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'. W phoun tount1ng systems

i Anslmcr e
The polnrized or 1sutmp|ccnntr1but1ms to.the mmy syw-trlc
(ul) v|hfratiqml Raman, sp:ctrn.of methane nd carbnn tetnﬂuonde were B
leasured in the 1iquid phase a'lnng the Hun vawur :ﬂ-ex(stenu “ne fmn
the tr|p1= point to the cr!tlcnl point in-each case. Atunuan ‘ns foensEed
t spu:tra. (1) the 1|na

qn t_nreg_ pr(nciul ics of siugle
uidth 1.e. 7 the full wMth at half maxlmm\, @) the’ sM ft in peak frequency

\uaht've to tm! at th! triple puint und (3) the dggrae of asymmtry ohserved i _:

'-shtpa. Liuht from A

n case of methma. tha Hne uldth rem!ns
practiulLy constant fmn the, trlp\e puint to t.he boﬂlng pdint nnd 1m:reises
from the boiTing polnt onwards to the eritical’ pu1nq. uhﬂe ln\ se of w'bun

“ “tatrafluoride the ine width is Iaxlm at triple point and decnases up to

the boiling point and anemrds “remains mstant uw to the crit-l:ﬂ po!nc.

“ The ubserved ‘variation in Tine wldd\ can be =xp'lalned on:the basis. of a

hydrodyhaic - tbeory o' vlhratlurml dewusing due to HiTTs and Madden. The
“‘relative Raman frequuu:y stt has been fomd to ~ vary Hnearly vl.f.h\dens‘lty'

-s previ.uus'ly obszrved )n s{nnar gas phase experlmts. In' both ‘the aniu‘s *

tha &sy-gtry 1n Hne shwe 1s nbserved to be in nppusne sense, at ‘the trlp‘le
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aman scattering techniques. Interest has focussed

tion of :ne rntm onal degms of'

poient1a1 'a's‘w‘e s the varicus re'laxat'lon mechanism;

hwo'lved !rre pure vibraﬂor\a\ Ramtm spectrum can. be rggarded as.a relatively
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o SaaTd @ Ny ik - . s \
. o 25 motional narrouing. However, for the particular 1iquids,studfed here

it 15 concluded that this mechanisa Ts only of minor fmportance. A brief
_presentation of the arguments leading to thts conclusion ¥i1l now be given.
A Raman Q x;rancI; consists of a serfes of clnseiy spa‘ced Tines encompassing
the mplete set of mtuthnl! shtes of ﬂl; m]“ﬂ104 In most molecules
the difference hetum s and B* (where B,' and B, dre the rotatidnal
consunt§ fnr tﬁe vibrational -'Ie‘«e!s ' and u") fs so: small: that the Tines
nf}he Q branch cannot be resolved, except at véry low density. because of

the' nom'l pruﬁsura brolding of .these 1mﬁ\/1duu'l compunents. 02

between vihration and ro/tub!cn. A’Iekseyev and Sat'(unnn (1969) and Iater on
Teﬂin and Bursht.eh\ (1976) have given.a theoreﬂul mnmnt of the effect

: 3
and have shown thnt the full’ ma- at half -m-u- (rwmq) ris S

kT3 .
T = 200, v)"(— )2 o

uhzr! pis the gas density, 9 |s the :mss-sectiun far the sutteﬂng with
change of rotational state, V is th: avenge theml ve\odty. a, is"the

tatio Stant.

B ls the equilibrium rotational

“the Bo'ltzmann Wnstxmt and T is" the tempenture - From equaiion

vldant that the w(dth dacrensps as d:nsfty 1ncuasu‘~ At very

: been measunn ty C1outer and Ki:fte (1977) frbm the' tr1p'le ynint to the

; :rit‘lcal point. At 77 K they found_ the uidth to be 2 GHz. Bruecl ('(977)

has ca!cuhted\thenretlca'l'ly the 1|ne mm untﬁhuﬂuﬂ due to mtianll'




& S

I

fraction of the total width of 2 GHz.. Therefore, it is clear that motional
nirrmting can contribute to the 1ine width up to very Myn aans!ties |n some @
Hquids. On the other hand it appears thnc motional narming dnes not .
mntr‘bute slgﬂﬂcanﬂy in th: case of the mtal!y symmétric v vibrational .
mde of 1iquil O, The reason for this can bé attributed to the value of

of (see £3. 1.1). " For Nys a2 1s (0:0187) en™2 (Warghese, 1967) ‘and for

CHyo 0,2 s (0.0038)2 cn”2 (Jones, 1972). That fs, in methane-the Q branch

components are much ‘more closely spaced than in "2' so that the ntionﬂ

nlrwulng occurs at a much lwep’densny. T'he Tine width of the \)1 sylletr"lc '
mode of CNA hls heen leasured h]&]:’jlzments (1972) to be 9 vGHz at.a density

£

L wk Sy W S i ok
W e In the band shape pmblen one, in prim:!p\e studies exgerhenul 1y_ :
the respmse nf a system to-an external ﬂeld which is wukly mupled to the .
systel Because the response of a-system toa_ spedf'lc ueak probe 1s b

directly; related to 3 correlat fon fmcﬁon varfous snecms:opk tzchniquus
‘can be applied to masure syuhl and t!me dtpendent corrﬂat'w functions. ’
uuan spectroscopy is utﬂized to nhsar\m the d_ynulcs o? v'bratlnni'l energy’
tnnsfer ina l|qu1d systeu ‘via the vihratima‘l corre'lat!on fnnctinn.-~ms )

. correhﬂnn fum:tlnn is ahn(ned by the” Fnur(er trlnsfom 9f ‘the 1sdtmp1c

scatt:rad 'Hgﬁt and desr.ribes cnn!r{hutinns 2

component of vibruﬂ i

or energy

. from ('I) the loss of uhg;e coher c:. ind (2) pnnnht(o

k r!]nxntlon 1nvnlv|ng the particular excited sute. The nchnn!sn ‘of dn-

phaslng I’ni' a dilute gas- is simpler, than for u~11qu|d. " !n a dilute gas,'the

v!bratlnml wave. function’ of a‘molecule can be " described by. i{s,quir‘l’:m state 7
and an'over a1l phase. The elastic collisiops give rise to phase shifts-and.




,ma!eclﬂes, The phase nf the. wavefunction,

- distribution. of values between 0 and 2r. -

‘Hquid (n the following uay. The. environment causzs a slight perturbatian

B fvequency‘ The perénrbntions. however, -are assum:d to be toa small. to

. "the transfer of thraﬁona] energy tol externﬂ degrees of. freedom B R

of “the dephasmg pra:ess. Though a1l these prncesses may occur, the

tjwe inelastic coHlsinns to popu]atwmrelalaﬁnn. ln A dilute gas, :o]Hs1ons

“can be assumed tn be mainly hinary and Tn’ a ‘series of su:h mleions the

pnase wm change -by’ different amounts, Th|s vn'l] depend nvun tne

i nrientatwns, relative momenta and the 1mpnnc paramecers of'the interactlng

1 \éséits correlation w!th’ its c

1n1t1 al value after a safﬁ cient number of e1astic co'l‘Hsinns Thus for an' -

ensembie of mnl!:u1es the phnst of-the wave Func;tinns‘ will hqve a rgn;qnm

\Tnis_ is éal_’led phase relaxation; or

dephas ing. St _‘\' . %

.. of ‘the excl l;ed oscillator, causlnq it to vihrate ata, -s'light\]y different

induce a sign'ﬁcant ‘mmbgr of transit! ons hatween vihrutlcnal 1avels. As’

a2 result the correhﬁnn function <q(u) q(t)> describes the_rate at which

. the ensemb'le “of oscﬂbtors Toses ﬁnase coherence, where'q (s ‘the v1hrat1ona1

'conrﬂinute._ mth respect to popu]ation rﬂlxatiun one nnnnn'”y ums!ders

(transmional and/or rntaﬂnna‘l) In case'of the pear resonance’ :nndition,

the \energy :uu'ld also be transferred to ann\‘.her fundamenta! mode. of. the v

2 cn'l’lislan panner. In: addmnn “the prncass ‘of resonant transfer of-energy. / J

from one vﬂ)ranonally excited ma!ecule to the sane vibrational node of a

" ned ghbouring mﬂecme us t-be mentioned, but. is normally treated'as 4 part
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¥, vibration at'2939 ca”! was found to-be's ps_and 1 ps respectively ;. rhes'e -

p measure “the energy relaxauon

A detailed Peview article by ‘Laubereau and KaisEr (197&) gives the

i seen from. the study ¢ af the b1nary mixture of CM‘,‘(:C'I3 and-CD400 by Laubereau

As pointed out ‘above- vibrational relaxation consist of. the processes |
of (i) energy ré']axation and (it} pﬁase‘ re'laxat(nn. In convent(onal Raman;;

spe:troscupy it is no

ssible to separate out these processes, 1.e.. to %

ine Tf and dephasing tine 7. However, R g
they can ha measured separataly us!ng pir.o secnnd pulsed Tasep ter.thues,
expeﬂmentn] and tneoretical resu1ts fora: nwnber of mlecuT!s. It has‘ been
~Found that usually L >> 12 so that the Hne widths 'In v(hratienaT spectra

.areé minly det\zmined by 12. “the. dephaslng time. “For’ instance. in f.he

Hqﬂid Ny fat 77K) 1 1'2 is’, 75 pS and 7y~ 180, However, T “and rllare g

cmparab'le for many' argani: 'Hquids. fn these cases Mzramn'lech ar

pmcesses may pnv1de al ternative and more efﬂclent reutes for d‘lss|pat1ng,

the vlbraﬂnnal enzrgy. An* exampla of this type uf energy trans fer ¢an .be

g \ (1973) The measured 11 and T, for the mmetric CHg stretching i

au nrs showed - that a "quantum, of energy from* the CH3 v{bration decays (ntu T

1

a C D vi brinnn at 2227 cn n‘lth the residua'l energy hedng taken up. 1n a

"C=01 vibrationat 713 e ' : ’ o
& W 8 ¢ K R iy

To stud'y t"i moTecular mat"ﬂns it {s necessary to know how the dlyoh :
mnment b av\d palariuhi'lity @ respond - to changes An-the vibravnnah :
or1entatlona1 and trans'latinnal canrdinates af a- mo’l ecule and a'lso m changes
in the coardinates of surmundlng mo‘lecu'les. Intemo’le:u'(ar inter'acﬁuns

a]so cause: ﬂuctuatinns in B and a and their 1nduced effects detemine some

| features of 'the carrelatlan funcunns.




