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l\J)S'THJ\C7~ 

dths in d onded tlicls p en ted e on 

combined .resul of lsotropi pon t.aneous Raman s tudtr~;c; and cosecond 

c.oheren prob The symruc ri tre ch vib ra one1l 

dths studied we found to he nhornogencous to vn 

degrees o co at:l on between the inhomogeneous h 

uid local numb r densi t hution Vl dth. , upon 

which theoretical model for inhomogeneous br eeL 

A stochastic lines theory is constructed in which and 

in.homogeneous brocdening are t: ted lmultaneous in te nns o one 

rational rr at on function. This t tment uni les the fas 

and slow modulation approache vibrational asing and demonstrates 

pontLJileou::; RDJ:;an cattering studies c:1nd co:o cond 

coherent prob.ing xpcrimcnts can be used in unction to the 

ous broaden of vibrat5ona1 Llnc-:vidth " 





INTRODUCTION 

Unti no evidence 

consequen most v brational d ie have X1eithE:~:c 

made this distinction nor addressed thi po sibil In recent. paper, 

observed that even very 1 id can 

f cant ous b :roadened, poses an 

Is broadening in onded 

uids general, and f ca ori o.f the b·roaden:i.ng? 

In to broaden ng of the symmet:r ic 

l id v tiona linewidths in var 

spontaneous Ra.rnan scatter stud e and stimulated HZJ .. xnan picosecond cob€2rcn 

iw t ~l.'he _picosecond h.er en t 

experiment allm·IS the hm10gc~neous linc\·:·idth of a sin e, distinc~: v:ibx·ation 

isochcomat to be deteri:1 .. incd in vib ional lineshape which may b 

of a continuous frequency di bu ion of vibrationa is och :ron1a ts stab 1ished 

in:,uL:ogeneous broadening processes o Since spontaneous Raman scattering 

arises from all the vib:rational i ochror:w in the distribut on, isotropic 

spontaneous Ra<TiiHl s at:tcring yields a lineshaprc ,,,h ch a ses from the COIY 

volution of both the homogeneous and nhorwgcncous broadenin lin 0pe 

unctionso Consequently> thr:' i.nhor:10gc•ncous broadening line:.>hape function 

can be obtained by dcconvolut ng the neous lineshapc function determincc~ 

the picosecond experiment rom the sotropic spontaneous P.am.an lineshape 

function, Thus the Ln:!Omogcncous broadening of vibr:Jtional linc,:;hnpes n 

uids can be studied and lated to tructural ancl/or dyn3r'<ic oropcrt:ics of 

the Liquid. 



I this paper we would like to ab the genera1i o i nh o;no·"· 

geneotts b of svmmetric: CH"~stretching vibrations :in 
,) ] 

d po atomic and to suggest le model the broadening 1 

tude whid1 is based on the width of the distribution of the uid's 

loca number densities, Noreover ~ we l..rould like to a s tochas ti 

which treats b 

taheous in terms of one vibrational correlation on and demonstrate 

hc'W' iso c aneous Raman scat te cosecond coherent 

ing experiments can be used to s the b of 

vibrational linewidths. 



I,. EXPE:RH1l~NTAL 

The stimulateci Haman t ex per imen.ts wer perfo:rmed v::i. le 

s st:::lc:cted from thf~ :ri sr:: t:_ra.in r;~n\itt.r~cl f:corn 

a stabilized, passivel 

compression, and 

1 bandwidth 

locked Nd:g 

the 

4 
dSS la.ser" 

0.6, which indicates that he pulse were essentia 

duration of 5 psec 

bandwidth 

bawd width·· limited. 

'l'he pul;,:;es we.~: compressed a 1 em cell of strnan l<cxlak 

of 

#9860 with OD 3.0 at 0,600 A. The effectively absorbs the ising 

of the pulse, then bleaches, a t.he main of the to 

pass. Thi establishes a very < 0.7 psec on the pulse 

but does not s ificantly broaden the se s spec 

compre :;ed < 6% elative to an uncompr 

Each pulse was split into an excitation pulse and a de ed probe pulse, 

The polarizat on of the probe pulse 1.12s rotated such that the probe pulse i·:as 

polarized perpendicular with respect to the excit:1t:ion pulse. Th excitation 

and probe pulses vJere recOl'Jb:Lned collinear ly in a 10 ern sar~ple celL 

The syr;nnctr:ic CH tretchint_; vib o om> vJC:re colH' cntly excited 

transient stimulated Coherent exc tclt:ion estil'blishes a 

macroscopic coherent superposition of vibrational states lr"O and 1 in a 



t!l<'l :rix element in the symmetric vibrational oscillator 

basis t" The excitation process is h ly non-linear and model calc tions 

have demonstrated an abrupt onset and cutoff of the p 

~5 rise and decay of the stimulated Stokes pulse. 

