725 _^aÊa
"AA 4725 62912

".- = 21? 4= = s.67aa"AE 2L 344

^ = 5863 _1!!_ = ., .o2,"EE 105 8s91

where o¡ i s the depolarization ratio considering the aA term only,

and so on,

2.3.1 Still Hioher Order Pol ari zabi I i ties

This section will put some ìight on stiì l higher order

polarìzabilitìes (nigner than the dipole-octopoìe poìarìzabiììty

[), and their effect.

Eqn. (2.55) can be rewrjtten to include higher order

poiarizabiìities, and the dipole moment wilì be given (in a symbolic

mannen, with the negìect of numerjcal coefficients) by



ut = (o1 or) .-3 +

+ (a, F, + E,

+ (c, H, + F,

o', + a, Ar)

* A1 t2 * ol

+ El E2 + A1

-¿.

" + (42 El * A1 A2

r, + ti zr)r "

Fz*orur+olnr+

42

_Ã+ o, Er) r "

Aro ro, ) r-7

(2.7 5)

(Ar

Az

A2

+ (o1 o1 CZr oZoZC7r.,.) .-8.*...

F i s the di pol e-hexadecapol e pol arì zabì 1 ì ty

H is the dipole-25 pole poìarizabiljty, and

C is the quadrupole-quadrupole polarizabì1ìty

Fi eschi and Fumi (1953) , usi ng the j nspection method, found

that F has 10 independent non-zero elements for tetrahedral syrnmetry,

and H has 31 independent non-zero elements for both tetrahedral and

octahedral syrnmetries. It js known that C (Buckingham, 1967) has

2 independent non-zero components for both syrnmetrìes of jnterest

here. So, instead of including contributions of F, H, and C which

will make the actual analysis of data impossible, one can try to

calculate the effect of negìecting them.

l,le will take octahedral molecules, where F = 0, and include

terms to H in Eqn. (2,72),getting

.,1,r, = \ 1", "r)zF - + ldrE2)2 * {o, e,)21 rT
(2.7 6)

- { ï8å tl rl - L tb, H2)z * {o, H,)ztr Fl

+ l'4 [(c, o, c2)2 + (d2 o2 cr)z] iE * ...
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ca'l culation sho'.led that the double E spectrum is a broad flat feature.

The spectrurn of the oH functjon will have 
^J 

= S and ¡J = 6 branches;

its major effect ís at frequencies higher than those at whjch .intensjty

could be detected ìn our experiments with octahedral molecules (hìgher

than 100 cm-1). Assumìng that the two coefficients of r-14 are equaì,

the effect of incìuding the sH term is about l% of the induced

rotatj onal jntensity,

In the case of tetrahedral molecules (especiaì ly CH4),

where the spectrum ìs very broad = 600 cm-1, the ratio o¡ (cA term) .¡,

(cF term )

about 103, assuming that A and F have the same order of magnitude and

almost constant for the temperature range (130-295 K). So, the neglect

of F and H does not affect our calculations of the rotational intensjty

by more than 1%.

The quadrupol e-quadrupol e po ì arì zab.i ì i ty C has the

coefficient r G ana its effect is smaller than that of F and H at

temperatures of 300 K and below.

2.3.2 Rotational Spectn¡m

in the calcuìation of the spectral distribution, lre must

consider the rotational states of the two molecules. The transition

probabjlities are gìven by the matrjx elements:

I <Jï,Jà I oo, I J¡ Jr, 12 (2.77 )

where cou is the paìr polarizabilìty and Ji, Ji represent the initial

and final rotational states of the i-th molecule. The normalized

symmetri c-top wave functi on (Rose, i9¡9) for a mol ecu le i n a

rotati onal state J is



I
where D;k (f¿) js the l.ligner rotation matrix, m is the quantum number

associated \,/jth the projection of the angular momentum of J on the

space-fi xed axi s and k j s the quantum number assoc'iated wi th the

projectìon of J on the molecule-fixed axjs.. Both k and m have (2J+1)

components and each rotatjonal state J js thus (Z¡+t)Z degenerate

(in the rigid-rotor approximation). To evaluate the matrix elements,

the pair poìarizabì1ity ìs written in a spherìcal tensor form usìng

the Stone expressìons (Stone, 1975, 1976). The terms in Eqn. (2.67)

that depend only on the isotropic polarizabilities c., do not give

rise to a rotational spectrum. For example, the sjngle A transition

term gives rise to a natrix element of the form

l<ri rå ¡ofli tor) - ofll, torl lrl r2>l (2 .7 9\

e;r., =,'$ of,i (o)

Similarly, the single E transitjon

of the form

t<rï rå t I rt{r% ofii t'l- ofil

44

(2.7s:)

from whjch one obtains the fol'lowing inequalities and selection

rul es

l<Ji, Jål Jl, J2>l' t o . 
^Ji 

= o

l<ri Jål ofli tn, - ojl, tnrtl ;,,rrl 2 t o tarj = 0,,,,, r,t,''::'
(;., + ;, z r )

term gives rise to a matrjx element

(o) + DÍ:4 (a)l r1 rz> ( 2.81 )



from which one obtains the seiection rules

aJ, = 0 aJ, =0, !1, !2,r 3, 1 4(Jj +Jj > 4). (2.82)

For double A, the selectjon rules are

aJi = 0, t i' t 2, 1 3 (Jj + J; I 3)

(2.83)

^Jj=0,!1, 
12, 13 (Jj+Jj -> 3) .

For AE transjtjon term, the selection rujes are

^Jj=O,rl,!2't3 
(Ji +,Jì >3)

(2.84)

lJr=0, t7,r2,i3, r4 (J,+Jj:4).

For double E transition term, the selection rules are

^Jj 
= 0, t 7, t 2, I 3' I 4 (Jj + Ji > 4)

( 2.85 )

aJj=0, !7,r2,t3, r4 (Jj+Jjà4).

The different se'lection rules lead to different rotational Raman

shi fts

À,rot = tF(Ji) - F(J1)l - iF(Jå) - F(J2)l (2.86)

For spherÍcal top molecules in the rigid rotor approximation

F(J) = B J(J+1) (2.87 )
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...À, rot = Bltii(Ji+1) - J1(J1+1)l - BztJå(Jå+1) - J2(J2+i)l

The spectrai intensity (stokes) resultìng from rotational transitions

Ji' Jà * Ji' Jz' is ProPortional to

f (ii, Jå,Jl' J2) (2Ji + t) (2Jå + 1) (2,t, + i¡ (2J2 + L)

x exp {(- J1(Jl + 1) \ + J2Q2 + i) Be) tc/r"rr (2.88)

where rR = ,0

c,rO is the frequency of the incident Iight, and B., ìs the rotatjonal

constant of mol ecul e i,
To obtain the spectral distribution from the selection

ru'les and the expression for r(J' J2, Ji, Jå), . t,le compute the

positions (according to tqn, (2.86)) and the relative .intensities

of all the spectral Iines arising from a gìven term of (o2>, and

then normalize the intensity of their sum to the experimentaì

spectrum, Finally, tJe must remember that because of the dependence

of the pair polarizability on the intermolecular separation r, each

line will be broadened by the translational motion of the molecules.

Posch (1982) has computed the shape of the translational broadenìng

function assocjated with an interactjon characterized by a tensor

of rank ø and varying vrith r-(c+1). the broadening ìncreases in

l/idth tirith increasing t. Taking the experiÍìentally estimated

exponential decay function for the r-3 interaction of the pure

transl ational spectrum, and through the caì cul ations of posch, we

estimate the corresponding decay constants for single A(r-4), an¿

_4-(¡)R

Àorot



double A and sjngle E(r-5) transitìons.

for the mjxture spectra were determjned

47

Correspondi ng decay constants
1

from thej r t' dependence.



Fì gure 2. 4

Neumann intermolecular potential data and the fjtted HFD potentjal.
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Fì gure 2. 5

Ihe t43S V intermolecular potential
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CHAPTER 3

EXPERII{ENT AND DATA AHALYSIS

3.1 EXPERIiIENT

The experìment consists in sending a beam of ìight,

generated by a laser, through a sampìe of gas and measuring (wìth

a spectrometer) the intensjty and spectral distribution of the l ight

scattered at right angles to the beam direction. The experimental

set-up is almost the same as that reported previously in the theses

of Sheìton (1979), Penner (1983) and myself (Eì-Sheìkh, 1985) and

js as shown in Fig. 3.1.

The ììght beam is generated by an Ar-ion laser [1]. The

laser has a prism in the resonant cavjty to force operation on one

line. .Power is of the order of 3.0 watts at a current of 35 amperes.

A hal f-wave pì ate [2] j s used to rotate the pol ari zation of the

beam to the correct orientatjon and j s fol lowed by a Nicol pri sm

[2] which removes the unwanted poìarìzation component. The beam

is then reflected verticaììy upwards by a prism and focused by a

10 cm focal lens placed just below the cell [9].

The light scattered by the gas is collected and focused

on the entrance slit of the spectrometer usìng two 20 cm focal length

collection and focusing lenses mounted on a translating stage [3].

The spectrum i s scanned by a tandem Czerny-turner double

monochromator [8] (Jarrell-Ash series 25-i00) as shown in Fig.3.2'

The tvro monochromators are mounted one above the other and the light

path ìn the second monochromator is the same as in the first' but

in the opposite direction; this system improves stray-light rejection
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over a single monochromator. Light enters through sl it (A) and

passes to a coì1ìmating mìrror (B) where it is reflected as parallel

ljght to a plane gratìng (C). The dispersed ljght, stjl.l paral.leì,

but with separate wavelengths diverging, is reflected back to the

camera mirror (D). Here ljght js deflected 90. by mìrror (E), through

the jntermedjate sljt (F) to an additional 45" mjrror (G) where

it is deflected to the lower monochromator (which is mainly the

same as the upper one) and finally to the exit s,l it, The ìight
emerging from the double monochromator is focused on to the

photocathode of an RCA C31034 photomultìpìier tube [4]. The pulses

from the photomultiplier tube are amplìfied and stored in a

multi-channel analyzer [5] from whjch the spectra are obtained by

countìng the number of photons received at each frequency. The

equipment for filling the sample cell js contajned in the area [7].

3.2 I}IPURITIES

The reason for repeatjnq the two experìments on SF6_SF6

and CFO-CFO which were done previously in our laboratory (Sheìton,

1979), ìs that the impur.ities in these earìy experiments were hìgh.

Some of these impurities came with the sample and one was added

to the sample for jntensity normalization. For example, CFO was

contamjnated with 0.2% air. This a.ir ìmpurity has a rotational

band due to 02 and NZ scattering at 60 cm-1 vrhjch couìd affect the

rotational wing of the induced spectrum. As weì1, these impurities

in the molecules cou'ld interact wjth CFO molecules to give a

contribution to the intensjty of the total jnduced spectrum.

In the present work, the ajr impurìty was less than 0.03%,
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which vras almost ten tirnes less than before.

In the ear'l ier work another jmpurity (Hr) was added before

to the sâmple for intensity normalization. Again, thìs couìd interact
t,/ith CF4 to affect the ìntensìty,

In thjs work, the intensìty norma'l jzation procedure did

n0t require an internal foreign cal ibration standard (see section

3.3.la)

The puri tì es of the sampl es used i n the present study

are: SF6 99.99%, CF4 99.9/,, Xe 99.99%, Kr 99.99S%, Ar 99.9995%

and Ne 99.999%.

3.3 RAT DATA AI¡D DATA AI{ALYSIS

The experìment has two confìicting goals: measurement

of the very weak spectrum at high frequency shifts and measurement

of the spectrum near i¡ = 0 jn spite of the brìght Rayleigh 1ine.

To obtain the CILS spectrum near o = 0, one must use a narrow spectral

slit vridth so that onìy a smal l portion of the spectrum is obl jterated

by the instrumentalìy broadened Ray'leigh f ine. Since the detected

signaj increases as the square of the spectral slit width, measurement

at large frequency shifts r,tjlI be favoured by wide s1its. So, the

only way to reconci le these conflicting requirements is to make

separate scans vljth narrow and wide slits, for the smal l and large

frequency shift regions of the spectrum, respectively.

Seven di fferent experiments have been perforrned j n our

laboratory, in the range of frequency shifts 0-100 cm-1, at djfferent

pressures,
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In thjs thesjs, pressures are g.i ven ìn p.s,i.:

1p.s.i. = 0.68027 kpa

The total pressure range investìgated in the exper.Íment is 150 p.s.i.
to 600 p,s.i. = 100 kpa to 400 kpa.

3.3.1 Simiìar l,lolecules

(i ) sF--sF-ot)

,*n, were taken .in the range 0-100 cm-l with a 2 cm-1

sl it width, in the range 0-30 cm-1 with 0.75 cm-1 slit, and in the

range 475-565 cm-l for intensity normal jzation purposes, Thjs

experiment was done twice, jn order to gauge the l imits of the

experimental error, and the possible sources of that error. She.l ton

and Uljvj (1988) had measured careful ly the intensity ratio of
the vU SFU vjbratjonaì band at 525 cm-1 to the S(1) line for H2.

The ratio was used hereafter for intensity normalization.

(a) SF6 (l) - The experìment vras performed in the pressure range 167-

288 p,s.i.

(b) SF6 (ll) - The experiment was performed in the pressure range

165-309 p.s.i.