’ N A ' I lean scattering expgrlusnts,-broa&en!ng of the Hne‘-shape ;;e to
g rotation contributes. differently to the polarized and dépolarized Rasian band*
cmponents TMs alhns a means for szpanﬂnu the re_«:ﬂenut!nnﬂ from

the nnn-reuruntatlnnll processes cnn‘tﬂl;utir;g'~tn the band shape.” it is

well -known, that the depolarized vibralional Raman suuertng lntens{ty s LT
determined by ‘the Anisotmpy of the po\'ariz‘bmty dzr!vativ: tensor. uhne

b ¥ the pohrized scattering results firom:contributions due to both, !satrapic B

. and anisotmpic cmpﬂnents. . 9 e ¢

% ; . Naﬁe and Paticohs (72), lssumed that the vibrationa1 relaxazion

1: "the major non~renr|entlt1nnl1 braadening m;ahﬂnim and. der’lved the.' . . LN B

express(ons for depolarized and po'larlzed canponents of the vibrat(una! sadiet

vF : Ianan suttered light. Thair theory is outlined beldv. - Gordon (1955) has

shmm that the intensity of scattered radiation. *nr an isolated uﬁented

£ : molecule is g(ven_hy Sk .
: - 5 2l Tk g
5 LY () =\A(-,'- L P Lt o,g[fqe,g"es|f>_x B
i ] QL R B
(‘h [ 13, v)lz 6(-*|»fwl‘) o . :A o

-where A-is'a constant of proportionality, "I and 2, are the frequehchs
associated with the 1nc1dent 1ight and the v namﬂ mode: of vibraﬂnn
3 ; 8 respectivﬂy. ‘I and € c‘ are the pqlaruamn diracﬂans ‘of t}e |ncident
L el i and” sclttered Iight ‘and ¢ 1s ‘the pn'larlzabﬂ{ty tensnr of the maﬂuln. T
) “fand f !abe‘ Lhevinmal and final states of the system, oy ! 1s’ the :

Bolumann factor guvernlng the popu'latlon of. the inftial states nnd.
i Y Io > a/nﬂ |¢b '>are -the eigen-kets of the |nlth'| and final grnund state " )
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. vibrational wave functiops. g
i ! .

. Nafie and Peticolas (1972) introduced an additional term describing
intrampletular and Mtemoi’ecu‘lar\vihratinnal relaxation, as wel) as random
vibrational frequer\cykf'luc‘tuagiur;s. This accounts for the principal broadening

" mechanism for‘kam_an line shapes when the eff‘ects‘ of reorientation have.either -

-~ been sepa‘ra’ted or are no’t present. Converting equation (1.2) from

1 Schrodinger picture to Heisenberg picture they shoved that
R s . E

RIS PR rv(/m-‘é () . .

R Y e ® (.3
and Tiniso = Tw o

4 v(he?)dvv and Ty, can be expressed as’ S 3

Al W ey o 5
PRIRLY Y,

T . / V . Con
' 5/ - <O (0)QV(E)> yqp 4 fut g, -

" ;
L Aoy " %)-4 »
Cwet T F

$ L e )

<(@)? 7 &5 LY (0) B (0) By, X
o (1.5)
< Jat °
vipe
v v Lo B 35 A
. The tems o’ and 8" correspond to the division of the polarizability g into
SLE £ e : Ve
its average ~' . R . ¥ . 5 .

. ‘af;—Trg‘. s e (1.6)




and its traceless anisotropy

E g'=a-al 0.7
The term <Tr[B(0) . B(t)]> is the rotational tanslation correlation

function and the tem <0°(0) Q(t)*> ;. 1s the,vibrational correlation
function. 1In Iyy(w) and Iy, (), V and H represent the vertical and

horizontal- directions of polarization.
Using equation (1.4) and (1.5) one: obtains x -
Iyl - F Iyl
Lgolw) = -0
4
ST gyte) - e
/ 1 ool

(o) Q(t)> g 't at (1.8)"

and the.vibrational correlation function can be expressed as 5

¢,(t) = @°lo) (e)> = r Lglwe ™t at 01.9)

Kubo (1961) has developed a stochastic theory of line shapes and

elaxation phenomena. -He considered the motion of an oscﬂlar:nr and showed

.
/‘Q: he-aqplitude of modulation & can be expréssed as

& = [ w2 Ploy oy = <oppt (1.10)
and wlt) = uy + u(t) {1.1)
vhere u(t) represents the fluctuations in the frequency, the aversge of
which is zero 2 -
i.e. T =0 $ ) (a2
g s N
’
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Kubo (1961) defined the correlation function of modulations as

WLy e o> ‘ 0

then the ‘correlation time T is given by

s [ ot (RD)
[

s
It was shown that when A.t <<1, this is the condition for fast
modulatioh and 4n the Timit A.7_+ o, the 1ine approaches a Lorentzian
form in which the half-width I' = Azxc' and when A.x;>> 1, the line shape is -

. Gaussian. * ‘ E %

The corresponding expressions for Lotentzian ‘and Gaussian shapes

respectively, are as follows

= 1> r
1 ) Sl 1.15
(wme,) = 3 _2'_2_) 7 (1.15)
and . . '
(w-w, )z
1 o
Husp,) & S - ——1 s 1.6
lisy) on & Nl : flie?

.
Rothschild (1976) considered the vibrational resonance energy trar}sf:r and
dephasing in 1iquid K, ;|d has shown that the Kubo correlation function can l
be writteh  (in case of .fast modulation) as ’

\

(t) = expl <ty (012> [xFlexp(-t/p)-1) £ ¢ 111 aan
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. .
[m quantity 0? (0)2) is identi fieildlh the second vibrational

woment e <luy (0212 = (,(v)) "2 uhere.the second spectral moment of the
{sotropic band shape is given by (Kubo, 1951).

Lo () Luma 1 di

o (1.8)
_[__ Tygo(6) do i

Mylv) =
Taking the Fourfer transform of equation (1.17), one obtains

) 7. R i | ;
I e U (1.19)
& o T (cz]‘['l + ot xvz] .
where T8 ;—(:—)— &
- Pplviv .

band centre and T, 15 the vibrational relaxation time. By measuring the

wds the angular frequency displacement from the

I‘SOKN). it is possible to detérmine vibrational and Kubo correlatfon |

times (z_), to decide whether the 1ine shape s Lorentzian or Gaussian

- s
[Rothschild, 1976]. However,in.the présent work, because of the experimental
. £

“difficul tiess this was not possible. .

The fsotropic Ranan Tine widths: have been measured for & number of

molecules: Most of the workers studied these molecules mainly to sepan% 2
» .

vibrational from t r As far as is known to .

_the present author, except for Clouter and Kiefte (1977); na masu}eme‘ncs

for the @otropic line widths of the Raman Q branch from-the triple point

to the critical poipt have been made. + A'surve of all the molécules

studied so far has been made by Oxtoby (1979). It is important to study

3

Tt S e




=11 - ? .
s !
Tine widths: in the entire range from the triple point.to the ‘critical point
s’(n‘ce the varidus molecules behave quite differently over this range. There
is no canplete theory available for. the change in line width from triple
point to boiling point, neither is. there a cum)irehené_ive theory found in
the 1iterature for the ohserred cri;‘ical anuma\y. The main purpose.of this
work is to Study how the Tine width varjes with temperature in case of ’
saturated 1quid CHy and CFy ahd to comnent on aspects of the theory. These
mo'lecu'les are theore}lca]l,v simple:since they be!qnq to the spherlcany
e symetric Ty ‘group. ' e i g e e

1.2__Critical Phenonena Cee

'_ Since this thesis mainiy‘ describes  the cr?ricﬂ anomaly, a~brief .
Introduction of critical phenonsna wouTd not be out. of place. ~Critical
phenanéna ave caused by a balancing out. of.the effects. of short-range
intermolecular repulsion and very ‘lm\g range attracﬁun. sThe cri tical
temperature is determlled by the cnnditlnn tnat and ——’2’— both vanish! - The
phase below. the critical point is an ordered phase It dan be chnucterlsed
by an order parameter that gmzs to zero- at the crihlcal pnint. The response )
function of the order paraméter divergés at.the critical pu1nt, which )
indicates that the system has. redched a 11mit of 'stability. Ir| t‘luids'the
‘order parameter is tne density d1fferem:e from critical density [ ™ .
3 response Function is the derivanve of Yensity with respect to pressure..