process due to the 

The coherently excited symmetric CH tre ch vibrations were ed 

coherent strokes Raman scatte The macroscopic coherent superposition 

of vi.b tional states v~O and V"'l oscillates with a ase and 

a macroscopi modulation of the op leal refractive index at the vi-

tional frequency th the coupl parameter 6q. the change of polar-

izability~ a, with vibrational coordinate, q, The e pulse scatters 

off this modulated refractive index, producing sidebands. i.e. beat uenc:tes 

shifted the vibrational frequency to hi er and lower f The 

efficiency of coherent scattering is crucial t on the spatial wave 

vector k-match condition defined 3 the probe scattering geonetry. For 

selective k-vector match in a 10 em sample cell, the coherent Stokes probe 

scat te is derived only from vibrations located within a uency interval 

of 0.3 cm-l around the center of the spontaneous vihrational line, 2 • 3 

Thus the Stokes te ue can detect a homogeneous broadened vibrational 

isoch roma t as narrow 
·~] 

as 0, 3 em ··· in a vibrational line•.;idth of unknmvn inhon:ogc::nt:i t 

Tids sets an upper limit of T 2 < 18 psec on the decay time resolution , 

A.ssuming an impulse excitation, the 10\,'er limit on the 2ecay time resolution 

in an excite and probe experil:lent: is established by the rising edge of the 

probe laser pulse. Since the pulses have a sharp rising e 

decay times longer than 0.7 psec can be rcsolved.
6 

of < 0. 7 psec, 



The cohex: tte:red Stoke and thEe Stokes 

were separated and et. of 

dimensional i.cal multichamwl 

for stimulat.(~ Rarnan scatt.er c spectral observe<'l each shot and di 

any shot that d modulation. The experimentc'i.1 

stimulated Stokes excitation and coherent St:okE;s scat. 

;<:;chernatical in e L 

The coher scattc~red Stok£~ d with 

function of Since the 

decays lly, the vibrational d time, , :c px:oportiona1 t:o 

the inverse of the linewidth of the s Lorentzian line function: 

tow 
l 

Thus the linewidth of the homogeneous Lorentzian 1 can be determined 

measuring , the vibrational time. 

Isotropic spontaneous Raman lincsh<1pcs uere obtained using a tcmdard 

:ion la,;er and a double rnonochron;ator cattcring uni The po ar z c1 

Stokes scatterint~ lincshapcs 1.verc ssential the saMe as th isotropic 

lineshopes because of the very small 1ar:ization factor for the syr;mctric 

Ci1
3
·-strctchir.z vibrations in the liquids studied" 



III. RESULTS 

2 shows the coheren scatt.ered Stokes 1 as a function of 

se de for the ic str vibration in methanol and 

ethanol. On the average, the observed times were T 

psec for methane and L25 + 0.5 for ethanol. 
8,9 

The psec Raman 

1 s of the same vibrations are also shown in • 2. From the m,;~asured 

times, vve calculatE? the carr s Lorentzian line-

vlhich are also drawn in f' • 2. From these super line s 

the inhomogeneous broadening in these two hydrogen~·bonded 1 s can easily 

3 shows the scattered Stokes as a function of 

pul!3e d for the :Lc stretch vibration in acetone and 

methyl sulfide. On the average, the observed times were T /'2 
2 

1.5 ± 0.5 psec for acetone and 1.9 ± 0.5 psec for methyl sulfide. The 

and Lorentzian line s corr 

to the measured d t.i111es are also shown in . 3. The super-

imposed line display icant eneous broadening for both of 

these J .. ds. Two more examples of 

1 ids are given in Figure 4 for trichloroethane and acetonitrile. There 

was no observable broadening within the error limits in trichloroethane, v:hich 

l 
10,11,12 

is consistent with the results of Laubereau et a . 

The average experimental times, calculated homogeneous line-

widths, and iso ic Raman linewidths for all the 1 ids studied are 

in Table L We found that vib1'at l 

a:rc l::; to 

led 

13 



Thus the tric CH o·stretching v:ibrat:ional droge 

liquids are not mot na rowed,p:cesu:o~ab because the 1 uid 

relaxation times are much an arlier p dictions. 