(i i ) cF4-cF4

The same spectral parameters as for SFU were used, except

that the range 590-710 .r-1 *u, recorded for normal.i zatìon,

The experinent was done at the pressures: 363, 343, 327,

307, 283, 268, 252, 227, 210 and 187 p.s.i.
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The dens jt.ies were calculated usìng the second and thjrd
vjrjal coefficìents (Dymond, 1969) fr"om the vjrial equat.ion

o = RT ¡',9 +9*...1 (3.1). V L' 
V

where

i = o ir the molecular densjty jn moles/cm3

P = the Pressure in atm'

T = the temperature in K

B and C = the second and the third virial coefficient of the gas

in cm3¡mole and cm6/mole2 respectively, and

R = the unjversal gas constant.

Then

p = 35s.089 [p + Bp2 * co3 * .,.] p.s.j.

vrh e re

for SFU

B = -282 cm3/mole C = 21,4 x 103 cm6/mole2

and for CFO

B = -88.3 cm3/mole C = 6070 cr6/role2.

The densities corresponding to the pressures used l,Jere as follows:

For SFU

(a) the range was 0.56-1.15 mole/litre, and

(b) the range was 0.545-1,3 mole/l itre.
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For CFO, they were

i.13, 1.06, i.01, 0.94, 0.86, 0,81, 0.76, 0.68, 0.6 and 0.55

mol e/l 'itre.

3. 3. la Noñnalization of Data

Since exper"imental conditions vary from day to'.day, causìng

changes in line intensities, data taken for the spectrun under

experìmental consjderation must be normal ized. Foì" this purpose,

the intensìty of the depoìarìzed vU vibratjon ìine at 525 cm-1 was

used in the case of SF6, and the vO vìbrat,ion ljne at 631 cm-1 in

the case of CFO. The anea of these I ines were checked at every

pressure, and to cal ibrate the spectrum on an absolute sca.le, the

560 cm-1 S(1) ljne for H2 was used,

I'le wil l take SFU as an example. The same procedure is

follot,.red for CFO. The ìntens.ity of an al'lowed line js proportjonal

to the density, so one can write the following equation:

/IsF6(5oo) 
_ 'o(,0 + 5oo)3 Qsru es¡u

/IHZ(560) o'(og + 560)3 Qr, or,
Kt I1 t\

where o:O is the frequency of the jncjdent light, and

^ - (J+1) (J. 2

vnr-AmrdfiuP n(J)

and ßu = 0.¡tO Å3; for the S(1) ljne J = l and n(1) = g.65ts.
"2

From Eqn. (3.2)



^ =v rdïriq n ",qsF. - o1 - , ? Yu
' ,g(ug + 500)" "2 oSF6

For a CILS run at density px

/lsF6 (clLs) 
_ '0(.0 *,ctLs)3QrFu (clLs) F(px)

,t"r,-rl@=K,

From Eqns. (3.3) and (3.4)

(,0 + 569 ¡3 px QH, pH,

Qqtr (CILS) = K., K,
"t6 I ¿ (.0 + clLS)3 orru

From Eqns. (3.4) and (3.5)

0u
ISfU(Ctt-S¡ = o16(o9 + S60)3 Qr, o* *, fr#

b
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(3.3)

(3.4)

(3.5)

(3.6)

Eqn. (3.6) is used to put the intensity on an absolute scale.

3.3,lb Data Analysi s

The normal ized jntensities at different frequency shifts

were plotted as a function of density to check jf the intensjty

varied smoothly with density wìthin experìmental error. As a result

of this test, data at several pressures were not used furthelin
the anaìysis.

Reasons for these points fallìng off the curve are probabìy

related to the fact that the experimental conditions chanEe wjth

tjme, For exampìe, the iaser power beam position could have shifted.
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It was therefore feìt that it was not aPpropriate to use the defective

poi nts for the anal ys is .

For example, in the case of SF6-SF6, the followìng densìties

on 1y were u sed

(l) 1,i5, 1.0, 0.72,0.64, and 0.56 mole/litre'

(il) 1.3, 1.16, 1.02,0.88,0.65, and 0.545 mole/litre.

In the case of CFO, all the runs were used.

The intensity I(t¡) at each frequency o for densities less

than 2 mole/ìjtre, may be expressed by a virial expansjon as a

functjon of density, in the form

I(ûr) = I(2)(or) o2 * t(3)1'¡ o3 * ... (3.7)

The o2 term describes the two-body correlation spectrum and the

o3 t..r describes the three-body correlation spectrum. So, fitting
our 2 cm-1 spectra with the above equation in the range 6-70 cm-1,

one can separate contributions of two and three body jnteractions,

To obtain information near {¡ = 0, we used both 2 cn-1

and 0.75 cm-1 spectra in the range 6-20 cm-1. Analysis shows that

the ratio of intensities of the two sets of measurements in that

range fol lows a straight line, wjth djfferent constants at each

pressure.

Extrapolating the 0,75 cm-1 spectra usjng the constants

at each pressure enables us to obtain the two-body spectrum trjthin

2 cm-l from the laser line. A gaussian is then fit to the data wjthjn

5 cm-1 from the laser line to determine the spectrum until r,r = 0.

The two-body spectrum for SFU and CFO is shown in Figures

3.3 (a,b) and 3.4, and listed in Tables 3'1 (l'll) and 3'2

respectively.



TABLE 3.1 (r)

The Two-Body Spectrum of SF6-SF6 (l)

Frequency

(cm- I )

4.0
5.0
6.0
7.0
8.0
9.0

10. 0
11.0
12.0
13.0
14.0
15.0
16.0
17 .0
i8. 0
19. 0
20. 0
2l .0
22,0
23.0
24.0
25. 0
27.0
28. 0
29.0
30. 0
31.0
32.0
33. 0
34.0
36. 0

lntensi ty
(Å6 )

0.168 x t0-2
0.1293
0.9654 x 10-3
0. 6909
0. 487 I
0. 3421
0.2453
0.1881
0. 1497
0. 1150
0.93 x 10-4
0.7583
0. 6428
0.5314
0. 4459
0.3703
0.3005
0. 2586
0,?049
0.1793
0.1491
0.127
0.959 x 10-5
0.8164
0.751
0. 6055
0.559
0.5
0. 379
0. 369
0.292

Frequency

(cm-t)

38. 0
39. 0
40. 0

41 .0
42.0
43. 0

44. 0
47 .0
48. 0
52. 0
54. 0
56. 0
s8. 0
64. 0
66.0
68.0

Intens i ty
(Â6)

.Q.25i
0.239
0.2052
0.1874
0. r703
0 . 1524
0. r 338
0.973 x 10-6
0. 865
0. 667
0. 448
0.42
0.3406
0.29
0.254
0.22



TABLT 3.1 (II)

The Two-Body Spectrum of SF6-SF6 (ll)

Frequency

(cm-1)

4,0
6.0
8.0

10. 0
12.0
14.0
16. 0
18. 0
20.0
22.0
24.0
26. 0
28.0
30. 0
32,0
34. 0
36. 0
38. 0
44. 0
47 .0
50. 0
53. 0
56. 0
60.0

lntensìty
(Â6 )

0.1618 x 10-2
0.942 x l0-3
0.47 46
0.257
0.152
0. 1008
0.661 x 10-4
0. 45
0.305
0.216?
0.1643
0.1186
0.8673 x 10-5
0.577 3
0.5029
0. 3569
0.2997
0. 258
0.1289
0.9628 x 10-6
0, 763
0.482
0. 39
0.312



TABLE 3.2

The Two-Body Spectrum of CFO-CFO

Frequency

(cm-1)

4.0
6.0
8.0

10. 0
t2.0
14.0
16.0
18. 0
20. 0
24.0
26.0
30, 0
33.0
38. 0
41.0
44.0
48. 0
52.0
55. 0
58. 0
OU. U

Intensi ty
(Ab )

0.203 x 10 '
0.1535
0.9942 x 10-4
0.6183
0. 4499
0, 314
0.2082
0.1442
0.997 x 10-5
0.482
0. 387
0. 238
0.181
0.122
0.90 x 10-6
0.77
0. 56
0.438
0. 36
0. 306
0.258



The three-body of the

ìn a larger frequency range and was

Fi gures. 3.5 and 3.6

SF- and CF, resPect'i velY.b¡+
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first run for SF. was available
b

taken for further anaìysi s.

show the three-body sPectrum for

3.3,2 Hixtur€s

The two-body spectra for the five fol1ow'ing mixtures

(i) SFu - xe

(ji) SFu - Kr

(iiì) SFU - Ar

('iv) SFu - Ne

(v) CFo - Ar

have been obtained using the folìowing procedure' Three different

spectra needed to be taken for each miiture. For example' in the

case of SFU-Ar, a SFr-SFU, Ar-Ar and SFU-Ar mìxture spectra vrere

taken. The pressure for SFU was fixed and djfferent pressures for

Ar were used for anaìysìs. To determine the number densìty of Ar

ìn the SFU-Ar mjxture, a small fi1ìing apparatus was used to fill
the cell as shown in Fig,3.7.

At the start, Ar, at a pressure X, atmospheres i s in the

cell, while valves 2 and 3 are closed. Then all the vaives are closed

except val ve 3 whi ch i s opened to evacuate the system' Then val ve

4 only is open and the pressure of the gauge changes to X2' From

X, and X, and the virial coeffjcients for Ar, one can fìnd ot and

p2, and then the ratio of volumes of the cell and the tubes
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Pressure Go uge

--*
in let I

+
ln let 2

F'i gure 3. 7

¡ = 
ul,b., 

= 
ol 

-lvcell Pz

Thi s i s done four times and an average taken

done, Ar is let out of the system and va'lve 3

the sys tem.

(3.8)

for R. once thi s i s

is opened to evac ua te

SFU is let into the cell, at a certajn known pressure,

through valve 1, and then alI the valves are closed except valve

3 to evacuate the system.

Ar is let into the systen through valve 2 at pressure (pn.t).

Va'l ve 4 is then opened and closed quicklY, allowing some of the Ar

gas to enter the ce¡l and mix vrith SF6. The reading of the gauge

is reduced to (PRrZ ) .

From R, PAr, and PA12, the number density of Ar ìn the

celI can be found as follows:
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oAr', andpAr^ are determjned from the vjrjal coefficients forLZ
Ar, and the number densi ty of Ar atoms that pass

into the cel ì

= PAr, vtubes - pAr, vtubes

Thus the number of Ar atoms in the celì is given by

I r,. = (Þ o. - p " ,, vtrb.,
^'1 

-Arri 
{f ,

- (pAr1 - oorr) R

and so on. lncreasing the pressure of Ar jn the tubes and open.ing

V4 to let more Ar jn, we can do the experiment at djfferent densjties

of Ar,

Scans were taken for:

(i) SF6-SF6 in the range 0-100 cm-1 with a 2 cm-1 slit wjdth,

in the range 0-30 cm-1 w,ith a 0.75 cm-l slit width,

and in the range 475-565 .r-l for" normalization.

(ii ¡ Ar-An (perturber) in the range 0-100 cm-1 with a 2 cm-1

slit width, and in the range 0-30 cm-1 with a 0.75 cm-1

slit wi dth.

(iii) SFU-Ar in the same ranges as (i).

The densities for the systems studied were as follows:
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(j ) SFu-xe

SF6 - SF6 at pressure 192 p.s.i.

Xe - Xe at pì"essure 310 p,s.j,

5FU - Xe the densitjes for Xe were 0,065, 0.103, 0,1S1,

0.220, 0.290, 0.32,. O,4ZZ, 0.53. and 0.616

mo,lell itre.

t ii I sF--Kr
b

SF6 - SF6 at pressure 192 p.s.ì.

Kr - Kr at pressure 270 p.s.i.

SFU - Kr the densjtjes for Kr were 0.0S8, 0.092, 0.158,

0.214, 0.226, 0.269, 0.316 and 0.363 mole/ìitre.

(iji) SFu-Ar

SF6 - SF6 at pressure 192 p.s.i,

Ar - Ar at pressure 556 p,s,i.

SFU - An the densities of Ar were 0.324, 0.44S, 0.538,

0.697, 0.823, .836, 0.942, 0.974, 1.016 and

1.065 mole/litre.

(iv) sFu-Ne

In this case lre used wider slits (3 cm-i rather than

2 cm-1¡, because the intensity of the scattering from Ne was very

wea k.
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SF6 - SF6 at pressure 192 p.s.i.

Ne - Ne at pressure 373 p.s.j.

SFU - Ne the densjties for Ne were 0.I27 , 0.258, 0.306,

0.350, 0.417, 0.480, 0.567, 0.626 ând 0.677

mol e/l j tre .

(v ) c Fo-A r

CF4 - CF4 at pressure lB7 p.s.ì.

Ar - Ar at pressure 363 p.s.i.

CFO - Ar the densities for Ar are 0.048, 0, i2t, 0,168,

0.212, 0.259, 0.303 and 0.350 mole/litre.

3. 3. 2a Datu o-ut t rua ' on

lJe followed sjmilar procedures, as for the scatterjng
by like molecules, for normal jzation,

3.3.2b Data Analysi s

The jntensjty of the mixture is due, not only to the

interaction of Iike molecules, but to the jnteraction of different

molecules also. lJe can write the total intensity as

Irot. = ttQ) o1* I(3) oî) + (r(2') ol+ ls') ,3r¡

* 11(2") pr pz + I(3,') el ol + ¡(3"')rl rr) r .., (3.9)
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where t(2) un¿ I(3) u.. the t\,ro and. three-body for molecule 1

I(2') and I(3') are the trlo and three-body for molecule 2

I(2") is the tv,/o-body interaction of molecules l and 2.