It -has heen tried to explain cr1:|ca'| phenumena w|th the helv of, v:r'(tlcﬂ ,'

exponents 558

Guggenheim (1545) plotted reduced density (p/p )vs T/ for.
T-=-




22 -

were found. “ since then B has been measured experimentally by a large number

of authors. It.appears to have a vahig of ~B.§4 “for ﬂu\'&& The other (\J
common critical exponents y and y', are defined by . &

Ryt L1er R
ST e el
Y AFAN

where KT is |sothema'l campresslhﬂity And K.r { ‘wh'ich is-the :

cumpresslbﬂity uf an idea'l gas of density o Tt Ts T 4] Stanley (1971) hgs

y descr\bed. in detaﬂ, all the critvca] exponents and has discussed their "

theorehcai and exper menta'l vﬂues. .
s EE

By virtig of che.di:vergencé OF K; at. the: critical point ‘the Tow arigle
scattering becomes very 1arge as‘:the critical p'o1nt'»is approached in the

one phase, region. This anomalous critical scatteringwith visible light

Cis km;wn as.critical opalescence..” Physically it can be undérstcud as-follows
As the compressibility hgcomés Targe, Tong-wavelength density fluc;uaiicns w
are, a'l’lnwed to grow tolarge ar'nplitude Fomatjdn- and di§mpt10n of - «

'f‘lickeﬂng clusters of -10% 10 molecyles from the' 1ucus of equﬂ!brmm

separaﬁun takes ‘place. These clusters are nf such a dimens!on that they

may 'scutter at opucal vavelengthsA This i3 seen by the appearence f the

stypical milky co!onr. A vay nf ﬁe"ﬂbmg these phenr/mena is by means of.
the corre]atiun function: G(r), which measures the extent to which' the 1uca'| . .
varticlb densities, a distanne " apart, are oorre’lated 3 Ordinanly the " ;
range | of G(r) is the correlaﬂon langth & (Orestem Zernike hngth) Be!nw

the critica'l tanperature E is of the order‘ uf‘ tlle range nf the., ‘inter 'ﬁon

between the particles. Ne
it S % -

the ori tn:a'l pa!nc g d{verges and, the’ Fourl er
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transform_¢f G(r), the structure factor S(Q),

At the critical point S(Q) diverges for small' wavenimbers Q.

of the medium,

1.3 Recent Theoretical Studies
“ N - R , i .
. In a series of papers Hills (1978 a, 'b):and Hills and Madden (1979) °
5 ) have developed a theory of vibrational.relaxation in Tiquids.  They used.a

cont!nuum descri ption of the ﬂuld surraumﬁng a vibratiunally exclted

mn‘]eclﬂe. It was Shown that the v\brationa'l'ly‘ excited prube mn'(ecule re\ axes’

through lntsractiuns w1th‘the dens(ty ﬂuz:tuathms (n the surPnundlng so'lvent \
)

num “The interaction decirs: thraugh aspotential’ vL(u) The range uf

VL(Q:, terid uh{ch”' foliri mponents of the densn:y f]uctuat!ons nre

- most’ effectlve in causing vihrationn rehxation. These authurs obmned X

F express1uns for the dephasing time and also fnr the energy re'laxat!nn time« A

in terms of the dynamca! stru:ture factor S(Q; ). A furthier discussion
. of ‘this theory ¥s give in :hapter 348 o b, S, O M :
Y.4_Thests Qutline - - ; Gl L e
& K  The ‘second chapter of thls thesls deals ith the: experlm\zntﬂ apparatus

' and technique. “In this chapter the. apparatus has been briefly described, us

it has been d!sr.Mhed ina number of other theses from thls degutment

Chapter. HI cons!sts of the- resu‘ltsund discuss(on. Two 'Hr|u|ds

T 2 nnmely m:thane and carbnn tatraf!uoride vere studled Their isotrap|c >

T vibrational Rasian 1ire wldths and frequency shifts were abtained using the

i apparatus'describ:d 1n chapter I An attampt has heen made to explain the i

7 ‘ observed fl(ne mdt_hs “frof tne»boﬂing pnint=-to the critica'l point using the

|
B . N . ¥ 3

5  theory of Hills and Madden.(1979)." The relative frequency stt nas~i|so

Jbeen explained on the basis of theory proposed for gag ;_zhase.‘ It has not )

" “been possible.td explain the 1ine,

point-2s no'.

t-and near the 'trip
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-, . .

ol - theory is ava1]$h12 for this phenomena: in the 1iterature. It is not unlikely,

"~ . however, that this effect“is associated with the.gnset of short range .

orfentational order. : g




_,arrangement bf ‘the appa 'tus used |s shnvm schemat(ca'ny n F{g. 2 l Tha' P

S
+ : CHAPTF] - 11 %

* EXPERIMENTAL APPARATUS AND TECHNXQUE /i

2,0 Exgermentﬂ Aggaratus i

Te work in this.thesis involvas measuresdnts of .Rama?ctra of "
. i a

. aturated 'Hqu'lhs asa functio‘n of temﬁbratdrm In order to gérey out the

measurements ‘the -seurce uf 1nc!denc rad‘laz‘lon us:d, was-an Avgon fon aser

he: photun mmting system eonsi?zs of a con!ed I FH L‘m

5 Photomultfp’lier tube, as a hasic deteccor 'fol'lowed by an -amplifier/
’ discrim(nator I?rincewn Applled Research, MudeI SSR 1120) and a:Data

Acquisiclon and: Stabmzation system (Bur'leigh mdel DAS-!) The nvera'l'l

; theses (Morgan, 19 A)Inad 1977 Gammon 1978. and AH 1973) from

given here. . " . T i W v B K

_this’ depurunent. T reforg,qnly g brief account. 9f the set-up wi]!’ be.

PR

A2.1 Llaser - -4t e Lo PR L,

; N T N e T i ]
' The Argon’ ion laser, used:in this work, has'd \oud_ stability. and a

‘narrow Tine width in its output frequency. - The -avérage width=of the laser"
1! uency erage ) laset
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Tine due to high frequency 'fitter' was found to be about #5MHz. This laser
essentfally consists of a gaé discharge tube, excited with a direct current

of about 254 and is placed in an optical cavity of length,1.18n. A prisn

1o the laser cavity was angled so as to 'Hm{t the Tasing to the 514.5 nm Tine
in the Ar* spectrum, The laser action of this line was confined to one mode
by using a temperature controlled intercavity etalon assembly. It was f;und
that 'mode hopping' vanishes after, wam(ng up of ‘a few haurs. ‘The beam %rum
the Taser was di rected by way of @ beam steerer and a-Tens at’ the centre of

the sample cel’l > ) 8 . % v % e

2,1 fheUguid cell

The' cell used ln the present work is quite sultable for studying ei. ther
a gas or hqmd sample. lt can withstand large }emyerature and pressure .
\}ar(atiuns." It has been desc:Ihed quy in the thesis of Morgan A1 {i976) andv
“'by Clouter gt al. (?9755. In the beginning of the experiment, the ce‘ﬂ was
found to Se dirty and 1eak1ng Therefure 1t ias taken apart f}n cleaning and
for remuva! ‘of th! Ieaks. The ce1'| is quite small (a cube =(2. 5)3 :ma) in
dimensions. 1t was necessary for 1t to'be of smal size in’ order to avoid s

+i) the effects of differentla] thenna'l expansion between dis imilar materials. -

(nvo-'lvad and H) o minimise thema] graﬂients. It 1s'vnade up of feCu nHoy
in the shape of a cube: -The scatteﬂng voiuﬂ\e was Tocated- at the %nter-

séction‘of thrée futually perpendicular heles, o, horizoftal and onie”

T vertical.: .The hn'les were closed' by giartz vlates. The four. quartz phm

were ‘gl ued (_using silicone-ribber vcement)to four meta\ plates. These wetal
\plates were sea1ed with an indium 0-ping. seal to the cell (clnuterg_ al.

1975§. considerable care was requ1 red in seaHng the windnws, to-avold the




“hree Bourdon-tube gauges and a rupturé-disc pressure fuse. A tube of

" at the top thraugh a vacuum n-rlng sea\ It was. fcund that the cell dH

"“two posts. . The heater us used in con:lunct(on withc Ga; As themmeter to

5 18-

development of leaks. After cleaning and rins‘g throughly in acetone
and spectroscopic methanol, thé cell-was assembled and it was found that there
was no leak in the cell up to 1000 psi.:

The cell inlet tube was hard soldered into the top of the ce“‘. This

inlet tube was externally Qionnected to the gas tank as well as a series of-

'Zé_;fler'dhnetar than the Inlet'tu‘be ﬁas inserted into the. inlet tube. This

was done 1o reduce the* vo'lume af the gus. The Inht tube enterad the cryostnt.

'not stny permanen :y at any ﬁxe},posltion.\ Due tu temverature and pressure
:hunges it could qo.ei thar up or.down- or even rotate. - To: overcnue this
problem:a suitab?e c'lamp was. designed and the cell nas rastened propar'ly 50

that it remained” snlﬂe and fixed. = - a

g 1 p]atl:‘nn msisnnce. themlle‘ter wWas nounte‘d on the cell-as c'lose as,
possible to the s:atterlng site to detemine the tmperlture of :he si-p1e. b3
To cool -the :el!. tbeml conta:t between- the celi and the cryosh!t was lade

¢ by two \hpper braids -'Mch were soft soldered to the two posts at “the top

of the cell, and extsnded upwards to a heat sink 'th: bottcll end of a heat

exchange column. ~ An e\actrlul heater of reslsnnce so Q was wound_on’ these

automatlcally guntro] the . temperature of the ce’l'l

Cryostat.