IV. INBOl>!OGENEOUSLY BRO.l\DEN.ED LINESHJWE 1\NALYSIS 

If the 1 id vibrational band is enE.'OUsly broadene2<:l, the line·· 

observed i spontaneous RaJnan sca.tter arises fror.~ the 

convolution of two ind line funct:ions : L(w), the eneous 

1 function which is Lorentzian; and G(w), the broad 

1 function. The resultant vibrational function, I(w), can 

be writ:ten as a convolution 1: 

I L(w') ')dw' ( 

Since i ic s Raman scatter give the 1 for 

I(w) and the picosecond measurement gives the e<:ms Lorent.zian line 

, the eneous broaden J (w), can be obtained by de-

convolut the i Raman and eneous Lorentzian Line--

s. Unfortunately, I(w) is not easi represented a s functional 

form. In nost cases, however, I(w), the i s Raman scatter 

line is soecv:nere in between a Gaussian and Lorentzian l 

One well-studied lin \vhich is intermediate between a Go.ussian and 

a Lorentzian is a Vo t ile, which is a convolution of ent 

Gaussian and Lorentzian line s.
14

'
15 

If the i ic s P;man 

line is assumed to be a Voig ile, >vhich is usually the case, and 

the inho~og0neous broaden l is 16 ' assumed to be a Gauss.ian, L1e 

proble .. <~ of deconvolution is qreatly s if ied. Numerical deconvolution is 

not necessary because if the 1inewidths for the t and Iorentzian line-

s are known, the lincwidth for the Gaussian lineshape can be determined 

'1 . b" 15 l e t:Cl lCSo The linewidths for G(w), the in-

cncous bro2denir,g line function, were determined after rna the 

above as~u'''P ions ar.d arc listed jn Table l" 



Several general observations be made about data in Tabl 

the the :to 

Second, even 

ed 1 

the est do not form a class themselve e 

Several non~ 1 id an:: broadened almost much as the 

bonded 1 id q 

V" SCUSSION 

that the: s broad 

were made to correlate the in-

eneou br inewidths with variou id Initial 

eneou broadc~n VJZ].S deterrninrxi a di i.bution 

of environmental sites wh h sV;;.bltshcs certain continuous uency 

distribution of vibrational Lsoc:1 rol'la ts, This a ion supported 

studies on bonded 1 jd 
7,18 

which suggest that the attrac 

portion of the intermolecular en bond, causes 

range cor:celations in Uw intenr.olecular forces and create a distribution of 

emrironraent.al s:i tes which establishes i ibu ion o vibrational r· ' :crequencle 

F'urthernorc, recent second experiments ·have d.c:1onst.rated that en 

lx>nded 1 ids ·3. e seve:r·e eneou b " ;) 2 . roaaenf.::u, 

pre the attiactive portion of the intermolecular 

ential causes co:rrelations whi h enable errvironraental sites 

to persist for ~ 5 psec. S:inct:: the attra.ctivc portion of t.he internolecular 

tial is icat.cd in the en?ous broaden of en···bonded 

1 .ids, at s were made to correlate the encous broadening n 

the non- en-bonded liquids \v th vu.rious liquid .intcr:no1ccu1ar attraction 



No correlation was observed, however, \,r:ith: Trouton's :t:at.io; 

Point/Molecular Weight); w, the molecular d moment; 

the bond ; or a, the arizabili In addi t:Lon, no 

correlation was observed with the Kirkwood le correlation factor. 19 •
20 

Some of the correlations are shown. in 5·~8 and the 1 id 

values are listed in Table 2. 

The ultrasonic constant, , the ratio of the observed 
ss 

ultrasonic constant and the predicted classical ult:rasonic 

absorption constant, is relat,Ec:d to id structural associativ 
21,22 

'rhe ultrasonic constant d a sl correlation with the 

inhomogeneous broaden which is shown in 9. Trichloroethane and 

iodide, two linewidths which are broadened the least, have the 

est ultrasonic ion constant. This behavior is consistent with 

Pinkerton's liquid classification sche:ne, which groups 1 ids with large 

ultrasonic ion constants into the non-associated 1 'd ". . . 21 l QlVlSlOn. 