(3.10)

The last tvro terms in the third bracket are the interaction betvieen

one molecule of the first kind and two molecules of the second kind

and vi ce versa,

tqn. (3.9) can be rewritten in the form

I(2") is the two-body spectrum of the mixture.

I(3") and I(3"' ) could not be jdentif,ied in the analysjs
because of limits on the numerical precìsion of the experiments.
These terms t,lene neglected for further anaìysis. Some theoretical
justification is given in Chapter 4 jn the case of SF and in Chapter

6 in the case of CF4.

The two-body spectra for SFU-Xe, SFU-Kr, SFU-Ar, SFr_Ne,

and CFO-Ar are shown in Figs, 3.8-3.12 and ljsted in Tables 3.3-3.7

respectì vely.
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TABLE 3.3

The Two-Body Spectrum of SFU-Xe

Frequency

(cm- 1 )

6.0
8.0

10. 0
12.0
14. 0
16. 0
18.0
20. 0
22.0
25.0
26.0
28. 0
30. 0
32.0
34. 0
36.0
38. 0
42.0
44. 0
46. 0
48. 0
50. 0
54. 0

Intensi ty
(Ab )

0.9503 x I0-3
0. 537
0. 338
0. 235
0. 162
0.115
0.71 x 10-4
0.576
0. 4i7
0. 263
0.245
0. 165
0.1465
0. 1087
0.905 x 10-5
0.7 34
0.47
0. 302
v,¿zó
0.1741
0. i25
0. 1008
0.669 x 10-6
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TABLE 3.4

The Two-Body Spectrum of SFU-Kr

Frequency

(cm- 1 )

4.0
6,0
8.0

10. 0
t2.0
14.0
16. 0
18. 0
20. 0
22.0
25.6
27 .6
31.6
34. 0
36.4
38. 0
40. 0
42.0
44. 0
46. 0
48. 4
50. 0
55. 0
59.0
62.0

Intensì ty
(Ab)

0.69 x 10-3
0. 484
0. 3305
0.2
0. 132
0.806 x 10-4
0. 6067
0,413
0.278
0.217 5

0.131
0.892 x 10-5
0.573
0. 45
0. 367
0,3
0. 238
0, 196
0.168
0.133
0.124
0. 1009
0.6105 x 10-6
0. 45
0.345



TABLE 3.5

The Two-Body Spectrum of SF6-Ar

Frequency

(cm- i )

4.0
5.8
6.4
8.4

10. 0
t2. 4
14, 8
15.6
L7 .2
18.8
20. 0
22.4
25. 0
28.4
30. 4
31.4
33. 0
33. 8
35, 4
37.0
40. 0
42.0
43. 6
46. 0
50. 0
52.0
56. 0
64. 0
66. 0

Intensì ty
(Ab )

0.268 x 10-3
0.24
0.2r
0. 1706
0.1132
0.715 x 10-4
0.547
0.425
0.342
0.3079
0.235
0.185
0.133
0.97 x 10-5
0.7i
0,61
0. 53
0. 455
0.4
0. 335
0.28
0.1961
0.1665
0.1412
0.1104
0.855 x 10-6
0. 693
0.337
0.287 3



TABLE 3.6

The ïwo-Body Spectrum of SFU-Ne

Frequency

(cm- 1 )

9.2
12,
14 .4
17 .6
23.2
¿4,¿
28.0
30. 0
32. 0
36. 0
5v.¿
42.8
¿.Ã n

49.0
53.2

Intensi ty
(Aþ )

0.6842 x 10-5
0,4964
0 .447
0.222
0. 199
0.1324
0. 901
0.735 x 10-6
0. 609
0 .402
0, 303
0. 250
0.213
0,15
0. 1 104



The

TABLE 3.7

Two-Body Spectrum of CFO-Ar

Frequency

(cm-t)

4.0
6.0
8.0

10, 0
12.0
14.0
16.0
18. 0
20. 0
22.0
24.0
28.0
32.0
35, 0
38. 0
42.0
45. 0
50. 0
52.0
53. 0
57.0
62.0

Intensjty
(Ab )

0.6197 x L0-4
0 .47 22
0. 37
0.29i9
0.2422
0.2025
0. 1658
0.t264
0.9702 x 10-5
0.76
0.6051
0. 4669
0.267
0. 194
0.1448
0. 1189
0.9307 x 10-6
0.6542
0.5628
0. 525
0.4153
0.298



Fì gure 3. 1

The set-up of the experiment.
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Fi gure 3.2

The spectrometer (doubl e monochromator).
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Fi gure 3. 3a

Fì gune 3. 3b

Figure 3.4

Figures 3.3a, b, and 3.4

The experimental two-body spectrum of SF6-SF6 (l).
The experìmental tvro-body spectrum of SF6-SF6 (ll).
ïhe experimental two-body spectrum of CF4-CF4.
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Fi gure 3.5

Fì gure 3.6

Fi gures 3.5-3.6

The experimenta l three-body

The experì mental t h ree- body

spectrum of S F6- S F6.

spectrum of CF4-CF4.
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Fj gu res 3. 8- 3. 12

Fì gure 3.8

Fì gure 3.9

Fi gure 3. 10

Fi gure 3. i1

Fi gu re 3. 12

The experimental

The e xpe ri men ta i

The e xpe ri men ta 1

The experimental

The expe rimenta 1

two-body spectrum of SF6-Xe.

two-body spectrum of SF6- Kr.

two-body spectrum of SF6-Ar.

two-body spectrum of S F6- Ne.

two-body spectrum of iF4-Ar.
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CHAPTER 4

OCTAHEDRAL I'IOLECULES

In molecular gases, the intensity of the collison induced
'l ight scattering js proportionaì to the square of the anisotropy

g(r), and ìs Iarger than predjcted by the DID model where e(r) is
given by Eqn. (2,14), or the anisotropy corrected for electron

overìap given by Eqn. (2.17), Buckìngham and Tabisz (1978)

proposed a mechanjsm which is a generaì ization of the DI0 effect.
The intensjty of CILS js given by Eqn. (2.67), the fjrst term

corresponds to the first order DID effect, whìch gives the dominant

contribution to the scattered intensìty at low frequency shifts,
the rest of the terms correspond to the intensity of the induced

rotatjonal scattering. Sjnce octahedral molecules have a centre

of synmetry, the dipoìe-quadrupoìe polarjzability { van,i shes, and

the dìpoìe-octopole effect gives the main contributjon to collision
i nduced rotational Raman scattering.

0ur jnterest in this chapter is the dipole-octopole

poìarizability E of SFO. As mentioned in Chapter 2, one can calcu.late

the translationai spectrum using Eqns. (2.31) and (2.32) once the

anisotropy and the intenmolecular potential are known.

Table 4.1 shows the parameters that were used jn caìcuìating

the translational spectra for SFU-SFU, SFU-Kr, SFU-Ar, and SFU-Ne.

The monents from the translational spectra (TR) and from

the sum rules (SR) can be evaluated using Eqns. (2.37) and (2.46)

respectively (the first three even SR moments are quantum mechanical ìy

co rrec ted ),
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TABLE 4.I

The Values of the Polarizabìlity and Hyperpolarizabìlity
for SFU, Kr, Ar, and Ne

sFo 4.549

Kr 2.54

Ar 1.679

Ne 0, 3989

o?
c (A")

l'latson and Ramaswamy,
(1e36 )

Mei nander et al.
(1e85 )

Dal garno and Kingston
( 1e60 )

lleinander et al.
(1e85 )

r, (c4 ¡,t4 "i3 * to-62)

12.0 Kjelich (1969)

14.0 Shel ton (1986 )

7,3 Buckìngham and Dummer
( 1s68 )

0,44 Shelton and Lu (1988)

Table 4,2 shows the values of the moments, using the

different potentials mentioned in Chapter 2.

It is clear from Table 4,2 that the moments ca,lculated

from the sum rule are higher than those of the translational spectrum.

This result is expected since the sum rule expressions for the moments

include the dimer contribution. In fact, the difference between

those moments gives the moments due to the dimer interactjons, 0ne

can use that difference with tqn. (2.a8) to calculate the dimer spectra

for the different specìes. If the two spectra are added, translationa,l

plus dimer, and compared with the experimental spectrum, one will
find an excess in intensjty of the experimentai spectrum, espec jal,ly

at high frequency shifts which js due to the collision jnduced

rotational spectrum. (ln this case, jt is maìnìy due to the

di po1e-octopo le po lari zabi I j tV E).



TABLE 4.2

The First Four Even l4oments Calcu'l ated from the Translational
Spectrum and from the Sum Rule for SF6-SF6, SFU-Kr,

SFU-Ar' and SFU-Ne

|'1o(Åe)

sF6-sF6 HFD TR 71.2.35

sR i058. 33

NC TR 656.67

sR 1167.03

PS TR 554.80

co o?1 t1

SFU-Kr D TR 322.78

sR 448.25

s TR 309.28

sR 402.70

SFU-Ar TR 159.85

sR 202.22

SFU-Ne TR 9.79

sR 10.91

¡r, (Åeps- 2 
)

986. 09

t143.21

949, 36

1302. 44

794.58

1013. 49

884.35

99 3. 91

781.7 t3

851.05

769.73

831.98

72.75

82. 90

¡ro(Ãeps- a 
)

0,10i7759 x 105

0.1107228 x 105

0.135154 x 105

0.1854561 x 105

0.1578i77 x 105

0.1890082 x 105

0.2253744 x 105

0.2413713 x 105

0.1873883 x 105

0.198975 x 105

0.3873442 x 105

0.4190311 x 105

0.4043358 x 104

0.5652674 x 104

Nu (Åeps- 6 
)

0,'1010342 x 107

0.1055745 x 107

0.1,082222 x IO7

0.17994157 x 107

0.21,94837 x 107

0.2394980 x 107

0.2335921 x 107

0.2435917 x 107

0.192513 x 107

0. 200795 x 107

0.9140079 x 107

0.9678816 x 107

0, 7450079 x 106

0.1432258 x 107

Fìgs. 4.L-4,7 show the translationa'l , dimer, and the

expenimental spectra for SFU-SFU (HFD, MC, pS), SF6-Kr (D, S), SFU-Ar,

and SFU-Ne respecti ve ly.

It is clear from the figures that the dimer has an effect

onìy at low frequency shifts (s 30 cm-1).

The rotational spectrum (normal ized to unity) can be
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calculated using Eqns. (2.87) and (2.88). The rotational constant

for SFU is B = 0.095 cm-1, so the rotational lìnes are closely spaced,

Each rotational ô-function is broadened (Posch, 1982) with a

translatjonaì broadening function assocjated with an jnteraction

charactenized by a tensor of rank 4 and varyìng u. .-5. The width

of the lìnes due to f, l,iere estimated from the experimental

exponentìal decay function for the r-3 interaction of the pure

translational spectrum and scaled to r-5 through tliê calculation

of Posch. A gaussian of Hl,lHll of 5 cm-1 was thus used for the

broadening function; the tridths $¿ere assumed to varV as t' for the

mi xture cases.

If one multiplies the normal ized spectrum with the factor:

22 2 -z -=TA . s863 -4 --:T4

ï o- E- r '- + ffi E- r '-, (mentioned in Eqn. (2.71)),

jn the case of SFU-SFU,

and with the factor

11 2 -2 -:lõT'ã Ei r-'" , (mentioned in Eqn. (2.73)),

in the case of mixtures, one can get the value of E by fittìng the

rotational spectrum to the difference between the experimental and

the sum of the (translational + djmer) spectrum.

Di fferent cases wi I I be treated separately i n the next

secti on.

0CTAHEDRAL-0CTAHEDR TL IHTERACTIofts ( SF6-SF6)

In the case of SFU-SFU, we performed the experiment twice

found about 4% difference between the intensjties of the two-body

4.1

and
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spectra. Both $¿ere separately used for analysìs and the indivjdual

values of E were then averaged.

4.1.1 HFD Potential

Figs. 4.8 and 4.9 show the translatjonal , rotational , total

theoretical , and the expenìmental spectra for both experirnents ( I )

and (ll) respectìve1y. The values of E obtained were as follows:

(I) E, = 9,6 t 1.8 Å5

(rr) Er= 9.2 t 1.5 Ås

average of E is 9.4 r 1,65 Å5.

The error rnentjoned above includes both the experimental

the stat isti cal errors.

4. 1.2 lilC Potential

Figs. 4.10 and 4. i1 show the same spectra for this case.

The values of E obtained were:

(l) Er= 6.2 r 1.8 Ås

(rr) Er= 5.e i 1.7 Å5

The average is E = 6,05 11,75.

4. 1.3 PS Potential

Agaì n Fi gs. 4. 12 and 4. 13 show the spectra for thi s case,

The values of E were as fol]ows:

(i)
(II)

E

E2

=8.8t2Å5

= 8,2 t 2'A5
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The average of E is 8.S t 2 [5.

ïo compare these three potentials, we calcuìate a measure

of success of the fit between the experìmental and the theoreticaì

spectra, ìn the frequency range where the potential is a crucial
factor j n determì nì ng the theoreti cal spectrum ( 10-25 cm- 

1) , i . e.

a region where the free-free translational spectrum rather than the

dìmer spectrum dominates the profì ìe.

n.
t I J -2ôi¿(cILs) = oi:_, À1. (rr, - r,j)'- J l=r Jl

(4.1)

where nj js the number of frequencies used, Â¡¡.i s the experimental

percentage error at each frequency, and (p¡1_p¡¡) is the r"atio

(W) for the intens.ities at a particular

frequency.