A schmatf: dhgrum m' the satnp1e ce'll aml crynstat ls shown' in ™

Fi‘g 2.2;- It isidescribed uﬂ'.h the. he‘lp uf dlagran as fol'lmls The gas mlet' :

S i St -




: 1. Eectrical feedthrough .. -
“ g Exchange gas port

3. “Nitrogen fil1 and vent R s
4. ‘N/trogen vent ey y
-‘thgan fm
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tube, which is connected to the scattering cell was surrounded by an annular
exchange gas chamber (7) and was insulated from it by a vacuum space (8).

A relatively large brass ring (13) was used to close the bottom of exchange .
gas column. This ring also served the purpose of heat sink. The gas exchange
chamber was surrounded by two concentric coolant reservoir!‘». the inner one
meant for use with Tiquid helium and the nu’ter with 'liqu‘id Ny Liquid
heldunwas necessary only to get temperature below 80 K, otherwise the lmner
cylinder was f11ed With diquidndgrogen and the other vas evacuated fn

the temperature region from 90 Kupv)‘ard‘s. The two_reservoirs were also

separated from each other by a vacuum space (8). The outer reservoir (6)

vas afso insulated from the outerside environment btyra vacuum space

between it ang the buter shell of the cryostat, A éuhe‘(not shown in the

Figure) with a heater vound around it also surrounded the gas inlet tube.
_Because of the temperature grad‘lent between the upper and Tower portion of
this tube, it was found that gas would condense in the 'Iower portion and #%
dmp into the cell, By switching the heatar on, the samp\e remalned as gas
inside the Ihwber portion of the gas inlet tube. The scattering cell was -
sispended in the tail section of the cryostat. The internal volume of the
cryostat was evacuated to 10™° torr, and the Tiquid coolant reservoir was
filled with 11quid nitrogen. The exchange gas was ei thszNz. or Oy 1t vas
found that up to 140 K,0, was a better exchange gas, but for. temperatures
above 140 K, N, was more suitable. The exchange gds provided the necessary
thermal link between the 1iquid coolant and the sample site v'i.a the heat
sink. The gas in the exchange gas chamber condenses near the cold wall of
the 1iquid N, reservoir (10) and falls to the heat s;:k (13) to which the
co61ing braids of the cell were connected. The sink temperature 15 then

.
reduced on evaporation of the condensed exchange gas. _A crude control could ¢
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be made by varying the amount of exchange gas.

The complete cryostat with the scattering cell (18) was vertically

suspended on”a metal’ frame.

2.3 Interferometer

For different samples, the vibrational Raman frequencies are different.
N

fience for every sanple one needs to have a filter passing only the Raman
vibration frequency of that sample. In order to ayoid keeping a large set

of expensive fixed filtérs, a variable filter is desirable. Therefore a

grating monochromator (Bausch ‘and Lomb, 500 mm) was used. The reflection
grating had a 600 groves/mm and dispersion sufficient to limit the pass band
to ~ 2.5 nm, when using s1it widths of 1 mm. The transmission efficiency,

with the polarization direction parallel to the grating rulings was ~ 60%z

The 1light scattered at 90° vas analysed by a Burleigh Model RC-10
Fabry-Perot interferometer. The thecry and the performance of the inter-
férometer have been discussed by various authors, for example Jenkins and

White (1957), Jones {1972), etc. Basically the-FP Interferometer consists

of two high precision) reflecting optical plates separated by a
distance 'd' and held parallel to each other. The equation descr&blng"the
,co.nd,itiun for constpuctive interference in a FP interferometer is as

follows: \

NA = 2dn cos 8 (2.1)

g
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Here N is the order number, A is the wavelength of Tight, w15 the
refractive index of the medium between the plates and 6 is the angle the
incident ray makes with interferometer axis. However, only the light
transmitted along the optic axis for which 8 I 0 was studied, known as central

spot scanning. Equation (2.1) becomes for n =1 in the air
]
N = 2d (2.2)

The order numher and transmitted wavelength could be changed by
varying the spacing (d). To observe 2 spectrum the scanning was done by,
making small :ontinﬂous varigtion in the plate separa‘t'ion with the aid of
three plezoelectric stacks arrarfed in a triangular;pattern behind the rear
reflector. The plate separation (d) varied 1ine"ar\y(to a ‘goodapvmximajion)
with the applied voltage to the pieza-electric elements. Proper alignment

was a critical factor in maxihising the resolution and peak transmission

- from the interferometer. Rough adjustment in plate separation and alignment

could be done mechanically. For finer adjustments a separate voltage to
each individual element was applied to control the orientation of the rear/FP
plate; this voltage was provided by the DAS. The DAS also automatically

controlled the the FP interferometer alignment.
The free spectral range (FSR) can be defined as the frequency interval
between the two consecutive orders of the FP interferometer. Thu‘é
FSR =2—fj (in Hz) (2.3)

wheré c is the velocity of 1ight in'vacuum. A1l frequency shifts and widths
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i
measured in this experiment were determined relative to the FSR. The plate
separation was obtained using a micrometer screu mechanism to move a ball
hEav“ing back and forth ten times between the p'lates'. This ball bearing was

connected to a piezo-electric transducer which was driven by a saw tooth

wave form. Each tine the ball bearing touched the plate a change was observed _

on the oscilloscope display. In this way a mean va]ue of d could be ob-
tained from several observations. If the width of tine was large, the FSR
had to be large, necessitating a very siall 'd'. If the separation betwean
the plates 1’5 less than a few mm, the k;a'H bearing device could not be used.
To overcome this difficulty a mercury. emission spel:.trum was used. If the
separation betwe;n two lines of the Hg spectrum was known, the FSR co‘u'ld be
easily calculated. t")h( ate the possibility of error in fndentifying the
Tines, thewavelengths of the Tines were Che‘cked’w‘) th the help of a Raman

spectrometer (Spex Spectrometer).

The instrumental line width (FWHM) is given by
o= B s

where the parameter F is known as the finesse. The equation (2.4) Shuwf
that the mh{(mum frequency spacing of two spectral lines, wh!ch can be
resolved by FP interferoneter is inversely proportional. to F.- Hence, for
maximum resolving powercand minfnum instrumental width, the finesse should
be maximun. A finesse of better than 50 was always attained; ' The finesse F
Jepends upon several factors; such-as, f‘intness. reflectivity and parallelism

of the FP plates.
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2.4 The Detection System
‘
The light transmitted by the FP was focussed with a lens on to a
pinhole placed in front of the photomultiplier tube (PMT). The PMT
used during the work had high sensitivity and a low dark count (- 1 per N
second), when cooled thermoelectrically to ~ -20%. The output of the PMT

was fed to .the DAS by way of an amplifier-discriminator,
. g
. | TheDAS-1 wis designed, prinarily,.to record weak spectra for use

with a piezo-electrically scanned FP hterferometer.e. It consists of a
multichannel analyser of 1024 channels .to accumulate “the data. The data stnred
by the muTtichannel analyser are’ aisn used ta mafntain yraper average plate
separa\‘.h‘m and- alignnent of FP plates. It generates the\ramp voltage. which
scans the interferometer platé.separation through a range of ~ 1000 nm. The .
samie ramp voltage also sequentla'ljy‘ addresses the 1024 charinels. ‘The optical
frequency passed by.the ‘lnterf.er:e@eter varies Tinearly with thg ramp voltage
and thus with channel number. The linear relation between érequency and
channel number is independent of the ramp wavefar_m. Data .acquisuion s
prohibited, by logic ci rc‘uitry,’ Idur'lng the fly back portion of the ramp.
wavefoms. Ty the ordinary mode of operation equl time is spenton each
:hanna‘l. The.tlme per chgnnlI can be adjusted from 0.01.ms to 9% ms. The-
DAS-1 also fincorporates a provision, known as the segmented»time base. ,I't
allows the ramp. to slow _dawn for a specified region of the gpectrum; This

helps very much-in recording the very weak spectra of CMA and CF‘. The

Rny'leiqh"line which was used as a reference line, is an 1nt‘ense"l|n'g To regnr‘d

this H!\E, “it was swept very fast but to record the two orders of Raman
line the sweepmg tﬁme in the reginn of Raman Tine wasGO to 70 times s'lcmer

N +

S
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since the ramp addresses both the FP and cHannel numbers, the disptay. remains

linear in frequency. *

The other special featu_re of the DAS is the drift stabilization. It
works by Tocking a narrow and fntense Rayleigh Tine (o other sharp spectral
feature) to a given posi‘tio‘h in the memory. After ;ach sweep the in;trument

- performs a comparison of the number of counts in-each half of, a‘prngramed
w’ndow and-any tendency of the chosen” Hne to drift frnm the ‘centre of the 4
window 15 compensatet for by:the appitcation of & mrecmn ptas foctne 1 5
pIezo -electric. elements cf the interfernmeterd ’Finesse optimization was‘

. done h_y a somewhat similar routfie as, that used -for dr'l ft stabﬂhatwn‘ .The.