The other 1 ids, which are more severely broadcried, have ultrasonic 

absorption constants which are closer to the associated 1 id division of 

the Pinkerton classification sche."lle. This correlation recruires further 

invest ion. Parameters used to calculate 
lass' the ult:casonic 

ion constant, are listed in Table 3. 

Since the inhomogeneous broadening lineshape linewidths did not cor-

relate vlith liquid attraction parameters, attc:;tpts were made to find a 

correlation with other 1 id s.. The inhomogeneous broaden does 

tend to scale with the molecule's deviation from ica l syr;L'11t~try.. The 

, most spherical molecules, trichloroethane and methyl iodide, arc 

nearly homogerH;ous, whereas the longest, least ical molecules, met 1 

format.e and are extremely inho:,to:;eneous. This suggests tL.J t the 



molccu determines hmv the mol 1 with other mol~cul 

which may influence Uu~ nuxnber of env :Lt:on:nenta.1 

the 1 id 0 

23 

In ti.on, a correlation was eneons 

broaden linewidth and the 1 id' ~3 The corYe tion j shown 

in P 10 and the s used t.o calculatE.' the 1 .id' s free voltune are 

1 in Table 4. This correlation that the 1 id •I par~ 

tic tes in E::stabli the number of environmental sites in the l id 

since the 1 id • s entropy may c<:mse the 1 id 's free volume to d st:ribute 

itself in order· to maxim the nwnber of interactions of molecules with other 

molecules free space. In such a case, the:. nc.m1.ber of different environ<" 

mental sites in the 1 id would be functional d <mt upon the 1 id' s 

rree volume a.lone does not e1ucidate trw of value:s in a 

loca 1 l id 'which may give rise t,o a of env ironr:wntal 

sites. The 1 id' s free volume, hov.Jcver, is close relate<~ to t.be dis-

tribution width of the 1 id's local nu~bcr densi the isotherr;".al 

compressibili Since a dist:c.ibution of local number dens ties cou:td con~ 

crea e a distribution of distinct vibrationa C'Juenc:ies, this 

parameter vJill be derived and discussed :i.n detail. 

Fo1l the standard treacnen 
25,26 

we treat the l id as an open, 

isothermal of volume V, and app the method of most 

tributions to characterize the spread in t.hc distribution of the ncunber of 

mo1ecu1es " ,, ' 

where w is the chcrnica1 

2 

j il] • Jntroduc.ing the nu:~~!)cr dcn:c;i I (J 
:'\! 

v' 

(3) 



and using the relation ~ Vdp, one can shmv that: 

(4: 

where is the isothermal compressibility of the 1 id. Since V is 

constant, ion (4) can be rewritten to , the fluctuation in 

the id's number dens 

op characterizes the spread in the number density distribution, i. t?. the 

root mean-square deviation from the mean of the number density. t'i'e will 

refer to o.s the l number den distribution width since volu;C~e, 

V, can be arbitrar scaled dov.'Yl to molecular dimensions. 

In order to calculate o , the local nurnber density distributi.on v;idth, 
p 

values for the isotherrn3.l compressibility are needed. Unfortunately, very 

few exper ir:1ental 1 id isothermal co:npressibility values have been 

determinecJ. The isothermal compressibility, KT can be calculated, however, 

' . 27 
u s2ng the equc::. t 1on: 

where K is the isothermal compressibil 
0 

K 
0 

for a fluid of hard es: 

(7) 

ion is derived from the free volu.rne theory of 1 id and has been 

27 
shm·:n to give sati~ofa:::lory agreement with experimental values. In the 



expression K , thr: 
0 

where p
1 

is the number 

ion 

of t;he 1 and a is the hard e 

diameter. The hard di<:mwter can be approximated us the relation~· 

28 

1 04 
p 

'!?Jhm::E3 p"' l. the nmnber 
' g 

of 'che solid at the me ' ' 29 nt:, All 

pararneter values, calculated isothermal cornpress:ibili ies and local 

number density distribution widths are listed in Table 5. 