A val ue of ô < l, means that the di fference betv/een the

experimentaì and theoreticar spectra i s ress than the experimental

error and the fit is excerlent. Table 4.3 shows the varues of ô(crLs)
for the three potentiaìs,

From Table 4.3 the HFD potential seems to be the best

avaj lable potentìal for sFu, though we believed at the outset that
there is no truly, refined potentiaì for SF6-SF6 as yet. This

circumstance lay behind the idea of using the sFu mixtures to determine

E sjnce for these there exists the good potentials determined by

Pac k.
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TABLE 4.3

Compari son of ô (CILS) for HFD, t4c, and pS potentials

HFD

NC

PS

(r)

(II)
(r)

(II)
(r)

(II)

6(CILS) for the

ô(clLs)

1.58

1 .91

L92

2.04

3 .24

ãE

TABLE 4.4

Three Mi xtures SF6-Kr, SFU-Ar'

and SF.Ne

ô(clLs)

0.957

2.5

0.8865

r.28

s Fr- Kr

SF--Ar
Þ

S FU- Ne

D

S

4.2 OCTAHEDRAL-AT0I| IIITEMCTI0flS (SFr-Kr, SFU-Ar, and SFr-He)

mi xtures.

Table 4,4 shor.rs the values of ô(CILS) for the three
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In the case of SFU-Kr, the theoretical spectra were

calculated usjng the two available potentials (D and S). l,le decided

to consider D onìy for further analysis for two reasons. The first
one is that the value of o(CILS) for S was very high, Secondly,

the tvro potentials were determined using two different sets of data

for the interaction second virial coeffici.ent, S, from only the data

of the Santafa group (Santafa, l97B); D from the ¿ata of the Dunlop

group (t'lartin et al ,, 1982). The latter agrees r,rith the data measured

by B. Schram (Pack et aì . , 1982). The CILS experìment then could

be regarded as a test for the rel iabìlity of an intermolecular

poten tj al .

The actual experimental error j n the case of SFU-Ne was

higher than that for SFU-Ar and SFU-Kr, but we used the same error

in caìculating 6(CILS) in all three cases for comparison purposes.

TakÍng that hjgher experimental error into consjderation, the fit
of SFU-Ne is not worse than the other two mixtures.

Figs, 4, i4-4. i6 show the good aqreement between the

theoretical and experìmental spectra for the three mixtures. The

vaìues of E obtained were:

E=12.9t2Å5

=1o,2tcÅ5

=11.3t5Ãs

SF--Kr
b

SFU-Ar

S FU- Ne

The uncertai nty j n the val ue of E j ncreases as the

polarizabi'l ìty of the perturber decreases, because the signal at

high frequency shifts js weaker and the statistical error is higher.
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In the case of SFU-Xe, there was no intermolecuìar potentìal available.

So, at first, two L-J (6-12) potential s for sF6-sF6 (Sìgmund et al.,
7972) and for Xe-Xe were used with the combjnatjon rules (pena et

al., 1982), but the djfference bett4een the experimental and theoret.ical

spectra was very high. Hence we developed a new M3SV intermolecular

potential for this mixture wh'ich leads to a value of E = 8.3 t 3 Ã5,

The spec'ifying of the potential w'Í II be discussed jn detdiI in Chapter

5.

Table 4.5 shows the values of E, obtained in thjs and other

studies.

Another comparìson r,tas made between the total theoretjcal

and experimental spectra for al I cases by ca'ìculating the same kjnd

of ô given by Eqn. (a,1), but for the full frequency range of the

spectra (0-70 cm-'). Table 4.6 shovrs thjs comparìson.

It is clear from Tables 4.3,4.4 and 4.6 that not onjy

is the HFD potential for SFU-SFU better in the range 10-25 cm-1,

but also jn the total frequency range. For SFU-Kr and SF6-Ar, the

values are a little bìt higher than for those in the ljmited frequency

range.

4.3 EXPERII{EI{TAL IfiIEI{TS

Another neasure of agreement between the theoretical and

experìmental spectra is the zeroth moment. Since the experìmental

spectrum is measured at the Stokes side, we have to calculate the

spectrum at the Anti-Stokes side using the relatjon:



Group

Present work

Shel ton and Tabi sz
(1e80)

Bucki nqham and Tabisz
( 1978 )

l.leumann (1984)

Pl ei ch (1983)

El -Shei kh et a l .
(1e85)

(after rev i sed analysi s)

Note

* The L-J and PS cases are
hi gh values of o(CILS)

TABLE 4.5

Value of ltl

llethod

txperjmental

(i ) sF--sF-bb
(1) HFD

(2) Mc

(3) Ps

(i i ¡ sF6-Xe

(iji) SFu-Kr

(j v ) SFU-Ar

(v ) SFU-Ne

Average

E xpe ri menta l

Bond-pol ari zabi 1i ty
calculations

Appl equi st' s atom dipole
'interacti on cal cul ations

Experiment

txperiment SF6-SF6

lrl Å5

9. 4r1.65

6.05!i.75

8. 5r2

8. 3r3

12.9t2

70.2!4

11. 3!5

10, 7!2. 5*

<20

20

o 11ÃÂ

<9

8.5

neglected in this average because of the
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TABLE 4.6

o(total ) for SFU-SFU, SFU-Kr, SFO-Ar, and SFU-Ne

sF6-sF6 HFD (t)

(2)

(1)

(2)

(i)
(2\

S FU- Kr

S FU-Ar

S FU- Ne

I(-{,)) = exp(-l'^g) r(,)

Integratìng over the avai lable range of the

can calculate the zeroth experimental moment.

of the n-body spectrum is defined as:

Usual ìy it is possibìe to
fourth, and sixth moments for the

and second moments were cal cu.l ated

spectra,

experj mental data one

fhe mth spectral moment

determi ne the zeroth, second,

two-body spectrum. The zeroth
for the availab'le three body

MC

PS

ô(total

1.059

0. 944

1.552

1.358

1.979

1.77 5

0.024

0. 9908

1.246

t,tfi=/,trn1,¡ d.
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ïo calculate the zeroth moment, extrapolation .i s necessary

to zero frequency as mentioned in Chapter 3. For higher moments,

extrapolation js needed at high frequency shifts. Thìs can be done

by adding the theoreticar transrationar spectrum plus the rotationâl
spectrum correspondi ng to each case. The erroli s taken as greater

than orequal to the area of the extrapolated port.ion of the curve.

4.3.1 The Tro-Body ExperirEntal !,|o.ÍËnts

To compare the two-body experimental

one has to calculate the total theoretical

calculated from the sum rule (transìationaì

due to the rotational spectrum.

The moments due to the rotational

usjng the formula

nd,¡ln = / R(ur) ur'

and theoreti ca l moments

moment, I.a. tf,a ,orant

+ dimer) plus the moment

spectrum were cal cul ated

where R(o) is the intensity of the rotational spectrum at a frequency

{!.

Tabl e 4.7 shows a compari son between the experimental and

theoreti cal zeroth moment.

The error in the zeroth experimenta'ì moment was estimated

as one third of the area extrapoìated to zero frequency, whereas

the extrapoìated area at high frequency shifts have an effect of

less than 0.01% of the zeroth moment.

Tabl e 4.7 shovJs best agreement between the experimental

and theoretjcal zeroth moment for the HFD potential jn case of SFU-SFU,
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TABLE 4.7

Comparison Between the Experimental and Theoret.ical
Zeroth Moment of the Two-Body Spectrum for

SF6-SF6, SFU-Kr, SFU-Ar, and SF6-Ne

SF.-SF. HFD II)0ö

Theoreti cal (SR)

1058. 34

1167 . 04

93r.12

448.26

202.22

10.91

oô
M0 (A')

Tota I Theoreti ca l

1064.95

1064.43

tL7 0.22

1169,83

934.38

934. 00

451 , 63

203.6

11.0

Experjmental

1048.48!222

1037 .48t221

1048.47 !222

1037 .46t221

1048 .48!222

7037 .47 !221

47 4 .7 8t708

206.7 2!r7 .5

10.6511.9

t4c

PS

(II)
(r)

(tr)
(r)

(rt¡

SF--Kr
b

SF--Ar
b

SF--Ne
b

In the case of mixtures, there j s good agreement i n al I

cases.

Table 4,8 shows a comparison of the same type, for hìgher

moments,

The effect of collision induced rotational spectrum becomes

more important the higher the order of the moments. The error in

calculating M, is smal l, about 10%, which made 14, a candidate for

compari son between the theoretical and experimentaì spectra, Table

4.8 shows a good agreement in general for Hr.

The error due to high freguency extrapoìat.ion is very high

f or l;lO and 1,1U.
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TABLE 4.9

Compari son Between the Experimental and Theoretìcal Zeroth and

Second l4oments of the Three-Body Spectrum for SFU-SFU
'in Thi s and 0ther Studi es

Group

Thi s work

Shel ton et a l .

(1e82)

Shel ton et al. (1982)

l'le t hod

Experìmental

Experimenta l

Caìcul ations usì ng
Mc potentia'l

r¡^ tÅe l

286. i146

349 166

184.36

. o0 -)M"(4" PS')

344. 7 5130

373.55t19

280. i6

4.3.2 The Three-Body Experirpntal lloment

The zeroth and second frequency moments are compared wi th

caìculations based on a pair-wise additive trìp1et cluster

poì arì zabi ì ì ty (Barocchi et, al . , 1977 ) .

Table 4.9 shows a comparison of the zeroth and second moments

if the experimental and theoretical spectra of this and other studies

for SFU-SFU.

Table 4,9 shows reasonable agreement between this work

and the calculations, having jn mind that the l'lc potential is not

the best avaj lable potential for SFU-SFU.

The ratio of t43/M3 js about 20l, for SF6-SF6.

This resu'l t justifìes the neglect of the three-body mixture

spectrum jn the data analysis.

In the case of mixtures (Section 3.2.2b), the ìntensity
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of the two-body spectra of any of the mixtures studìed is less than

the intensjty of the two-body spectrum of SF6-SF6 because oSF6 i t

higher than c of the perturbers used.

So too the three-body of any of the rnjxtures js less intense

than the three-body spectrum of SF6-St6. The intensjty of the

three-body mi xture spectrum i s thus very smal l . The procedure of

subtraction used in the analysis of the ráw data to obtain the total

mixture spectrum (Eqn. 3.10) resulted jn large statistical error

and made the determjnation of the three-body spectrum of the mixture

ìmpossibìe vrithjn the precìsìon of the experiment.

4.4 CoilCLUSIoNS

(1) The HFD potentìa1 js the best available potential for SFU-SFU

jnteractions for the fo11owìng reasons:-

(i ) ô(CILS) is the best jn the HFD case,

(ij ) o(total) is the best in the HFD case,

(iji ) The value of 'E obtajned l.rith it agrees with the value

ca lcu i ated by Neumann.

(2) In the analysi s of the mi xtures, the error due to the fu,l I

normalization procedure (ìike subtractjon of three spectra) was

not taken jnto account when calculating ô(CILS) and ô(tota,l ),
whìch makes the values of ô that we got upper limjts.

(3) The expression for the quantum mechanical correction for l'l.

is not available and thus made the calculations of the dimer

spectrum not very accurate at hìgh frequencìes.



(4)

(5)

The average value of E for SFU is 10.7 t 2.5

val ue and the error $/ere cal cul ated from

of E obtained using different perturbers and

The lower limit of the average value of E

obtained by Neumann and Plejch.
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4". The average

the di fferent values

dj fferent potentiaIs.

i nc ludes the values



Fì gures 4. 1-4. 3

Figures 4.1-4.3 show the experimental two-body spectra of SF6-SF6 (l)

and SF6-SF6 (II), with the translational and djmer caìculatìons using

the different potentials HFD, MC, and PS.

. The experimental two-body spectrum.

E The theoretjcal translational spectrum:

o The theoretical dìmer spectrum.
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Fì gures 4.4- 4 .7

Fìgures 4.4-4.7 show the experimental tt,ro-body, translatjonal, and

dìmer spectra for SFU-Kr (D,S), SFU-Ar, and SFU-Ne respectiveìy.

. The experìrnental two-body spectrum.

tr The theoretjcal translat.jonal spectrum.

o The theoretical djmer spectrum
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Fj gures 4.8-4.16

Fìgures 4.8-4.16 shor,,/ the experimental two-body, tota'l theoretical,

translatjonal, and rotational spectra.

Fi gure 4.8

Fi gure 4.9

Fi gure 4. l0

Fìgure 4.11

Fì gure 4. 12

Fìgure 4.13

Fi gure 4. 14

Fì gure 4. 15

Fì gure 4. 16

E

SF6-SF6 (l ), using HFD potentiaì .

SF6-SF6 (lI), using HFD potentiat.

SF6-SF6 (l), usjng l'îC Þotential. .

SF6-SF6 (lI), using MC potentìa'l .

SF6-SF6 (I ) , using PS potentÍa1 .

SF6-SF6 (ll), using PS potential.

SFU- Kr, usìng M3SV potential.

SFU-Ar, using l'13SV potenti a l .

SFU-Ne, usjng M3SV potential.

The experimentai two-body spectrum.

The tota I theoretical spectrum.

The theoreti cal translational spectrum.