» procedure fug.: finesse optimization has been hhoroughly descri bed by~

Ganmon . (1978). ; Kl . s s

The. spectrum can. be seen on the CRT display of the'DAS: A cursor’ .
of the CRT screen can he-pusnionéd to address any chanriel of the memory . g
«and the nunber of cmmts in that channel are di splayed on the screen. Mhen
cursor is positioned at channel zero, the total number of sweeps-made for

recording that particular Spectrun is-displayed on tne- CRT-screen. The : -

spectrun recorded by the DAS can be recordat on a strip chart recorder,” s
°
’ :
2.5, Technique
.'t T n The apparatus described above was used f.c record the spectra -of the

q branch-of the v vibraﬁ ons of saturated Hquid methane (CH“) and saturated
Hquld‘carhnn tetraf\unﬂde (CF4) at )eu;peratures fron the triple po’lnts. to

the critical points. The. éynlca] ‘gas samples were obtained. from Matbeson i
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Gas Products with purity of 99.99% For Cy and 99.7% for CF,. The vapour
Pressure measurements were made by:using a series oOf three -Bourdon tube

gauges (accuracies - 0.2% and 0.5%) n the range of 1 to 50 bars. These

vapour pressure r_ud'ngs‘ were used to adjnst‘the 1iquid Tevel 2 to 4 am

above the top of the window apertures. All the temperaturas were measured

employifig a platinm resistance theromometer and the values quoted for
“temperatures at the scat‘tér!ng site aré‘nccurute “to n‘el'l'umﬂn 0.05 K. The
caHbv‘atlnu of the phnnum r-51stance thermumter was checked by measur(ng
the bu"ing point uf methune. It was-‘further ver! fied t)ut with- tne Hquid‘
'Iev:\ in s(ght, aH tellperatures agreed within the accuracy. nf the Bourdun,
gauges , with those detemined from vapmlr pressure data of Chy (l(Bs Tech. .
Note 553, (1974)). Hom‘ver. it was djfﬂuﬂt to cum.nﬂ the Tiquid level

within 1 or 2 K of the critical point. Great care was taken to ensure that

“the 11quid Tevel was always in sight. When the spectrim vas being taken .

the high pressure part of the systen vas isolated by closing the valve on "
the top of ?osut. TMs minimized the gas volume and hence helped to

avoid losing 1iquid each time the temperature was nised The temperature
of the cell was automatically controlled in conjunction with a Gads sensor.
The stability of the temperature :ontml-\ﬁs lgnlture\d continuously by -
recording the output from a differential voltneter, . It was found that the .

tenpérature was stable within - 0.05 K during the. course of ‘an experiment.

* The incident radfation. beam pover was vn}ied from 50 my to 200 I;\H.

pu'larized in the d(recﬂnn pervendlcuhr to the scntter'ng phna. Since 3

. the spectrm of CF¢ was. very wnk the 'laser power. el\p'loyed was about- 200 m.

It wnk fm 15:t0 24 hrs. ‘to record a spectrum. The spectrim 6f C)l4 is
quite ihtense in comparison to that of CF4. Normally a 3 to -6 hr. spectium
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. was found' to be satisfactory. The scattered Tight was collected at an angle

%

of 90‘3 to the incident beam. A grating monchromator was used to isolate the
vibrational Raman Tines.:

. % "

The scattered 11ght was analysed by the FP  interFerometer, then

collected by the photomultiplier tube. The signal from the photo éube vas -
amplified and pulse shaped and fed to the scaler of the DAS<1. The. Raman
scattered 11ght was: very weak, hence' it ::m_ﬂd not'be used by the DAS for
drift ;tahl’lizauen or fi nesse‘nntimlza;‘tvlun. Therefore the Taser 1ine was
u;e& as.a’ »refere]ncé Tine, . A beam sp'hj_t_tgr vas gﬁ.ﬁmyeu to pa'ss’ a_fraction',

of  the beam directly to.the |n'terfer‘-pmeter. This beam was passed ‘qvﬂy fnr

| 2 fraction ‘of the"single:skeep tine. A Shutter méchanism, triggered by the.

DAS. ‘was‘used tﬁ control. the time interval. A1l ;he spectra were recorded by
keeping this laser line centered on the drift stabilization and ﬂnesse '
npt‘l‘mzation windows. A finesse of hatter than 5\; was always maimained.' _‘A mean
of tho orders f Raman Tines was taken. to neasure the shift and width of the
vibrational lines. The ‘;egmanted.time base’. ves always used. - THT% helped

in reducing the time to ecord a spectrun by a factor of &t Teast ‘two or three.
isince the »hdth of the vy symetRic vibration of CHy was qui;e large

(~ 60 to 120 GHz), a large free spectral range of 574.1 GHz vas used, while

in case of CFy a FSR of 23,812 GHz was used. Thé FSR had to be chosen so

that 1t“avoids excessive inter-order overlap of ‘the wings of the Tine as well

ds to.minimize instrunental corrections, which became important when.the

spectral 1ine width approached the instrumental line width. (The instrumental

1ine width was never greater ‘than 10 to 15% of the Raman line).

} E . .
The spectra of CM4 and’ CF4 were recorded from the triple point to the

3

i
3
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critical point.) It was attempted to get as close as possible to the triple
points and critical points. The full width at half maximm .(M") was ‘
measured directly on the CRT screen of DAS. The cursor was placed on the peak
of each 1|n§: the count$ on each Raﬁun Tine were added to the hackgrum!d
counts. Hal f of the sun of the counts was located on each $ide of the I\ama.n

v I(nes jnd the difference in channel numbers gave the FHHK in channel
fumbers. ‘' An average o( two nrders was taken and ‘then the width was' converted
into GHz. A deui'led procedure for measuring width and- shlf: of the Raman
lines has been described by Al (1978). The shift vas.measured fn- the
triple point dulsi’ty to the critical poiné de»sity; assuning t! ¢ requency
shift to be_zero ‘at the triple point density. Care was_taken that for a

change in temperature the order of the Ramn(speclmm‘ was always the same.
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CHAPTER - IT1
EXPERIMENTAL RESULTS AND DISCUSSION
. The polarized, or isotropic contributions to the totally symmetric
(v) vibrational Raman spectra of methane and carbon tetrafluoride were

measured 'in the_ I\lquid phase along’ the 1iquid-vapour coexistence line from

the triple point to the critical point in each case. (Values of the

relevant physical constants and f vibrational ‘freq of oy |
,‘und ':F:t are given in’ table 3.1). Attention was facussed on three principal |
characteristics. of the single component spectra: (1) the line wiqth. iie, '
full width at ha'lf mxim, T, (2‘)'the S)ﬂfé in peak‘ frequency relative

to that at the tripie point, v - Vge in the spectra and v(t;) the degree of
asymmetry. observed in the Tine shape.  Typical spectra of CHy are:shown

in Fig. 3.1. These sp‘ectra were recard‘ed at near triple point, boiling ¢ -
point and critical Point. The 1ine width at the triple point and boiling -
point is almost the same (~ 73 6Hz), while at the critical point it increases -
by a factor of ~'two (117.2 GHz). The 'H‘ne is asymmetric near the triple

point and critical point, but the asymmetry is in opposite direction at the
triple point to.that at the critical point. The 'Hné is symmetrical at' the
boiling point. The :intensities of the 1ines are in arbitrary. units,

The vibrational Raman 1ine widths (FWHM) as méasured throughout
the saturated 11quid ranges of CH, and CFy are given in Table 3.2. These

widths vere plotted against the temperature T. The variation of lipe

widths with temperatire is depicted graphically 4n Figs. 3.2 and 3.3.
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TABLE 3.1

Physical Constants of CH, and CF‘

Molecular Weight,

CH‘

16.043 gn/mole

Fa

88,01 gm/mole

Triple Point Tenperature  90.68 K 89.16 K
Boiling Temperature 109 K 145.16 K
Critich] Temperature 190.55 K 221.7 K
gémc 1 Pressure 46.6 atm | 39t

Critical ‘uen\sity J 223.46 Amagat 164.1 Amagat A

4 e .
- i
B. Fundamental Vibrational Frequencies of CH, and CFy
) cH, o,
.o Y
= S
Y 2916.7 (R) st (R ;
v 1533.6 (R) (), .
v ms.s (R 1283 (R,R)° i
v +1306.2 (R,IR) 630 (R,IR)
a. R-Raman allowed > .
¥ "
b. IR-Infrared allowed &
.
-~ 1
v 3

=
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. Flaure 3:1 .
- " Typical experinental pola'ﬂznd spectra for the'y; symetric

¢ 5 vfhratiork\ Raman 'Iine of I:HL at three d1fferent temperatures
sty

1) . Near Triple Rofnt 5072 K ° b

1) ear Bof1ing Foint 1.7 ey

R TR T

Hi) Mear Crit'l cal point. \90 50 K
The intensities of" the spectra are in arbitrary |m1ts'.
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STABLE 3.2:

" Data for Raman Vibrationa) ‘Tinéwidth (PHHN), B, for saturated liguid
CHy and CF, from their:triple points to criticail points. '

; " Methane - . ~Carbon Tetrafluoride
"y » e Tempergture # Tewperature -
K)o,
90.72
99,155
99,087
1089
Soe 105440
¢ ] et
EER I § LX)
ERETE R [ S Y
- 128.287
135,17
" 140.23
) 144,29
¢ : 189,30
] 158.28
2, 159240~
164.40




] Figure 3.2

" Plot of fyll width at half maximum (FUHM), T, of the Raman Q
branch vs temperature from the triple point to the critical point for
the saturated 1¥quid ngthane.
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Figure 3.3
i Plot of full width at half maximun (FWHM); T of the Raman - :
-~ Q branch vs temperature from triple point to critical point for

saturated liquid carbon tetrafluoride (CF,).
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In Fig. 3.4, linewidths of Ny, 0, (Clouter and Riefte, 1977), €0 (Clouter
et al.). CHy and .CFA are plotted against temperature T. From Fig. 3.4 it
can be seen that the line width increases from the bojling point to the
triple point in case of 02, CF“, €0 and NZ' The, incremental change in
linewidths is more pronounced in case of 0y CF4 qnd €0, while, ther; is :

no variation in Tine width of CH“l near the triple point to the boiling point.