11 shows a 

tudes versus a a 
p 

s 

the local number densi 

of the eneous broadened 1inewidth 

This ot. demonstrates that Q.frJOUYZ t 

t;e '1 to 's 1.-

This correlation that: either 

distribution causes t.he eneous broaden 

1 
"' 

or that the 1ocal number de'1si distribution wic3th scales wit:h some other 

l id that causes the i s broad 

VL S TlC L1 T!i;;:Ol\Y FOJ{ BIWADE\'I~JG 

a model for s broaden of vibrational 

transi Lions in a more formal way, the s broad ern way; 

constructed in the time~~domairL The Kubv~J\nderson 9eneral stochastic 

of line 
30, provides a s e theoretical frinnevmrk rom which in-

s broadening can be formalizGd and vi;5ualiz.::d" F'on:;a1ly, t.hcc 

Ha;ni 1 toni an for the vibrational oscillators car, be v:r :it ten: 



where 

H 

H 
0 

H p 

H m 

g.k J -

"" 

"" 

~ 

"" 

+ H + p 

rt1 6w(t)) + 
+ 

j 

L:n. V(a., 
+ 

),8.(r)) ,Ro: 
j J J .) J 

r ng .k (ao:"\ 
+ +) + 

j 'k J J 

(13) 

F (14) 

The subsc:r,-ipt j sums over the various environJnental sites and n. is 
J 

the population fraction at each site. H is the unperturbed Hamiltonian 
0 

contain ~w(t), which gives rise to the homogeneous lineshape of 

each vibrational isochromat. H is the 
p 

perturbing Hamiltonian which causes a frequency splitting accordir:g to t1:.c 

particular enviror.:-nental sites which are deoendent upon H. (r), the molecular 
- J 

radial distribution around site j and 8. (r), the molecular orientation factor 
J 

around s.i te j. H is the motional Hamiltonian which interconverts environ­
m 

mental sites at a rate, 

tribution and orientation. 

The co~~utation rela 

IH ,H J "' o o m 

Uf ,H J t o 
0 p 

[II , If J t o 
m p 

k' determined by changes in the molecula~ dis-

s are as follows: 

Since ~w(t), viz. t l r. 
"~ 

(15) 

(16) 

(17) 



:c s~ to the linewidt::l1, occ:urs on the cosecond. or icosecond 

tirne;;;cale and k' the site interconversion rate, occurs on the timescale 

of diffusion or rotation, thi limit i 

Hp does not commute with H
0

, therefore 

frequency of H does not cornxnute with 
m 

variatJon of H accord to: 

nee 

p 

, H ] "' 0 since 
p 

various 

withc;ut cau 

UI,H 

is assumed to have no 

i tions~ 

H 
p 

can 

, therefore 

, the na.tural 

H cau::;es a time 
m 

matrix elements con-

e the ency 

9) 

These are the for~al Ha~iltonians and their se form is not known. 

In the absence of exact Hamiltonians, however, a modulated oscil-

. 31 
lator model can be used. This treats the vibration as an oscil-

lator with a rando~ modulated ency and allows bo the 

and eneous ems to be treated easi 

In th:l~; t.reatment, the vibrational oscillator, with a natu:ral fre·~ 

quencv w is given an -- o' of motion: 

x iw (t)x (20) 

v:here v: (t) i.s the f:cequency with rando;n modulation" Th<? time average 

of w(t) is w and w(t) can be written as: 
0 

w (t) (21) 

\vhc:n· v.>
1 

(t), the stochastic process, represents the fluctuaU.on in fre~1ucncy" 



(t) can be described in terms of two characteristic parameters: 

6, the amplitude of the during the modulation; am1 T , - c 

the correlation time of the modulation. Given a 1ity distribution 

P ) for the frequency modulation: 

00 

and "" J lji("r)dt 
" 

where 1jJ (t) = (t)w
1 

(t + t)> 

A relaxation function, ¢(t), can be defined for the oscillator. 

4> (t) 
t = <exp i ! w (t' )dt'> 

0 1 

If w
1 

(t), the frequency displacement modulation, is a Guassian process: 

¢ (t) 
2 t 

exp[-~ f {t-t)y(t)C:) 
0 

If \); (t), the correlation function for the modulation, is assumed to be 

exponential, i.e. \IJ(t) = expi-t/tcJ, the relaxation function, i.e. the 

correlation function, of the oscillator can be written:
32 

¢ (t) 1) + tT ] } 
c 

2) 

(24) 

5) 

(26) 

(27) 