The theoreti ca l rotational spectrum.
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CHAPTER 5

INTERT{OLECULAR POTEIITIAL FOR SF

The potential energy function U(r) is a way to represent

the force between two molecules (l,1ait1 and et al. 19g1),

l,le wil l start r,rith the simplest.poss.i b1e sjtuation in whjch

ttvo atoms, a and b, each composed of a posìtìveìy charoed nucleus

surrounded by a negatìve1y charged, spherìcally symmetric electron

cloud, interact. l.lhen the two atoms are jnfjnitely separated, they

do not interact at all and the total energy of the two-atom systems,

E¡o¡' ìs iust the sum of the energies of the jndividual atoms,

Xe

Erot (-) = Ea + Eb

If the atoms are separated by

between them provides an extra

the sys tem.

(5.1)

a fjnite distance r, the interaction

contribution to the total energy of

froa (r) = Ea + Eb + U(r) (5.2)

From Eqns. (5.1) and (5.2) one can get:

U(r) = Ero. (r) - Ero¿ (-) (5.3)

The intermolecular pajr potentjal thus describes the

departure of the total energy of the two atom system from its value

when the two atoms are ìnfinitely separated. This energy difference

is numericaììy equal to the work done in bring.ing the two atoms from

jnfinite separatjon to the separation r and ìs given by



u(r) = ¡ F(r) dr
r
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(s.4)

where F(r) 'i s the force acting betvreen the tl,Jo atoms at the

separati on r.

Fj g. 5. i shows the general form of the i ntermol ecul ar

potential energy function for atoms.

There i s a strong repul sì ve force at short ..range and .an

attractjve force at long range, In terms of the potentÍa1 energy

U(r) this behaviour corresponds to large, positive energies at smaìI

separations and negative energìes at long range, the two extreme

regions being joined by a function with a single negative minimum.

The separation at u¿hich the potential energy is zero js oi the

separation at Ì,/hich the energy attajns its minimum value is rrrn,

and the minjmum energy ìtself is -e; e js called the weìì depth,

In the more general probl em of the i nteracti on of tvro

molecules which lack spherical symmetry, the intermolecular energy

depends not only upon the intermolecular separation, but also upon

the relative orientatjon. Usual ly the procedure to generate an

intermolecular potential for a certain jnteractjon is to assume a

suitable form for the potentia'l for this interaction, vrith primary

values for the parameters of the potentiaì, and try to calculate

a property that is known experimental ly, fìtting the parameters to

this property, Accordìngly the parameters depend on the type of

experiment used, and jf one tries to calculate another property

dependent upon the same interactjon, sometimes one wilI find a

discrepancy betr,reen the calculation and the measurement.

It seems that certain regìons of the potential are more

sensitjve to certain properties than other regions. Fitting aìI
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known properties simultaneously wì.l1 generate a potentìa1 that can

calculate accurateìy another unknovtn property of the interaction.

5.1 SOURCES OF IHFORJiIATION ABOUT INTERI{OLECULAR POTENTIALS

Crossed molecular beam measurements of differential cross

sections (DCS), viscosity, pressure virj.al coefficjents (pack et

al., i982) and diffusion coefficients (Pack et aI., l9B4) have been

used by Pack to determine intermolecular potentjals for SF6 mixtures.

There was no avaj lable intermolecuìar potentìaì for SF6-Xe,

but the ones developed by Pack for other mixtures t,rere very reljable.

l,le therefore contacted Dr. R.T. Pack at the Los Alamos National

Laboratory, Division of Theoretical Chemistry and together decided

to col laborate to develop a new potential for SFU-Xe. The only

available data for this mixture yrere the vjrìal coefficient (l'lartin

et al., 1982) and the diffusion coefficient (private communication

by Pack). 0ur CILS SFU-Xe data was used as a thjrd property to refine

the potential.

Subroutines to calculate the interaction vir'ial coefficient

and the diffusion coefficient through collisìon integraìs for

octahedral -atom interactions vlere qenerously offered by Pack and

sent via BITNET network. These also calculated the value of ô for

each property and the total value of ô, Toqether with our program

for the classical line shape calculations, we were able to fjt the

three properties simultaneously to obtain the potential paraneters

which minimized the value of ô.
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5.2 CALCULATIOIIS

The form of the spherìcâl limit potentjal used is the sarne

as in Eqn. (2.40). The anìsotropic potentìa1 is djfferent jn that

e and rm.in are angle dependent. Their angular dependence is described

by the foì lowìng equations:

e = ã [1 + ðnTn + aÁ TÂ +...]++oo

t, = i, [1 + bq T4 * u6 To *...]

(5.5)

(5.6)

r,rhere Tn are the spherical tensors that transform as O1n (the

compìetely synmetric irreducable representation of the oroup 0n).

Thus a4, a6, b4, and bU are pararneters to be determined.

The number of parameters to be fitted js tweìve [ä, .ir, o.
oII, olII, C6, Cg, C1O, u4, aU, bO, and b6J. The first fìve usuaììy

are adjusted to obtajn a reasonabìy good fjt w.ith the anìsotropic

parameters zero. This was done to keep the anisotr"opy parameters

from serving merely to make up deficiencies in the spherical limit
of the potential. Final adjustment of all parameters were made using

the anisotropic potential form. The properties calculated were as

detajled jn the foilowing paragraphs.

5.2.1 Interaction Second Viriaì Coefficient

The vi rj al coeffj cj ents of gas mj xtures are rel ated to

the gas composition and to the intermolecular potential energy function

which chaiacterize the different type of jnteractions which can occur.

For a binary mixture the second virial coefficient is given by:
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ß, = *1 ßtr * 2*t ,z ßr2 (5.7)

where s,n is the virìa1 coefficjent of a mixture containjng mole

fractions xi of component i . ß11 and ß22 are the second vi rial

coeffic'ients of the pure components, and 812, the interactíon second

virial coefficient, is related to the paÍr iotentjal Urr(r) bV:

I
'x2 822

ßr2(T) =lrarU-

The i nteracti on second virial

sì ze r, and to the vol ume of

(Pack et a1 . , 1982).

ån.
Jr=-Drz*

exp [-urr(r) / kBT] l (5.8)

coefficient ß12 is sensitive to the

the attractj ve tl/el I of the potentì al

(5.e)

5.2.2 Diffusion Coeffi ci ent

The bìnary diffusion coeffjcient DV js an important
transport property for the investigation of intermolecular forces,

and is defined by Fick's law

where J, js the number flux of species 1jn an isothermal bìnary

mixture subject to a gradient of the number densjty, n1, of species

1. It can be shown that the diffusion coefficjent is given in a

first order by the expression (Parker and Pack, 1978).

D¡,gc =[3KBT /16n¡ tÁ1¿å): (5.10)
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Here I is the reduced mass of the tt/o species, and the colljsion

integral tÁl¿å' ts siven by (¡ronchick et at., 1963, Monchick and Green,

1975 and Hi rschfol der et al . , 1954)

where e is the incident r'¡-^¡:^ ^'^-- ' - n2 x2kinetic energy ='ä Qn(.) is given by:

^ rì,s - I ,kB r,% 1 î , s+l -tlkg T

" A,Bc = z \zl=t 
GìfÐ j oEe e -

.1
Qn(.) = å r

-1
qn1.i v) d cos y

E (s+1) sin2¡nr*r1r¡ - nr(v) J

coefficient is most sensitive to the well
to the point when the potential is repulsjve.

5.2.3 CILS Spectrum

The translational and the djmer spectra tvere calcu,lated

for SF6-Xe as for the other mjxtures for SFU (see Chapter 4).

The CILS data are most sensitive to the region near r =

o (Birnbaum and Cohen, 1975).

5.2.4 Data

(a) Interaction Second Virial Coefficient

Qn(.)

(5.11)

where

Qn('i 'r) = I
K

The diffusion
of the Dotential from r'm

(5.12)

(5.13)

The experìmental data used were (l'|artjn et al., 19g2):
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T(K)

290.0

300. 0

320.0

(b) D'iffusion Coefficient

The expe rimen ta I

by Pack)

T(K)

278.18

288.28

300. 0

311 . 18

323.18

2
ßr, (cm"/mo1e )

- 171.0

-157.6

-133.0

data used were (private communicatjon

D (cm27sec )

0.403

0.428

0. 460

0.4895

0. 5287

(c) CILS Data

The absolute intensity of the spectrum as a functìon of

frequency is shown in Fi9. 3.8, The frequency range 10-25.r-1 *.,

used for comparison with the calculated spectrum. Here the

'internolecular potential and the form of ß(r) are the main factors

affecting the spectrum as explaìned in Section 4'1.

5.3 PR()CEIruRE AIID RESULTS

There were too many parameters to try to vary them all

simultaneously (;, im' ol, olI, oIII, C6, Cg' CtO, a4' a6' bO and

bO). l,/e started first by setting alI the anisotropic parameters
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equal to zero (a4 = u6 = b4 = b6 = 0), ana

o = oI = oII = "lll (¡tSV potential )

and a'l so by keep'ing CO, CA, and CrO constants, the values of which

were sugoested by Pac k,

l,lith assumed values for ã, i
were calculated ât the experìmentaì

mean square deviation 02, from the

from Eqn. (4.1). Then an overal I

devi ati on was obtained from

m, and o, the thr.ee properties

poi nts. Then, the dimensjonless

jth experiment, was calculated

dimensionless root mean square

(5.14)

and the calculations were iterated to minimìze this overal l ô. Thus

ir, ã, and o were changed cyc'l ica11y unti I a minimun was reached.

Then the anisotropic parameters a4, a6, b4 and b6 t/ere permitted

to play a role. Starting |.Jith assumed vaìues we changed thejr values

until a minimum for ô was recorded. Then we returned to change ir, ;,
and o and so on, until we determined that the ô obtained was the true

minimum. Finalìy we changed the parameter scheme to ol= oII I olll
' and repeated the procedure until we got a minimum value for ô.

To prevent ìmproper weìghtìng of one experiment relative

to the others, it is important that the uncertainties À¡i on the

experìmental data be as realistic as possible and contain an estimate

of the maximum systematic error 'l imit as rvelI as statistical errors.

The uncertaintjes used vrere, for the v'i rial coefficient, r 2 cm3/mole,

?

u = t+; al*
J i=1 J
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for the diffusion coefficient 0.4%, and for the CILS spectrum, a

variable in the range of 5-10%, depending on the frequency shjft.
The parameters obtajned for the potentjaìs are listed in

Tabl e 5. 1.

The dimensions of the first sevén parameters are jn Hartree

a.u., ând the last six are djmensionless.

Table 5.2 shovrs the values of ô as defined jn Eqn. (4.1)

for the diffusion coeffjcient, vjrial coefficient, and for the CILS

experiment and an overal I ô as defined in Eqn. (5.14).

Another approach was taken, keeping ol = oll
a constant and changing ir, and ã only, at f.i rst 1aith a4 =

= bO = 0. Then changìng the anisotropic parameters a4, ab,

bO fo1 1 owi ng the same procedure menti oned before , one

fol loling parameters listed in Table 5.3.

onI as

a- = b.Þ4

b,, and

gets the

The djmension of the first seven paraneters are in Hartree

a. u. , and the I ast si x are dimensi onl ess. These parameters gì ve

the values for ô as shown in Table 5.4.

In the calculation of the value of o(CILS), the statjstical

error \,Jas not included, So the value of o(CILS) can be taken as

an upper I imit, and so al so the value of o(totaì ).

Comparing Tables 5.2 and 5.4, one can see that the ll2SV

spherical Iimit potentjal is better than the Î'lSV sphericaì limit
one, but the ¡1SV anisotropic potential js better than the I'|ZSV

anisotropic potentjal, But from a careful look we see that changing

ã and i, only means that vre did not get the absolute mjnimum and



TABLE 5.1

The Parameters for the I{2SV Potentjal for SFU-Xe

(see Eqn. 2.40)

e

i
m

or = orI

our

ce

"10

X,
I

X^
z

a4

b

b.
4

b.
o

Note: The dimension of the first seven parameters are in Hartree a'u' '

and the last six are dimensionless

0 . 00101

8. 983

0.787

0. 808

396. 8

10600

3 20000

'inf lection pt.

1.45

-0. 33

0. 38

0.087

-0.011



ô(diffusion coeff i cìent)

o(virial coeffìcient)

ô(crLs)

o (total )

= *ll = olll

TABLE 5.2

The Values of ô for the I'|2SV Potential

Spheri cal Limit

T, 4512

o. 6848

0. 945

1.07516

Ani sotropi c

r.4285

0.62226

0. 945

i.05211

TABLE 5.3

Parameters for an I'ISV Potential for SFr-Xe
(see Eqn , 2. 40 )

im

ol

c-
b

cg

cto

x1

xz

t4

d-
o

b+

b6

0.00101

8. 98

0.8

396, 8

10600

320000

ì nfl ecti on pt.

1.45

-0 .47

0. 37

0. 088

0. 02
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TABLE 5.4

The Values of ô for the MSV Potential

Spherical Limit Anisotropic

ô(djffusion coeffìcìent) 1.6025 I.347

ô(virjal coefficient) 0.6209 0.6038

ô(crLs) 0,857 0.857

ô(total) 1.108 0.9856

the anisotropic parameters were serving to fill the inadequacy of

the spherìca1 'ì ìmit potentiaì. So, we thjnk the M2SV potential js

the one to use.

The measurement of the total differential cross section

would lead certainly to a still improved potential ' especialìy at

smal I separation.

FÍgs. 5,2-5,4 show the experimental and the theoretjcal

values for the diffusìon coefficient, virial coefficient, and for

the CILS spectrum for the ltl2SV potentiaì.