The line widths of Nys 02, €0 and O:M4 increase above the boiling point

and reach.a maximum. value at near critical point. It is interesting to rote’

that in case of CFy the Tinewidths remain constant from the boiting point to

‘the critical point.

As mentioned.in Chapter I, Briieck (1977) has shown that-motional
narrowing contributes significantly to the folarized vibrational Raman lines’
of. NZ' DZ and C0. But fnr.the reasons -described in Chapter 1, motional
narrowing does. nut'contributé t6, the linewidths in the case of CH4. Hence
this effect will not be considered here and 1t is assumed that the line width
is mainly due to vibrational-relaxation. Phase relaxatien and energy ~
,rehxatlonb are the two most ihportant processes in vibrational relaxation.

In the case of CH‘. phase relaxation is believed to play the main role in the
line broadening mechanism i since the ‘energy gag, between the ground state '
and the lowest excited vibrational state is comparih]a_tﬂ that for M?' gt

is reminded that In case of’llz. the ratio of vibrational life .time to the 3
dephasing time is 10“7 (Laubereau, 1974). 'This ratio vérles from molecule
to m]ecu]e: in case of CoHO0H it is 80, whereas a value of 4 was-estimated
for Chy CCly by Laubereau et al., (1972).. Fischer.dnd’ Laubereay. (1975)

have considered energy.dissipa'tlmi and pn‘:re depﬁasmg to Be-appv‘aximatﬂy

independent processes; and assumed that the dephasing time T can be
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A . .
Figure 3.4 . -
4 Plots of full width at half maximum (FWHM), T, of the Raman

Q branch vs temperature from the tr\i ple point to the critical point

of the saturated Tiquids, NZ' 02, ca, CF4 and CMA.

. The trlpIz puints and critical points for Nz> 02, co, CF‘
and CH, are as fo'llows'

sawple Triple Point CGritical Point
R (k)
ty s 63.3° 126.25
* o, 54,76 . 154,57
- 74.16 132.85
CFy 89.16 221.7
¢ oy 90,68 1905
N o é
. s .
. ® ¥ | .
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represented as -

Lo, a1
% : e g

Al

where t) is the energy relaxation time and T, corresponds to pure dephasing
by which the excited state popu!afton of the vibrational mode is not affected.
In many of the 11quids, such as "2" 02, CNZCC13. CHJCHZOH (Laubereau, 1975),
CHCTy and CDC1, (Schroeder et al., 1977), experimental data indicate that

T, = T. Therefore it is also assined that the line width is mainly due to
* phase relaxation in CH, and CF,.
The Tine width neasurements are divided into two parts: -~

1) ‘from the triple point to the bni'ling point- and h')»frum the boiling point
to the critical point. In this  section, the medsurements of Tine width
from the triple point to the boiling point will be considered. The region °
from the boiling bm"nt to the critical point for each liquid CHy and CFy

will be dealt with separately in later sec&'nns. In the case of CK“, there

is no significant variation in line width from the triple point to th~

boiling ?oint, while in case of CF4 the Tine Mdt‘h‘decreases by a factor of "

2 2 from the trlp'le_ point to the hoiiiné point, In this region er behaves
-similar to that of (l.z. Ho detdiled theory is available in the literature,
which, deals with 1ine widths at and above the. truﬂE point. It might be
remarked that orientational ordering cau'ld cuntrlhute to the l|ne width.
Crawford, Daniels and ching (1975) have discussed molecular orientations

in Tiquid cu;. , They have sugge;ted that there may‘be a greater local
orientational order in liquid than'in solid CHA near the melting point. The

reason could be attributed to the lowering of the fluid's {nternal energy

relative to the solid.
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3.1 _Asymmetry
- Figs. 3.5 and 3.6 show the variation in degree of asymmetry of

Raman Tine shapes with temperature. Prior to this work, no one has attempted

to determine the asynmetry in Raman vibrational line shapes. Because of -

3 a .
experimental problems, no attempt was made to obtain a computer fit of

the Tine shapes. Hence the degree of asymmetry was determined only qualitatively.
The asymmetry was calculated as the ratio of halfwidth at half maximum on the
Tower ‘wave!ength side to half width at half maximum on the higher wavelength
side. Hence fora symmetrical Tine shape the ratfo: Should be one. In both

the 1iquids, CHy and CFA, near the triple point the Tine width 1s_asymetrié

and in oppqs1té directi_pn to v ithe , asymmetry near the critical point. In

the case nf‘ CHA the Tine shape is:synmetrical from above the Lri\p'le point to

about 20 K below the critical point, 1In this region, there is no variation

’ .
1h linewidth. .Within 20 K of the critical point the 1inewidth begins to

increase at 'the same time asynmetry also starts to increase. vsim!larly for
CFA, we-observe that the line shape is’ syminecr?(ca'l from somewhat above the
triple point f:o vp(-tlgiﬂ ’ a few degrees K from the cr1t1c‘a1 buint‘ The
asymmetry- is maximum af the critical point. From the above.observations it
1s obvious that asymmetry has to'be taken into account to ;

calculate the 1ine shape or width. So far no author has.tried explicftly

to consider- the effects which cause the line to be asymmetric. On.the

. experimenta1 side it would be more fruitful to deétermine the exact Tine

shapes for the entire range of temperature fr(‘:m the triple point to the
¥ =

critical point.
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v Figure 3.5
Plot of asymetry of v symmetric Raman vibrational line

‘vs. temperature. for saturated 11quid CHy.
(¢
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»Because of the extreme1y veak’ suectrum nf CFgs there ls HtE'Ie more un- i ; ’:

.the frequency shift of the individ_ya‘l

» expansian in powers oF the density‘ o

y ,
3.2 Frequency Shift . : S

From the Figs. 3.7 and 3.8, it 15 seen that'the relative Raman
frequency shift varies Hﬂeaﬂy with defisity ‘ln both the 1iquids CN‘ and CF
The data for re1at1ve shifts are presented in Tables 3).4, 3.5 for»CHA and
CFq. To calculate the relative frequency shift the peak position of the
Raman 11nes at the triple, point was taken to b‘e zero and all the peak
frequencies from“triple point onwards vere suhtructed from it. L!quid 3 LB
density data were deternﬂned us!ng the’ publfshed PVT data for CHA by 2 )
Goodwin (1974) and for'CFy fron. tables' by LandoTt Barnstetn: In case’ - s o,

uf CFA the re'la:ive Raman frequency shift varies Hnearly appwﬂntﬂy. ’

certainty in peak frequency measurement of CF‘ v|hrat1unal 'I‘Ines than thaf ‘_

of CH. The data for densﬂy of CF4 are also not _very accurate.

3 ’ ; o
-In -the_gas ‘phase, the 'shift of the-vibrational Raman 1ines

arises from the perturbations of molecules by the sotropic intemolecular -!

forces. Bhatnagar et al. (1562) , end May et al. (1964) studigd expeﬁmentaﬂy

bram:h v:um[mnents of Cumpressed "Z
i s

molecules. Gray and Yan Kranendonk (1966) cansldered tMs prob\em

thearetical'(y and shvwed that anisotropic forces o not cantributa,ta -the

shsft" of the Hnes. Thenﬁamnl\, shifts can be expressed in a

ri al type

3 [o(s')_]”ph= n_(q) sag s ab R : N 3.2
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5 w B Figure 3.7 <
Plot of relative Raman frequency shift (v - vy.) vs. density [C k
| for the saturated liquid CHO, ! g
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: " . Fiqure 3.8 .
° Plot of relative Raman frequency shift (v - Vep) Vs density
4 ™ (p) for saturated liquid CF,.
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L'L: of relative Raman frequenc;
temperatures from the triple po
Tiquid CHy.

ABLE 3.4
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y ShFt (v 5 vy) and density (o) at |

int to the critical point for saturated

Temperature _ Density Relative Frequency
LK) o(Amagat) : Shift (v - vy)
’ (GHz)
90.72 629.61 ‘ . 0.00
93.05 625.29 . # 4.44
99.08 613.92 ’ 9.65
104.91 . 602.69 . - . "13l67 i
m.7o 58919 . 20.90
123.07 ) 565.34 33.77
128,28 553.79 - 38.09
e\ shez - 46,03 .
139.13 | . 528.04 - 53.33
144.29 514.89 61.41
149.30 © 501,36 67.86 7
154.28 487.08 79.76
159.36 an.a 88.06
164.40 ! 454.46 9.14 "
168.50 - " 439.29 106.55 .
172.61 423.75 12.30
177.21 s © 'V 400.58 122.00 .
182.02 & . 372.61 131.70
"183.85 - 359.51 : 140.60
186.16 39.72 149.83
189.41 " 208097 172.26
189.52 . 293.03 . 175.39
189.87/ 286.87 - 181,02
190.03 28130 184.26
190.10 273.62: t186.25
190.26 % 256.07 ;188,94
190.36 | 245.10 % 196.28
190.46 .. 23M3 197.60
190,50  ° 229.75 198,93 -




S5
TABLE 3.5

List of relative Ranan frequency shift (v - v, ) and density (p) at

temperature from the tFi®T2~point to the critical point for saturated

Tiquid CF,.