If the liquid hos slm1ly V<Jryinr_ intcn1olecular forces crcotin[; loc:~l 

structure, individual vibrational osciJlators can vibrate in a distrlbutic'n 

of different rnolcL~ulnr environments v.:hich cstubljshc:s a frcquencv d~istrit•ut5on 



individual uencies in the d t:ribution" The 

intermol.ecular forces can be characterized a 

modulation I: 
j 

be~ forma s]e"'rived 

fx-orn 

time 

de 

, and a modulation correlation time, 

of H , 
p 

in H "" r 
p 

TJNH' which is rela'\:ed 

,H These characteristics 

U1e vib tional correlation function contributed 

intermolecular 
,, 
rorces: 

p ) !NH ed(Y) {' ·-~ I T 
. ·.t INH INH ) ·~ 1' + tT 

INH' 1 } 

tion to the s intennolecu1a:r· forces, shor 

l modulation processes can cause vibrational de-

e 

of indi.v idua v ibra tion:;1 subunits, The sho:r·t~range, vary 

modulation procesr:;es can be characterized modulation and 

a modulation correlation tir.~e T These ties can be derived fr·or:1 

Particular forms for Lw(t) are given the binary collision 

" l 33 mocie , the 
14 

exchange theory model,- the dro ' 1 35a l 1 nooe , mo. ecu .ar 

nam:Lcs - . 35b s1mulat1ons, the cell rc.odel, 
35c 

and other v~rious models which 

treat a han1onic oscillo.Lor coupled to a heat batl~o 7 • 3Sd, 358 • JSf The 

characteristics of the rapid, short-ro.ngc modulation processes define the 

vibrationol correlation function for an indi.viducll vibrational isoduouat: 

) !'., ~ exp { ~ 2 Ir 2 
" H 

) ~ 1) + } 29) 

~]_ 

H'H) in the above expression is equivalent to the eneous 



vibrational sing time, for t ! in the limit of fast modulation. 
32 

Since the homogeneous vibrational linf~width, L e. the linewidth for 

individual vibrational isochromat~ comprises a substantial fraction of the 

spontaneous Raman lineshape, the Raman lineshape is treated as 

a convolution of two independent 1 Likewise, the vibrat.ional cor~ 

relation function corresponding to the Raman 

broadened linesha.pe must be expressed as a two modu 

relation tions. The is str valid when ¢u(t) and~ (t) 
" INH 

decay on different timescales. This is tantamount to the requirement that 

H
0 

and Hm must operate on different timescales in order for them to coroonute. 

¢> ( t) 0) 

The vibrational spectrum is related to the vibrational correlation 

function by: 

! (w) 
1 00 I expl-iwt]~(t)dt 

2rr " 
(31} 

00 

Because I(w) "'I L(w')G(w-w')dw' for inhomoqeneous broadened 

Raman lineshapcs: 

L(w' )G(w-w')dw' -
l 00 

I exp[-iwt]¢ (t)dt 2) 
-co 

Since the Fourier transform of a product of two functions is given 

the convolution integral over the ts of Fourier transforms of the 

separate factors, L (v7) can be identified as the Fourier transform of ¢ (t)H 

and G (w) c<:1n be identified as the Fo~ricr transforn o: 1> (t) I~m· Thus 



the prob lcm of b has been constructed in the time-

domain. This is usefuJ because the time 

and di 

and correlation times, and treats the eneous and 

taneously in terms of one vibrational <:o:r::t'elation function. 

11l:iS s ochast:ic lineshape theory unifies the various lo1v and fast 

tuodulation approaches to vibrational as In th.e lm·7 modulation limit, 

represented the static environDent theory of Bratos et al. stat:!.c 

frequency di.strLbution of vibrational isochromats causes vibrational as 

because of destructive interference anon£ the ir1dividual frequencies in the 

distribution. In the fast or inte:n!lBcLLii.t.ecxnodulat:icn linit represented 

the theories of l'. l d L" I ~ 33 u '" .' .. , r'1SC.l ran~ c.lh)Creau, ~,a.cr.L::> 
J!r 

et al., Ox 
35a, 35b 

7, 35c, 35d, 35e, 35 f 
and others, :rapid varying processes cause vibrational 

as ing hy rand modulating the frequency of the individual vibrational 

isochror:.ats. T~ese various slm.,r and fast modulation theories of vibrational 

dephasin;~ ca11 be unified by usinr; the parc:meters to 

define the vibrational correlation function. 