Fì gure 5. 1

The intermolecular potential energy functìon for atoms.
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Fì gure 5.2

Fìgure 5.2 A comparìson between the experjmental and theoretical

djffusion coefficient at djfferent temperatures for

SFU-Xe.

The expe rì menta I measurernent

* The theoreti cal calculation.
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Fì gure 5. 3

Figure 5.3 A comparison between the experjmental and theoretjcal

calculations for the second virial coefficient at

di fferent temperatures for SFU-Xe.

. The experi menta l measurdment,

* The theoreti ca l calculation.
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Fi gure 5. 4

Fìgure 5.4 A comparison between the experimental CILS and the

total theoretical spectra for SFU-Xe.

. The experimentaì s pec t rum.

- The total theoretjcal spectrum.
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CHAPTER 6

TETRAHEDRAL iIOLECULES

The coll ision-'induced 1ìght scattering spectrum ari ses

frorn an incremental polarìzabiljty induced jn a cluster of interacting

molecules. The coll ision-induced Rayleìgh. wing in molecular spectra

'i s broader than predicted by the DID and overlap contribution Eqn.

(2,17), The addjtional intensity comes from rotational contributions

as indicated in Eqn. (2.67), where the fjrst term corresponds to

the first order DID interaction and the rest of the terms represent

the collisjon induced rotational scattering by tetrahedral molecules.

0ur interest in this chapter is in both the dìpo1e-quadrupoìe

polarizabiIity 4 and the dipole-octopole polarizability I for CFq,

Two experìments have been done in our laboratory, namely, CF4-CF4

and CF4-Ar. The fjrst system had been studied before in our laboratory

(Shelton and Tabisz, 1980). The reason for repeatjng this experiment

is that the ajr jmpurity in the gas was high at that time, and the

difference between the experìmental and theoretjcal zeroth noment

that agreed best was sti l l 60% of the theoreti cal moment, wi th the

values of A = 2.2 Å4 an¿ E = 2.2 i\5.

Gharbi and Leduff (1980) have done the same experiment,

but they calculated only the thèoretical translational spectrum. They

had good agreement at low frequency shifts, whjch encouraged us to

use the same type of potentìa1.

The other experiment, a mixture of CFO with Ar was done

to provide additional data for refinement of the values of A and

E we got from the CF4-CF4 experiment.



6.I THEORETICAL SPECTRA

The translational

parameters i n Eqns. (2. 31)

d¡r = 2'937 "A3

"'4

spectra were calculated using the followìng

and (2.32)

(l,latson and Ramaswamy, 1936)

\¡e = 6.0 x 10-62 c4 m4 J-3 (Lu and Shelton, i987)'Lr4

The values for Ar were mentioned in Table 4.1.

The noments from both the computed transjatjonal spectra

and from the sum rules for both CF4-CF4 and CFO-Ar vrere calculated.

In the case of CFO-Ar, both combjnatjon rules were used, Table 6.1

sho',s the ,,a l ues of thê zeroitj, secon.l , fourth anr1 s i)1th riorlents

for CFO-CFO and CF4-Ar.

fAELE 6.1

The Zeroth, Second, Fourth, and Sjxth lioments for
CF4-CF4, CF4-Ar(1), and CFo-Ar(2)

cF4- cF4

cF4-Ar(1)

cF4-Ar 
(2 )

cF4-Ar(i )

cF4-Ar(2)

Ho N2 M4

TR 126.54 284.82 5079.1

sR t45.72 291.96 51i8.8

TR 45. i7 169.94 4985.77

sR 50.98 173.08 5025.3

TR 69.86 368.53 16807.01

sR 78.82 376.1 17225.96

r,rill refer to the sìmpìe combjnation rules.

wjlI refer to the combination rules by Pena.

M.
b

0.3454617 x

0.3900088 x

0,5310704 x

0.5747376 x

0.3034866 x

0.3099724 x

i06

106

106

106

n7

107
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As previously (Chapter 4), the differences in the moments

were used to calculate the d'imer spectra.

Figs. 6.1-6.3 sho\^r the translatjonal , dìrner and experìmenta.ì

spectra for CFo-CFo, CFo-Ar(1), and cro-nr(2) respectiveìy.

The rotational spectra l./ere calculated using the rotational

constant B = 0.185 cm-l for CFO and the values a = Z.Z'p,a and t =

2.2 Ï\5, having ìn mind that jn the case of CF4-Ar, 
^Z 

= EZ = 0 for

Ar, Eqn. (2,67) and Eqn. (2.69) r,rere used for the tvro cases,

re spec t j vely.

Figs. 6.4-6.6 show the translational , rotational, total

theoretical and experimental spectra for CF4-CF4, Cro-nr(1) and
I )\

CFO-Ar\'/ respectively.

A good fit between the experimenta'ì and theoretical spectra

vrith these values for A and E js obtained in the case of CFO-CFO.

values of A = o Ã4, E = 6 Å5 ror cro-nr(l) and A = z.B't,4,E = 2.8 Å5

tor CfO-nr(2) were required to obtajn a good fit,
Another check was made by caìculating 6(CILS) for all cases

ô(cF,-cF,)

o (cro-nr( 1) 
)

o (cro-nr(2))

i.84

3.78

1.96

which shows that the use combination rules by Pena

just the use of the simple combination rules.

Table 6,2 shows the values of A and E from

are better tha n

this and other

studi es .

Another comparison between the total theoretical and exper-

jmental spectra i s achieved by ca lcul atì ng o (total ) ,



TABLE 6.2

The Values of A and E for CFO in This and 0ther Studies

Group t4êthod AE

This l,lork CF4-CF4 Experimental 2.2 2.2
l1\

CFO-Ar\ '/ txperìmental 6.0 6.0
I t\

CFO-Ar \'/ Experimental 2.8 2'8

Average* = 2.5 t 0.3 2.5 t 0.3

Buckingham and Tabisz Bond polarizabi lity 2.2
( 1e78 ) mode I

Shelton and Tabisz Experimental s 2,2 s 10
( 1e8o )

* Values ror cro-nr(1) were neglected because of the hìgh value of

ô(CILS). The error calculated is the average devjatjon'

TABLE 6.3

A Comparison Between the Values of o(totaì) for CFO-CFO,

cF4-Ar(1)' and cF4-Ar(2)

cF4-cF4

cro-nr(1)

cro-nr(2)

-ôll-e!el-)

0.893

2.t52

1. 288
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Tabìe 6.3 shows this comparìson for CF4-CF4, CfO-nr(1),
( r\

and CFO-Ar'".

The fjt jn the case of CF4-CF4 is very good in totaì, jn

spite of the fact that in the range 10-25 cm-1, where the potential

is the main factor, the value of o(CILS) was not that good, It
js still clear the fit jn the case of CF4-Ar(2), where the combjnation

rules by Pena were used, is better than that obtajned 'by the simple

comb inati on rules.

6.2 EXPERIHEIITAL I{OI{ENTS

(i) The Two-Body Experirnental Moment

The zeroth, second, fourth, and the si xth moments were

calculated for both CF,-CF, and CF.-Ar.t++q
Table 6.4 shovJs a compari son betl,leen the experjmental and

theoreti ca l zeroth moment.

TABLE 6.4

A Comparison Between the Experimentaì

Moment of the Two-Body Spectrum for
and CFO-Ar(2),

rrro iÄs¡

Theoret icaI (SR)

and Theoreti ca l Zeroth

CF4-CF4, CF4-Ar( i )

Tota I
Theoreti cal Experimental

.F -AE+4

Present work

Shel ton and Tabisz
( 1e80 )

cF4-An( 1)

cF4-Ar(2)

1L^ 1t

166

50. 98

78.82

149.12

60.11

82.63

148,36125

266

57. 58r 7.5

57.58r 7.5
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TABLE 6¡5

A Compari son Between the Experimentaì and Theoretical Higher Moments

of the Two-Body Spectrum for CFO-CFO, CF4-Ar(1), and CFO-Ar(2)

Tota l
Theoret ical (SR) Theoretjcal Experimental

cF -cF4 t42 29L98 396.71 407.1!23

t44 5118.78 13996.14 t3804.42!2512

il6 0.2500088 x 106 0.15553 x 107 (0.2173110.0657) x to7

cro-nr(l) l,t, 173,08 463.36 364.5st20

Hq 5025.96 29857 .56 17908.1513800

Mo 0.5743376 x 106 0,37965 x 107 (0.2i739r0.1024) x 107

I )\
CFO-Ar' " l4Z 376. I 498 . 1 368 .7 4!26

M+ 17225.96 27768.5 19965.3516000

H6 0.3099724 x 107 0.44887 x 107 (o.3zzo4t0.208) x 107

Table 6,4 shows the good agreement between the experìmental

and total theoreticaì zeroth moments in the case of CF4-CF4 and CFO-Ar.

Agaìn the difference betvJeen the moments of the first two columns

'i s due to collision induced rotationaì spectrum.

Table 6.5 shovrs a comparìsìon the same type for higher

moments.

In the case of CF4-CF4, the experimentaì and total

theoretical higher moments agree wìthin the experimental error.

In the case of CFO-Ar, the agreement is not satisfactory

in generaì, and the reason is because of applying the combination

rules results in inadequate potentials.
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Stjll, jn general, the combinatjon rules by pena work better
than usìng the simple combinatjon rules (ô(CILS) and o(total )).
(ii ) The Three-Body Experimental l.loment

For CF4-CF4, Table 6.6 sho$rs a comparìson between the

three-body experimentaì and theoretical zeroth and second moments

for this and other studies,

TAELE 6.6

A Comparìson Between the Experimental and Theoretjcal Zeroth
and Second Moments of the Three-Body Spectrum for

cF4-cF4

Group

Thi s work

Shel ton et al .

( 1982 )

She ì ton et al .
(1s82)

Method

E xper i menta 1

Expe r i men ta 1

Cal cul ati ons usino
L-J (6-12)
Potent i al

lhiLl
13.6 ! 1.8

28.8 ! 6

29.16

_ oo -t11"(4" PS')

34.63 r i
60,25 i 18

32.65

Tabie 6.6 shovJs good agreement between the second

experimental and theoretical moments in this work, but there js a

discrepancy between the zeroth moment. Again the ratio of tSruå

for CF4-CF4 is about 9%, so the neglect of the three-body effect

for CFO-Ar (Eqn. (3.10)) 'i s justified as in the SFU-X cases.

6.3 C0I{CLUSIoilS

( 1) In the Case of CF.-CF.

-'-f

(i) The experimental moments are in good agreement with the total

theoreti ca I ones,



(ii ) The total fit is good (ô(total )), but st'i ll o(CILS)

b'i t high, l,Jhjch is reason to bel ieve that the

potenti a1 j s not the best type to expl aì n the

between the CF4 molecu'ìes.

(2) In the Case of CF,-Ar

( i ) The combi nati on ru l es by Pena are better than

combination rules (o(CILS) and ô(total)).

(ii ) Attempts should be made to develop a potentìal

instead of using two different potentia'l s and a

rule.

158

ìs a little
L-J (6-12)

interactions

the sìmpìe

for CFO-Ar,

combi nati on
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F igures 6.1-6.3

Fìgures 6.1-6.3 Ihe experimental two-body, translational , and dimer

spectra for CFO-CFO, CFO-Ar(1), and CFO-Ar(2) respectively.

. The experìmentaì two-body spectrum.

E The theoretical translatjonal spectrum.

o The theoretical d'imer spectrum
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Fi gures 6.4-6.6

Figures 6.4-6.6 The experimental two-body, total theoretjcal, trans-

latjonal, and rotationaì spectra for CFO-CFO, CFO-Ar(l),

and CFO-Ar(2 ) respectively.
. The experìmental two-body spectrum.

- The total theoretical spectrum.

c, The theoretical translational spectrum.

* The theoretical rotationa'l spectrum.
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CHAPTER 7

CH¡ AT DIFFERENT TEHPERATURES

CH4 js the jdeal candjdate to study collisjon-jnduced l íght

scatterjng, since the translational and rotational motions can be

studjed separately. in the case of SFU and CFO, there is almost

tota l overl ap between the two components. For CHO the spectrum
{

consjsts essentially of an jntense pure translational component and

a weaker induced rotational vring.

CILS spectrum of gaseous CHO has been studied as a pure

gas (Shelton and Tabisz, 1980) and in mixture with Ar and Xe (Penner"

et al ., 1985) at room temperature jn this laboratory. A consistency

ìn the magnitude of the dipole-quadrupole polarizabi lìty { of CHO was

found in analyzjng both pure and mixture spectra, a value of A =

0.88 r 0.05 Å4.

Nevertheless, scattering by gases has never been

systematically studjed as a function of temperature before.

Thi s chapter v/i I I analyze the measurement of the spectrum

of CHO in the range 130-295 K (performed in Firenze (ltaly)) through

cal cul ations done here. The trans lational spectrum was cal cul ated

usjng two methods, the classical ì ine shape (descrìbed in Chapter 2),

vthich requires the pair polarizabil ity and the intermolecular potential

to be identifjed, and the Birnbaum-Cohen model for l ine shape of

the co l l i s i on- i nduced absorption spectrum (Birnbaum and Cohen, 1976).