Temperature Density Relative Frequency

\ ) shift (v - )
(x) p(Amagat) (6Hz)
89.18 477 n 0.0
90.35 475" - 0.3
98.03 169 - 03
104.59 | : , 468 T . 0.43 L
11555 455 v 0.8
126.88 ) [TTI 0.8 .
137.41 s 436 1.3
147.94 Ty & 1.60 E
158.63 \ a2 R )
164.95 : 408 19 "
194.65 340 3.4
.21 E) 3.63
202.55 A 3.89
218,37 290 3 4.6

218.09 261 5.33
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J-dependent and temperature dependent constants and J is given rotational state.

Only a couple uf experiments have been done to measure the frequency
shift in different 1iquids (Clouter et al. ) along the liquid-vapour co-
existence 1ine. In all the liquids "2‘ 92,, €0, CHA and CF, the Raman shifts

_watK Tinearly with density. In the gas phase the theory is(simp’le and
J straightforward, but for Tiquids the strong correlation effects should also

- * be incorporated.

% :

1 The Vibrational Raman Spectra of Liquid Methane from Boiling Point to
Critical Point ® '

The vibrational dephasing has been theoretically studied in detail
- soby #iTls and Tiadden (197

experimental results obtajned by Clouter and Kiefte (1977) for temperature .

» 79). They have described a model to explain.the

dependence of N, and 0, from the boiling point to the critical point. To
explain the results obtajned fcr’CH‘i and EF4 the theory developed by these

authors ‘for N, and 0, 4111 be used in this. thesis.

i —— ——

- When a beam of monochromatic 1ight i§ passed through a dense trans-

1 parent fluid some of the:1ight is scattered. Since.the density is not
uniform, the density fluctuations in a fluid are time dependent. This means
that the frequency of 1ight scattered by density fluctuations in a dense
fluid exhibits a spectrun characteristic of the tine dependence of the:
density fluctuations. The density fluctuations can be described by, the

\\\ dynamic structure factor S(Q, #). A molecule relaxes by interacting with

/,/ the density fluctuations in the fluid surrounding it. Hills and Madden (1978)
“ = . B




= E53

have shown that the local dynamic str!‘cture factor of the fluid governs the
rate of vibrational dephasing. Further, they have pointed out that the
first peak in the structure factor S(Q) contributes significantly to
v_ibratinnﬁ dephasing, well away from the :rit‘h:a'l point, while the density
fluctuations with small wave vector and frequency do not make any appreciable
contribution to the vibrational relaxation. However, near the critical ‘ 1
point the isothermal _cumpre.ss[bﬂ‘lty becomes very large (infinjte at critical

point) and it allows- thedensity f1uctua}:ions to grow to large amplitude

(Fisher, 1964). This causes increases in the rate of vibrational relaxation

rate. Hence there isan increase in line width.

Hﬂ'l;nnd Madden (1979) showed/that the vlb\;at(onal Raman full width

at half height I' can be expressed'as:
B

N el o [ d st v 0

w v I:dr 2 5,r) R(r) B CEY

Where p, fs the equiibriun flutd density, B contains molecular constants.
L is the rank, which decides how the probe-molecule-fluid interaction trans<
forms under rotation. e.g. isotropic dispersion forces would correspond to
an L value of zefo, "b" is’ effective radius of molecule and 3,@r) 4s the
nodified Bessel function. The intermolecular potential V, (0) .deternines
which Q Fourier components of the density fluctuations are most effective °
in causing the retaxation. The dynami:a!‘ structure factor $(Q,w) S

(stanley, 1971) is given, in the simplest approximation, by
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K 3 T
S0 0) = Sy (i) () (3.9)
") & Wt Ty
.
where T, = 0% o ) (3.5)

k is the inverse correlation length (Orenstein-Zernicke)

and g‘_ = Beé_p , where X is thermal\conductivity and DT (3.6)
. s
is the thermal diffusivity. Hills and Madden (1979) obtained the following

expression for the critical contribution to the Tline width

' [ ) : .
P b ald2 e w-e s
re A € il (b 3.7
. KT.u-K uTn (mz+¢z)+(z¢) x B )} (3.7)
where ¢ = 0 ¥ )

In the fast motion Tinit (w=+ o) andw 67 << 1
. They obtained

(3.9)
Ko a B el Lot
Substituting (Stanley, 1971) '(_K;)_ 2ge ik =K and DT s Doﬂ )
-1l N \
where & = —— and v, v and 'a' are critical exponents. One obta(gs the

B

ﬁponent for eq. (3.9) to be'(-2y + v + a). However,. this condition is not
applicable in case of O since w ¢”'is greater than onk (see table 3.6).
In the 1nit &n €/< 2.5, w ¢"7>> 1 and making  (u ~ T) a small posi€fve

constant €, (>0) the equation (3.9) has exponent equal to. (- %y v+
iy d
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The above relation was obtained assuming the line shape to be Lorentzian.
The conditions far relaxation phenomena and Tine shape problems have been
discussed by Kubo (1961). A brief account of the line shape problem

has already been given in Chapter I.

At this point, a few lines about critical exponents would not be
out of place. The hypothesis of universality of critical phenomena states that
for systems exhibiting critical point, phase transitions can bé grouped into
universality classes. These systems are expected to have the same critical

_expo’nénts.- These exponents have been calculated theoretically by many

' techniques. The various calculations yield numerica'l’ly similar results.

For few substances, these have also been detemlned experimentally. The *

mnst recent measurements have been made by Chang et ai, (1979) for a binary
Hqu!d mixture (3-methylpentane-nitroethane). They have reported the

following values:

Y=1.23 + .016
L and

i v = 0.625 + 006

The' value for the critical exponent 'a', for‘coz,'hns been deternined only

by Swinney and Cummins (1968). They.have found the value of""

to be

" 0.53. However, for methane the value for the critical exponent y has been

obtained by Jansoone gt al. (1970). They have reported it to be 1.267.
Hence to calculate the numerical value of the exponent (- 3y + 20+ 3),

the~fol Towing values -of y, v and a were used

y=1.287
v = 0.625
22053
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This comes out to be -0.41 for methane. Hills and Madden (1979) used the
values v = 1.25, v = Sand a = 0.52; this gives ( - 3y + 2v +3) = -0.28.
These authors,therefore,argued that the theoretical-value of -0.28 agreed
very well with the experimental value of -0.3 for MZ and 02. In their
deduction for T' they did not, however, include the contribution of motional
narrowing (Brueck, 1977). Even without considering tr;e effect of motional
narrwing and using the simple classical expression for S(Q, w), they welt
able to show good agreement between theory and experiment. The agreement ’
obtained may therefore be a fortuitous cnnsequence of having npphed a simple
classical approximation for S(Q, w) while neg'lecﬂng the effect of motional
lgarrowmg. This point of view is further supported by the arguments which

follow. .

In the Table 3. 6 nwmerical values for w ¢ have been given. It

>
1s seen that for methane w ¢ is always greater than one, while in case of

and 0, w ¢ has both values i <1 and >1 (W11 and Madden 1979).

* Therefore it is assumed that one would get experimental values for *
the :ritica]" exponent (- 3} +2v+ ;—) close to -0.41 for methane. But from
the Fig. 3.9 (plot of &n T vs &n ), it.is seen that in case of CH, the value
of slope is only -0.09. Thus one bﬂnds that the expression derived by Hills
and Madden (1979) can not be applied for methane. ’

Gne needs to consider the dynanical structure factor (0, v) in
more detail (Krynicki et al. " 1977). In the equation.(3.5) T, = DTQZ, but
when Q >> k the basic-assumption underlying the hydrodyngmic theory (that
Q << k) is no longer valid. Therefore in the region Q >>.x, the expression

7

e tamt N B
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TABLE 3.6 :
Estimation of w¢™' for 11quid CHy
Temperature Half Width (Te-T)/Te ) we!
) u (GHz) c #(=100¢% 6Hz) ;
_1s.07 . 75.4 3.96E-01 1.57E 0 4.80E 00 -
123.07 74.2 3.54E-01 1.25E€ 01 5.91E 00 %
128.28 ‘73.2 3.27€-01 1.07E 01 6.85E 00 g
135,17 '75.8 2.91E-01 8.45E 00 8.97E 00 3
140.23 74.4 2.64E-01 6.97E 00 1.07E 01 1
144,29 75.6 2.436-01 5.89E 00 1.28E 01 {
149.30 72.4 Ty 2,16E-01 4.69E 00 1,54€ 01 i
¢ 154.28 75.8 1.90E-01 3.62E 00 2’.09E: o1
5 - 159.40 6.0 1.63E-01 2.67£.00 " 2.84E 01
! 16440 S0 77.0 L CRyE-O0 1.88E00 © “:. . 4.09E g1
; 16850 . 79.6 I A= R 1.38€ 00 5.94E 01
172.61 82.1 9.42E-02 8.87E-01 " 9.26E 01 o 1
177.2% 84.0 7.00E-02 4.90E-01 1.71E 02 )
L] 182.02 84.4 4.48E-02 2.01E-01 '4.21E 02
’ 183.85 87.6 3.52E-02 1.24£-01 7.08E 02 '
186.16 92.3 2.31E-02 5.32E-02 1.73E 03
187.16 91.7 1.78E-02 3.17e-02 \. 2.89E 03 .
188.47 98.9 1.09E-02 | 1.20E-02 8.26E 03 1
189.41 . 98.9 = 6.01E-03 3.61E-03 2.78E 04~ 1
189.36 98.7 - © 6.27E-03 3.93E-03 2.51E 04 - ’
189.52 "102.3 5 5.43£-03 2.95E-03 3.47E 04
i o 189.87 - 104.5 3.59E-03 1.,29E-03 8.09E 04’
i 190.06- 107.5 2.60E-03 6.75604 * 1.59E 05
f 190.10 1ni.s X 2.39E-03 5.70E-04 1.96E 05
: 190.26 115.8° 1.55E-03 2.40E-04 4.83E 05
; 190.46 15.4 4.99E-04 . 2.49E-05 - 4.64E (\]5
190.50 tonz.2 . 2.89E-04 ' B.33E-06 1.81E 07 i
a . : :
\
A . ;
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for Iy given by Kawasaki (1970) should be used i.e.

for”
R AT L o C L (3.9)

Swinney and Cummins (1968) have also found that near the critical
point l'A = DTQ2 is no Tonger valid and they used the expression
2 %
a0 L1+ R R )
to find out the value of critical exponent 'a'. .