As before, the spectrum of bound dimers appears as a low frequency

feature. Prengel and Gornall (1976) have gìven a detajled discussion

of the CH4 djmer spectrum at 300 K and i15 K.
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7. 1 EXPERII'IENT

The experìments reported here were performed by A. Guastì,

14. Zoppi, and F. Barocchj at the Istjtuto di Elettronica Quantjstica

del C,N.R. jn Firenze and the apparatus used is described jn detai.l

eìsetlhere (Bafile et aj., 1988); the gas sample was contajned in

a pressure cell (Mazzinghi and Zoppi, 1983) housed in an Ajr products

cryogenic cooling system. Excitation of the spectra was achjeved

r,lith an argon ion laser operating at 1w at 5145 Å. txperìments were

performed in the depolarjzed geometry as the geometry used in Chapter

2

A common procedure (Tabisz, 19791 Shelton et a1., l9g2)

is to record spectra at a number of densitiês and then apply a virial
expansion of the jntensìty at a large number of frequencies to separate

two-, and three-body correlation components of the total spectrum.

Such an approach was impractjcal in the present case, The necessity

to record precise data for an extremely broad spectrum, frequen y

under low sìgnaì conditions, requires long observation times. This

circumstance, coupled with the stability problems wjth the crystal

system at 1ow temperature, prevented col lection of data for a thorough

density analysjs. Consequently, another approach was adoptedi gas

pressures were chosen so that the experiment was always performed

in a thermodynamic state, for which the intensjty varied essentially

as the density square and thereby the two-body correlation spectrum

was measured di rectly,

For example, at T = 295 K, the spectra were recorded from
-14-15 cm ' 'rrjth a gas pressure of 10 bar. At high frequency shifts,

10-130 cm-1, pressures were increased to 40 bar and to 90 bar for
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100-550 cm-1. The same approach \,,as applied to the spectra recorded

at lovrer temperatures, 250, 208, and 163 K.

The spectrum at 130 K vJâs that of the saturated vapour

pressure 3.48 bar, Confjdence in the procedure \{as gained from the

fact that the two- and three-body spectra were known to behave

similarly (Barocchi et al., 1977; Shelton et al., 1982). Also the

three-body spectrum contri butes onìy at 1ow frequenci es (Barocchi

et al . , 1977 ),

Spectra were recorded at different pressures ìn overìapping

frequency regìons to ensure continuity in intensity cal ibratjons

as wel l as quadratic density dependence.

The spectraì slit r4idths were 0.6 .r-1 (4-10 .r-i), 1.0 .*-1

(4-20 cm-1), and 2.4 .r-1 (10-600 .*-1).

To calibrate intensities in absolute terms, low pressure

H, was used as an external jntensity standard and the light scattered

-1at 20 cm-' from CHo vúas compared to the intensjties of the SO(0) and

S0(1) ljnes of H2.

Table 7.1 shows the intensities at 20 cm-1 at different

temperatures.

Figures 7,1-7.5 show the experjmental spectra for

temperatures 295, 250.5, 203, 163.4 and 130.8 respectively,

7.2 THEORETICAL SPECTRA

Two di fferent approaches v/ere used , both under

assumption that there is no translation rotational coupl ing.

t{ill djscuss each method separately.

the

l,Je
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TABLE 7.I

Intensìty D,, at 20 cm-1 Frequency Shift

T (K)

295

250.5

203. 0

163. 4

130.8

Du, (10-5 Å6 )

5.4 ! 0.3

5.6 ! 0.2

5.8 t 0.5

5.9 r 0.3

5.85 I 0. 3

7.2.1 Classical Line Shape Analysis

Eqns. (2.31) and (2.32) were used as before to calculate

the intensity of t;ir translational spectrum as a function of frequency

for different temperatures. The quantum nature of the colIision

dynamics are expected to become increasingìy important with decreasing

temperature. The spectra can be calculated once the intermolecular

potentiaì U(r) and the pair polarizabìlity g(r) are known.

Dimer spectra were calculated as mentioned in Section 2.2.

Agai n the effect of bound dimers rel atj ve to the transl atj onal

component increases with decreasjng temperature, and can be calculated

usìng Eqns. (2.46) and (2.48).

7.2.Ia The Pair Polarizability g(r)

The model for the paì r pol ari zabi l ì ty ani sotropy e(r)

(l'leìnander et al., 1985) was derived from the first four even classical

moments of the depolarized pure translatjonal spectra of the inert
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gases and CHO at room temperature, the formula used is in tqn. (2.17).

The values of the parameters for CHO are

CU = L29,6 a.u. and B* = 2580

7.2.lb The Inter¡olecular Potential U(r)

An intermolecu'l ar potential was derived for CHO molecules

by Righini et al . (1981) using solid state data, the second vjrial
coefficient, and the known long-range dìspersion forces, It was

modified by l4ejnander and Tabisz (1983), who added the first
anisotropìc dispersion term to the model and modified the repulsive

C-C interaction parameters so the experìmental second virial
coefficients were reproduced. This modified RMK-potentiaì was used

t0 construct an effectjve isotropic potentìal (Reed and Gubbjns,

1973), which reproduces the angular average of the pair distribution

function g(r) at 295 K (Penner et aì ., 1985),

oo = z'aqz'n3

s(r) = exp (-ueff(r) tJ)

= 7 ¡ .¡.r exp (-U(r,
(4r)'

y = i9.2 x 10-62 C4 m4 J-3

o1,rìZ) ¡g) dr¿1 do2, (7.1)

This numerical isotropic potentìal was described in the

HFD form, namel y,

u(x) = e {c xvexp (-AX) - F(x) (c6lt-6 + c8x-8 * cr0x-10)}

vrhere f(X) = exp t-(D/X - 1)21 x < D

=1 x>D (7.2)
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and X = r/rmin

Th'i s potentiaì was used at al I temperatures, at fi rst 
'

with the parameters calculated at 295 K to calculate the theoretical

spectra. Ho'lrever an effecti ve j ntermol ecul ar potentì a ì at each

experimental tenperâture was found necessary. The parameters at

each temperature are shown ìn Table 7.2,

7.2. lc Rotational Spectra

CHO ì s a tetrahedral mol ecul e, where the di pol e-quadrupol e

A and the dipole-octopole ([,) polarìzabif ities are non-zero. The

rotational lines due to A and I at 295 K were broadened with gaussìans

of Hl,lHM of 20 and 25 cm-1 respectively; the widths were assumed

to vary as /T for lower temperatures, The rotational spectrum was

added to the (translational + dimer) one, and the values of A and

E '¡rere adjusted to produce agreement w'ith the experimental intensjty

in the range where the rotational spectrum js dominant,

Comparison Between the Experimental and Theoretical Spectra

Figs. 7,6-7.10 shovl the compari son between the experimental profìles

and the calculations, overall the agreement js very good and the

principal behaviour of the experimental data is reproduced, The

'low frequency translational profiìe is welI reproduced at al l

temperatures, except from 0-30 cn-1 at 295 K and 250 K.

At hi gh frequency shifts where the i nduced rotati ona l

component dominates, the experjmental intensity js well reproduced

over very broad frequency ranges to 560 cm-1 at 295 K, 400 cm-l for

250.5 and 203 K, 300 cm-l for 163.4 and 100 cm-l for 130.8 K . The

effect of using the effective potential appropriate to each temperature
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mây be seen by comparing Figs. 7.10 and 7.1I. In Fig. 7.11 the profììe

is calculated for i30 K usìng the isotropic potentia'l deri ved for

295 Ki the agreement i s clearìy worse.

To compare the experimental and theoretical profiles in

detajl we wilI consjder the comparison in three different reg'ions,

low frequency shifts, mid frequencìes and high frequency shifts.

1. Low Frequency Shi fts

The low frequency spectrun has a ìarge contnibutjon from

djmers. This can be apprecìated from Table 7.3 where the moments

from the transl ati onal spectrum, the sum rul es and the quantum

mechanjcal corrected l,iigner-Kìrkwood terms are shown. The djfference

between the moment calculated from the sum rules and the translational

spectrum increases with decreasing temperature, especially for the

zeroth moment, This difference is 86l at 130 K. The quantum

mechanical corrections produce further changes, especially for higher

momen ts ,

Figs. 7.12-7.16 shot,l clearly the difference between the

experimental data and the free-free prof i ì e and hence show the

importance of the djmer spectrum. The effect of diners is negligìbìe

beyond 30 cm-1 at all temperatures.

2. Mid Frequency Ranqe

The I east sati sfactory agreement between theory and

experiment occurs at mid frequencies for temperature < 295

(40-160 .*-1¡ fo. several possibie reasons. First, this ìs the regjon

where quantum mechanical corrections to higher moments are important

and are availabìe only up to the fourth moment. Secondly, the

parameters, especiaì ìy B and rO in the scal ing law were calculated



TABLE 7.3

Cal cul ated Spectraì Moments

T

lE
295.0

250. 5

203.0

163.4

130.8

M
'-'0" 

-
(102 Ae)

1.81
2.r4 (r8%)
2.13 (18%)

1.82
2.26 (25/")
2.26 (25%)

1 .83
2.50 (36%)
2.48 (35%)

1.85
2.86 (55%)
2.84 (54%)

I .86
3.46 (86%)
3.42 (84%)

a)
b)
c)

a)
b)
c)

a)
b)
c)

a)
b)
c)

a)
b)
c)

t,t^
^z(to3 Ã9 ps-2)

3. 87
4.00 ( 3%)
4.02 ( 4r")

3.44
3.63 (6%)
3.65 ( 6%)

3. 00
3.30 (10%)
3.33 (11%)

2.65
3.11 ( 17%)
3.14 (1e%)

2.36
3.08 (31%)
3. 13 ( 33%)

.Jaa

(to5 Ã9 ot-q)

6.7 t
6.76 ( 1%)
7.r0 ( 6%)

Ã ¿.ô

5.50 ( 2%)
s.88 ( e%)

4.18
4.35 ( 4%)
4.82 (16%)

3. 33
3.60 ( B%)
4.18 (26%)

2.7 3
3.16 (16%)
3.95 (44%)

H.

(ioB Ã9 or-o)

4.24
4.25 (o.r%)

3.15
3.15 (0%)

2.2r
2.22 (1%)

1.61
1.65 (3%)

r.23
r.3r (7%)

at 295 K, and are now used for lower temperatures. Thjrdly, the
use of an effective isotropic potentiaì instead of the true anisotropic
potentìaì can affect the colrision dynamics and consequences of the
l ine shape' A ful r quantum rnechanicar carcuratìon courd sette these
questions,

3. Hi gh Frequency Shìfts

The rotational spectrum dominates this region. Table 7.4

will show the values of A and E in this and other studies.

. The average val ues of thi s work agree wi th the work done

before in this ìaboratory,

It is evident from Figs, 7.6-7.I0 that some intensìty remains

beyond the f, spectrum and possibly the multipole series should be



Group

Thi s work

TABLE 7.4

The Values of A and E

l'fe t hod T (K)

Experi menta 1 295

250.5

203. 0

i63. 4

130.8
*-

Average

Vi ri al coefficient

N.t4.R.

Mo lecul ar beam
sc a tteri nq

a^ oEA (A') E (A")

0.83 2,00

0.9. 2.42

0. 9 2.56

0.86 2.65

0.9 3,0

0.88r0,03 2.5!0.26

1.0 - 1.0

1.0 2.5

g. ggt0.05

2.35

2.71
0. 88
0. 89

2.67

Bucki ngham and Bond Polarizabil'ity
Tabi sz (1978 ) model

Shel ton and Tabisz Experimental
(1e80)

Penner et al .

(1e85)

I snard et al.
( ie76 )

Rajan and Laìita
(1e74)

Buc k et al. (1981)

295

295

* The error mentioned is the average deviation.

taken to higher terms. As a result, the value of E reported here

may be considered as an upper limit.
Table 7.5 shows the values of 6(CILS) and o(total ) for

each case,

It seems from Table 7.5 that the whol e model works

alI temperatures, especial ly at T = 295, 163.4, and 130.8 K.

for

To
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TABLE 7.5

The Values of 0(CILS) and ô(total )

T(K)

295

250, 5

203

1Á? ¿

130.8

ô (crLs)

i.619

4.64

4.54

t ô(

2.49

6 (total )

r.28

2.7 3

2.5ó

L.92

2.01

improve the mode'l , one could change B and r0 as parameters in the

fit, since they describe the overlap jnteraction, which ìs very

temperature sensì tj ve.

7,2.2 Birnbaurr-Cohen (BC) ftlodel

A very useful model for the line shape jn pnessure-induced

absorpti on has been deve loped by Bi rnbaum and Cohen ( 1976 ) , and has

been previously shor,,n to be capable of approximatìng the ì ine shape

closely, The model correlation function is gìven by

c(y) = exp [.rl [., - l,î.* y2)41] (7.3)

where y = ftz - isñ t)%

The model ìine shape at frequency r' = rjf t o is qiven by

- i (r. "-. )yr(,) = I e " c(y) dy



_ =Bh -2=_2.'0 2 '3 ',z

, _'3 ;,7----,,rL -.- vl1-\Tr r¡ )'1 ¡

Kr(Z) is the modified Bessel function, with the asymptotic properties

ZKI(Z)*1asZ*0

and K1(Z) * ,å "-' as Z * -
The model was appì jed to the translational absorption spectrum of

He-Ar, the S(0) rotational I jne of HZ at 77 K, and the unresol ved

rotatjonal band of N, (Birnbaum and Cohen, 1976). In a,l I cases,

the theory fits the spectra and accounts for the spectraì features.

Also for HZHe (Borysow and Frommhold, 1993) collision-induced

absonption was fi tted wi th sati sfactory agreement at temperatures

from 50-300 K.