If we retain the first term in the expression (3.9), then use (3.4)
in {3.3), making'w a small positive constant € ard using the condition

067 >>1, e get (krynicki et al., 1977)

-2
ok (e T -
re K - (3.11)
(KT) O ol ’ ;
Using the relation for ;%T , K and DT’ it is found that
i ] 7 . .
: Byrlvid . (3.12)

Teg

On substituting the values ‘for v, v and a, one obtains
. .
N

R ] B (313)

The calculated value of -0.08 agrees very well with t‘he,experlgnenta!

slope of (Fig. 3.9) of -0.09.° With "rc = T.< 0.2 K,<the s‘l_npe of curve




s B3

(F.oge T vs fog, €) has a value close to zero. At-these temperatures, the
critical fluctuations would be very slow so that their dynamical behaviour
can be neglected. That {s,6 can be taken to. be zero for very sl &
(see table 3.6). As pointed out by Hills and Madden (1979) this si‘tuation i
corresponds to the 'rigid-lattice' limit. (This will be discussed in detail in
the next section). In this limit at. >> 1 and the sl‘ope has a zero value,
Hence it is seen. that the observed line width for methane can also be ex-
I platned theoretically.

3.4 The Vibratfonal Raman Spectra of Liguid Carbon Tetrafluoride from

the Boiling Point to the Critical Point. o Iy

The v, symetric vibrational mode of CF, is foind to be relatively
insensitive in the region from the boiling point to the critical point.

This may be an indication that the contribution from vibrational dephasi
is.very small. From Fig. 3.4 it is seen that GE, behavas @i fferently from
al other Mquids C0, Ny, 0, and CH, in the region considered in th!s .

secﬂon 5

It is assuted that the 1ine'shape is Lorentzian. It is unfortuhate
that no one has attempted to calculate or deten:l1ne experimentally the
correlation time T “for 1iquid CFy. Therefore it can }Iﬂt be safd with
certainty that the 1ine shape is Lorentzian. B\ut since the 'Hnewldth could
be- explalned on the basis of tie theory proposed by Hills and Madden (1979),
it §s not unreasonable to assume the line shape to be Lorentzian. The
equation (3.9) was obtained under the.condition w << ¢ and m +0. In case

. of CF (table 3.7). ¢ ~ 1, in the temperature range forn 147 K to,187 K,
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TABLE 3.7
Estination of  ¢°' for’ saturated Tiquid CF, .
Temperature Half Width = (r-n/1, s o y .
)  (6Hz) € (=100 €26tz we!
147,94 4.3 3.50E-01 S .22e 01 ™
158,63 4.2 3.03E-01 9.16E 00 4.57€-01
164,95 4.3 2.75E-01 ,, 1.56E 00 5.676-01
170.31 43 2.51E-01 6.32€ 00 6.78E-01
180.10" 4.0 2.08E-01 -4.38E 00 9.33E-01
187.05 4 1.78e-01 36E00 - 1.30E 00
194.65 4.3 1.446-01 (2.08E 00 2.06E 00
201.21 4.2 TO6E-01 - . 1.33E.00 3.18E 00
207.55 41 8.77E-02 7.68E-01 5.39E 00
214.37 43 5 577602 3.336-01 1.29€ 01
218.09 4.0 413602 1.AE-0 2.376 01
219.93 3.9 3.326-02 1.106-01 - 3.86E 01
21.87 3.9 2.476-02  ° 6.10-02 6.40E 01 .
224.01 40 1.536-02 2.34E-02 1.73E 02 '
226.21 4.0 5.63€-03 3.17E-03 1.28€ 03
226.52 4.3 4.26E-03 1.82€-03 2.36E 03
221.17 4.0 1.41E-03 1.98-04 2.05€ 04
227.40 4.0 3.96E-04 1.576-05 2.59€ 05
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¢

. Figure 3.10

Plot of logaritim (base e) of FWiM(2nrof the vibrational
Raman spectrum of 1iquid cF“ against the logarithm of the reduced *

tenperature, (ne), € = [T - T|/T.1.
.
) g




- 66 -

2.1

28

13

18




uhgpus

hence Eq. (3.9) can not be used. Hills and Madden (1979) have predicted
that in the region, w ¢! - 1, the curve (2nT vs' fne)”should have a smooth
turn. From Fig. 3.10 we find that in this region (see Table 3.7) the curve
does have a smooth turn. The condition w << ¢ and w + o arises below the
boiling point. This region is very far away from the critical point,

hence the critical exponent equation can not be supposed to be valid.

In the region 1ngE €< =2.5, as was shown in the case of methane,

the \Kawasaki (1570) correction is applicable and the critical exponent,’ as

obtathed 1iPupeTast ‘section, s”( - v + Jur a73). Mo experinental ) P
values are available for {ny of these \:rit‘iéal expnne!\t_s for Cﬁa. There- ‘
fore the values obtained by Chang et al. (1979)for y and v are supposed to
be applicable in the case of CF, 1.e. y = 1.235, v = 0.625 and a = 0.53

(swinney & Cimmins, 1968). On using these values one obtains’
-

3
loge € < -2.5, the slope of the line is zero. The reasen for the increase

Y+ %—v + %n 0.011 < 0. From Fig 3.10, one finds that in the région

in‘ Tine width, in the case of 0,, Ny and CH,, is the increase‘ in the

amplitude and correlation length of the long wavelength density fluctuations

as the critical\ point is apprnach;d. Howeven in case of CFA the cnntrihutiu‘p

of long rangé or’short range hydrogynamic fluctuations having wave vectors'

Q<k or; > k appear to \be abseﬁt. The reason fur‘QFa behaving’ differently frum
CHy ‘could be attributed to the C-F stretching mode. - (The intensity of

Raman Scattered 1ight, apart from other factors, also depends upon amplitude.

The Raman intensity of the v mode Of CF, {5 much smaller than that of the vy

mode of CHy. The amplitude of the C-F mode in CF, is smaller by a factor of

6 than that of the C-H mot{e in'CHy.) The Inﬂu‘ence of aﬁha\rmu’nic‘lties' for vibration

. B P ¥
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involving H atoms is large. If the amplitude is smaller and anharmonicities
are also small, the motion will remain simple harmonic for a
Tonger time (Meézberg, 1963) Because of the smaller anplitude in the C-F
made of vibration the effect of anhamuniclhes would be small.

Oxtoby (1979) has shown, that for simple haman(c motion the dephasing time
is very high (i.e. the line would be narrow). If anharmonicities are

taken into account the dephasi‘ng time is considerably reduced. If the

vi brati;n of.the C-H mode is much more anharmonic than  the C-F mode

then it:-can be said that dephasing would be smq?l in case of the

C-F mode. <

\

As the critical polﬁt ‘is approached, the Ramari vibrational line
width becomes- asymmetric.' Hil1s and Madden (1979) have pointed out that
close th the critical point, the fast motion condition islno‘hnger
applicable w it reaches the statistical or 'rigid-lattice limit,
(8, >> 1), (Kubo 1962). They obtained an express(un for the half width
at half height A as:

) o

= ()7 nZy B I; qQ q"; s(Q) qu i (3.14)

where BLis the pruﬁortiona”ty constant. Using the Ornstein-Zernicke

expression for 5(Q):

- . 2 5
s(Q) = T;T—)o (—55'17) X 5 (3.15)
they obtatn - o ' - '
e 0 ?KIKT 3 (3.16)
¢ .
. : \ )
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where J is a proportionality constant. It is seen that near the critical
point A is, proportional to [(KT/(FST)O) szw . This has a critical exponent
of (-y +2v). Using the values for y and v nbt?ined by Chang et al., (1979)
one finds that it has a value of zero, Hence theoretically it is seen that
near the critical point the slope of the curve (2 vs fne) should be zero.
Experimentally, one finds that the slope is zero. Thus we see that the
observed constancy in line width is explained. It may be remarked that the
equatfon (3.16) holds when Q.‘ k3 even then it expla(r’ns the phenomena. For

more rignrmis calculations thé Kawasaki (1970) expression for $(Q) should
P
4

be used. \
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