Significant improvements are possible by cornbinìng the

BC and so-called K0 model in the form (Borysow and Fronmhold, 19g3)

cr 11 Tt
c.r(") = i¡ îjfz exp (t') [x K1(x)J + er,

Lro .1 I

- .*n tf;)

^ t1 
1) ; r;çp1z

x =? $r,2 ,?)h,1

G. 
r 

(,,r ) is the c ìassi cal

'ï 
*..o .,') z Kr(z)exp

178

(7 .4\

(7.5)

2to

and

ro(v))f

t =|trr,z ,20)'"

spectral I ine shape,

where
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KO, K, are modifjed Bessel functions

and the parameters r1, r2, 13, 14, e and S are adiusted to

match the classical ìine shape.

This model is not prefered for systems that have considerable

dimer contributjons because the spectrum has to be caìculated for

each interactjon (free-free, free-bound, and bound-bound.) . l,lóreover,

there are many parameters to adjust, and our philosophy is to decrease

the number of parameters as much as possì bìe in order to compare

ìn a physical ìy meaningful way the theoretical spectrum wjth the

experimenta'l , not just to fit 'i t to the experimental spectrum.

As a test, the BC modei t,ras used to calcu'l ate the

translational spectrum where r1 and r2 can be calculated using the

fol lowing equations

/ r (co) d, = t (7.6)

¡{- = (-i,n an c(v) , ^ = r' ,,,n r tt¡) d,¡"n \ ¡/ 
âyn 

I t=0 :_ 
a I \

With Eqns, (7.3) and (7.4) one can find

s=Ho

u^= I (r+rl+ll¿ 1L1 2 ' 'fl 12'

(7.7)

(7,8)

(7,e)
2

T,*
2

nq=(å*rB;oa-6+-6+
' L'2 '!'z '!'2 '!'z



*1Ã ro *--lr'ro 
-o 

.r.in 16

26 3 ._ 5 ." +_li) Mo,(7.10)
'i,'z 'r'z , !,2 , !,2 , 

Lr z

So, if the values of the first three even moments are known, S, rr
and r2 can be determined.

To make it easier, instead of starting by solving an equation

of the 7th order, one can start by solving for r1 and r, cìassìcallY

at first, to the first order in h, where

-t
c(v) = 1 + i r 0 - t' I *

'r'2 z '!'z

. t4 tl + t2
I _ __;-------;_ .f ...

Lí,"

?
+v

t-
2

. tl * tz
'0 2 3'r'z

ll2- I

',0 ,lr2

M, r. * r^+_ ^ L ¿

F: - '-Z-3-u '7'2

Solving Eqns. (7.12) and (7.13), one can fjnd

- z - Ilo ,1 M4 Ho r\' 1 - q'3-;l - l/
L

From thjs, one can easìly find the relations:

, =Mo IzVl

(7.i1)

(7 .t2\

(7.13)

(7.14)
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Starting from these values for t, and r2, and using Eqns.

(7.7) and (7.8), one can fjnd the values of r1 and r, by ìteratìon.

0nce these three parameters are known, Eqn. (7.2) can be used to

cal cul ate the spectral ì ine shape.

For comparison with the experiment' the rotational spectra

used 'i n the previous line shape analysis,. with the values of A and

E kept the same as before for di fferent temperatures , were added

to the transl ational spectra,

F'igs. 7 .17 -7 .21 show that thi s method gi ves sati sfactory

results only at 203 K, but ìn general the I ine shape calculated by

this method was higher than the experimental one' especìa11y at

mid-range frequencies. Here we believe that MU begins to have an

effect on the profile whiie only MO, Îil, and M4 were used to calculate

the spectrum, The relative irnportance of the various moments change

with temperature and could explain the good fit at 203 K.

7.3 EXPERI¡IENTAL I'IOI.IEI{TS

Since calculations using classjcal line shape analysis

works better than usjng the BC model, we will compare the experìmental

moments with the calculated spectrum from the first method.

Tabl e 7.6 shows a compari son betvJeen the experimental and

theoretical zeroth moments for each temperature,

The experimental and total theoretical zeroth moments agree

in general for al I cases, but better for T = 250.5 and T = 203 K

than for the rest of the cases. But that does not mean a better

fit, o(total ) is the better overall measure of agreement.

The induced rotational moments are higher, the lower the
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TABLE 7.6

A Comparison Between the Experimental and Theoretical
Zeroth Moments for CHO

T(K) Theoì"eti cal (SR)

295 213.13

250.5 224.36

203 246.t2

163.4 279.26

130,0 326.67

r,|o {Åe)
Rotational

1.67

2.41

2.5

2.7 6

3. 91

Total Theo re t i cal

2r4.77

226.77

248.63

282.02

330.58

Expe r j men ta l

192.24 ! 10

227.42 ! 16

244.62 ! 20

272.4 ! 24

340.66 r 33

temperature, but the contribution of the rotational moment is small

in generaì for the zeroth moment.

moments.

Table 7.7 shows a comparison of the same type for hjgher

The error in MO and l'16 is very high at T = 163.8 and 130 K,

so we have Ijttle to say about them,

The agreement in M, is best at T = 163,4 K (" 2%) and vrorst

at T = 130.8 (33%) and about 127 for the rest. The values of the

higher moments are higher than expected at T = 163.4, but the reason

is obvÍous (Fig. 7.a) from the bump at high frequency shifts, but

the experimental error vlas very high,

7.4 CoilCLUSIoilS

(1) Hodeis for both the induced pure translational and rotational

scatteri ng '/Jork vrel I over a range fron room temperature

to that of the saturated vapour.
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TABLE 7.7

A Comparìson Bet\,¡een the Experìmental and Theoretjcal
Hi gher Moments for CHO

T(K) Theoretical (SR) Total Theoretical Experimental

295 t42 4018. 34 61'2t .87 5310.07165

Mq 0.7r00149x106 0.90413x107 (0.686076710.0s92)xr07

M6 0,4245418x109 0,58367x1011 (0.372034410,0s806)x1011

250.5 nz 3616.07 6461.61 5811.26144

M4 0.s760191x106 0.110925x108 (0.7541836i0.046)x107

M6 0.3056436xr09 o.ogoz2sxtol1(0.4181184r0,06816)x10i1

203.0 Itz 3221.32 5645.73 5003,38i23

llq 0.4538272x106 0.77901x107 (0.450861410.0156)x107

t4o 0.2031772xt09 0.38928x1011 (0.189096610.0209)x1011

163.4 ¡12 2981.86 5299.11 5356.021832

H+ 0,3806209x106 0.6388ix107 (0.2139319r0, 209t77)xr09

i1o 0.14434x109 0.27006x1011 (0.i34714910.13469)x1010

130.8 M2 2899.9 5777.52 4242.89

Hc 0.34689x106 0.67762x107 (o.zgz3266to.2307)x107

Mo 0.0000726x109 0.24431x1011 (o.74z1zsg!0.71824)x1010
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It was essentiaì to use an effectjve potential appropriate

to each temperature to reproduce the profì le wel I . For

exampì e, at 130 K, the di screpancy between theory and

experìment is as much as 40% if the effective potentìal

is not empìoyed. These results provide ân .important test
of the Rl'lK-potentiaì for CHO .over a range of reduced

temperature from 0.7 to 1.6.

ïhe values of the three parameters in the pair polarizabìlity
giving the translational scatterìng have not been adjusted
jn calculations, As a result, the vaìidity of the scal ing

of the parameter B has been shown to hold approxìmately

over this wide temperature range.

The fact that the vatues of A = 0.88 Å4 an¿ ¡ = 2,5 Ã5

result jn a reproduction of the induced rotational spectrum

at all temperatures unequivocally confirms the applicability
of the long-range model of the induction mechanism.

Although a rough model was employed to represent the bound

state profile, the agreement '/rjth the experiment r¡¿ith no

adjustabìe parameters is impressive up to a dimer populatìon

whjch changes the zero monent by 86%,

(3)

(4)

(5)



Fj gures 7 ,I-7 .5

The experìmental spectra for CHO-CHO at T = 295,250.5,203, 163.4,

and 130.8 K respectively,
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F]GURE 7.2
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Fj gures 7 .6-7 ,IO

Fìgures 7 '6-7 'LO The experirnentaì, totar theoreticar, (transratìonaì
+ dimer), and rotâtjonal spectra for CH*_CHO at
temperatures of 295,250.5, 203,0, 163.4, and

130.9 K respectively.

. The experjmental s pec trum,

- The total theoretical spectrum,

6 The theoretical translatjonal plus dimer spectì"um.

ì. The theoretical rotational spectrum,
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FIGURE 7.8
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FIOUBE 7.10

T=130,8 K
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F'i gure 7.11

The experimental spectrum at 130.8 K with theoretical calculations

performed with an effective potential appropriate to 295 K.

. The experimentaì spec trum.

- The total theoretical spectrum.

The theoretical translational p'lus d'imer spectrurn.

The theoreti cal rotational spectrum.
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F igures 7 .12-7 .16

Fìgures 7.12-7.16 The experjmental , total theoretical, and translational

spectra ìn the range (o-so crn-1), at T = 2g5, 250.5,

203.0, 163.4, and 130.8 K respectìveìy.

. The experimenta l spectrum,

- The total theoretjcal spectrum.

The transl ational s pec trum,
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Fì gures 7 .17 -7 .21

Fjgures 7.17-7,2I The experimentâ1, total theoreticaì, translational,

and rotational spectra at T = 295, 250,5, 203,

163.4, and 130.8 K respectjvely, where the theor-

etical spectra vrere calculâted using the Birnbaum-

Cohen mode l .

. The experìmenta'l spectrum.

- The tota'l theoretical spectrum.

E The transl ati onal spectrum.

* The rotati onal spectrum.
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CHAPTER 8

CONCLUSIOTIS

The spectrum of cojlision-induced Iight scattering of

molecules can be accounted for by the free-free jnteractjons r,/hjch

contrjbute most to the lovJ and mid frequency ranges, the bound-bound

interactions which have a narrow feature at low freqirency shifts,

and the col I jsion-jnduced rotational scattening which accounts for

the intensity and shape of the spectrum at high frequency shifts.

There could be a strong overlap between the translationaì and

rotational spectra as in the case of SFU, a moderate overlap as in

the case of CFO or as in the case of CH4, the rotatjonal wing can

clearly extend beyond the translational component over a broad

frequency range.

in

1.

This thes'i s dealt with the three kinds of interactions

the different frequency ranges and these are our conclusjons:

Line shape calculations for coìlision-induced translational

(free-free) scattering worked very well at room temperature vJhereas

at lovJer temperatures, it held only approxinately because some

of the parameters can be temperature dependent.

The bound-bound scattering spectrum was calculated rough'ly but

the agreement with the experinent ìs impressive, even at lor,rer

temperatures vrhere the dimer intensity contribute about 45% of

the total intensity of the spectrum.

The higher order polarizabi lity tensors that r,re re taken to

calculate the collision-induced rotatìonal spectrum accounted

2.

J.
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vlel I for the intensìty and shape of the rotational spectrum,

hjgher order poìarìzabiljties were not usually necessary.

4. The spectrum of coiIjsion-jnduced Iight scatterìng of molecules

can pìay a role in developìng intermolecuìar potentials, as for

the case of SF6-Xe.

As mentioned before, the theoretical calculatìons depend

on two important factors, the pair po'l arìzabiìity, and the form of

intermolecular potential. More detailed conclusions regarding both

can be formul ated.

1. The model for the pair polarizabì1ìty with no adiustable parameters

worked very well at room temperature for alI species.

2, At lovrer temperatures (CHO), the model for s(r) stj lI worked,

but there was some discrepancy between the theoretical and

experimental spectra because some of the paraflìeters, B and rO,

were fixed, vrhì le it is bel ieved both can be temperature dependent.

3. The HFD potential is a suitable form of SFU.

4, The form and parameters of the intermo'lecular potentìaì have

to be known for di fferent ki nds of i nteracti ons i n order to

determine high order polarizabilities accurateìy, as in the case

of SFr-Kr, SF6-Ar, and SF6-Ne.

5, In calculating the theoretical spectra at different temperatures'

it is important to refine an isotropic effective potential at

each temperature as in the case of CHO.

6. It is not recornmended to combine two different potentjals fon

two different molecules to get a potential for the mixture' but

if there is no other option, the combination rules by Pena work

better than just the sinple combination rules.
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A summary of the propertìes and potentìaì quantitativeìy

specified jn the thesjs is as follows:

( 1) The âverage val ue of the d ipol e-octopol e poì ari zabì ì ity for

SFU ìs E = 10.7 t 2.5 Å5,

(2) A new 142SV i ntermol ecul ar potentì a l for the SFU-Xe mì xture has

been deveì oped.

(3) The average values of the dìpoìe-quadrupoìe polãrizabi1ìty A

= 2,5 t 0.3 Å4, and the dipole-octopoìe polarìzabìl ity E = 2,5
oÂt 0,3 A" for CFq, agree with the values obtained in this

laboratory and give a spectrum whjch fits well the experimental

spectrum.

(4) The average value of the dipoìe-quadrupo'le polarizabjlity A

= 0,88 t 0.03 Å4 for CHo, which agrees wjth the vaìues reported

earlier in this ìaboratory and with the gb injtio calculations;

the average value of the dipole-octopole polarìzability t =

2,5 ! 0.26 Å5 ro. CHo, agrees with the value obtained earlier

in thi s I aboratory.

As for future work, we recommend:

(1) Quantum mechanical trajectory calculations of the spectrum are

necessary at iower temperatures.

(2) I'lore refined potentials are needed for tetrahedral molecules

and their mixtures as done for the cases for SFU mixtures.
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