The amount of 

be approximately proportiona.l to the 

wid.th. Now a model is devel which rele<tes the local numbe:r: dis~ 

tribution width to t,INH and 'rmr J:'irst, we propose that 1j,INH is related to 

'/;he mean intermoleaular force that the imposes on a molecular 

vibration. Second, we propose that the intermoZecru has a distri}w. 

vihich proportional to the number distr>ibution. Therefore~ 

6 INH et 

6INH can be formal derived from H = r 
p j 

ll!NH ~"' L: n. f:,. where individual L1. values result from the 
j J J J 

and 8. (:t) conf 
J 

which 

densities in the local number 

and possibly e > (r). 
J 

rise to the site. 

distribution affect 

Third, we e.xpect that TINH' the inhomogeneous bread 

(r) 

ic local humber 

modulation 

correlat~.cn time, is proportior,al to the tir:te requir'ed for posit1:ona.l or 

orientational interconversicn of moleculesu i.e. proportional to diffusion 
@ 

or rotation times. This can be derived from i~ H ~ [H ,H ) . 
p m p 

+ 
l: n .V(a. ,a. ,F.. (r),IJ. (r) and H a. F(R. (r,t) ,e. ,t)), the 
jJ JJ J J m J J 

and 8. (r,t) give rise to a time variation in H J ~ p 

Since H = 
p 

es in R.(r,t) 
J 

H is constructed 
m 

as an exchange Han:il ton ian. In time T lNH, therefore, site j is converted 

to some site k because of positional, R. ,t), and orientational, 8. (r,t), 
J J 

reovements of molecules. 



te 

, acetic ide) wiLl have the same 

tat.ional movements 

ical molecules 

faster than their diffusion t.in1es because (Jf 

8. ,t) due to rotational movement~ 
J 

the limit that l1INH1INH << 1, the 

d:Lffus:Lon nc 

iod 

oricntational averag 

of the abovt': 

that t_he vib:cati.onal li broadened 

The Lorentzian 1 observed·for chloroet.hane 

";hich is known be because of the 

thi l.i.miL Furthermore, because /}INH is low s.ince l'.IINH a and 

is short since the molecule is near ical, l'.IINHTINH for trichloro-

ethane 

In the limit that 1'.1 nm >> 1, the that the vih rational lines1l p• 

should be an broadened t ' ... e ~ 31 T' J, • • ne t ile 

1 for acetone, which is known to be eneously broadened because 

of the data, this limit. Moreover, because 

"'rNH is cince • a R and T.~.:t01~1 i "' ... L\INH - vp :: .. ,d 
since the molecule is 

el , "'rNHTINH for acetone i agrees with the limit 

>> 1 
INH ' 

Fina ' we observed that f.J:.u nm' the linewidtb of t.he 

broadening line function is approx , the local 

number densi distribution width~ In addition, the broadening must be 

proportional to f(THill), a function d upon T the INH' - • s 

broadening correlation time. Then:fore we pP.)pose tlwt :l t 

z_ l to 



of 

5) 

In the limit t INH o, L e. the fast modulation limit !J t << 1, 
INH INH 

the lineshape is Lorentzian 

in order to the correct linewidth for a Inrentzian lineshape: 

-1 
em 

2 
'! 

TfC 

INH 

6) 

(38) 

In this limit, the inhomogeneous broadening processes have become honogeneo~1s 

processes, 

In the limit t -+ ro, i.e, the static environment limit developed 
INH 

36 
by Bratos et al., the inhomogeneous broadening 1 function is 

Gaussian and f(tiNH) 
:k 

the factor (2fn2) 2/nc in order to give the 

correct linewidth for a Gaussian 

!Jw (F\'iH!-1) 
INH 

~1 
em 

:k 
2-tn2) 2 

TIC 
0

INH 

The picosecond data is in the best agreement with this limit since 

6JINH is approximately proportional to 

9) 

(40) 



SIDR1ARY 

\Je believe this is the first account of inhomogeneous broadening in 

onded 1 uids and the fi t to relate inhomogeneous 

road en to various 1 uid parameters, He asize th t symmetric QI 

stre ching vibrational linewiclths in d onded 

broadened to various A correlation is established 

tween the inhomogeneous b and the liquid 9 s loc<Jl number densi 

distribution width upon which a model for broadening is 

constructed. A stochas i 1 theory is deve in ~;hich homogeneous 

and broadening processes are treated s taneous ly in terms 

of one vibrational correlation function" This treatment unifies the fast: 

and slow modulation approaches to vibrational asing and demonstrates 

hm.: :isotropic Raman scatte studies and picose ond coherent probing 

experiments can be used in conjunction to study the inhoE:ogeneous broadening 

of vibrational linewidths. Since this st focused on on symr:~etric CL,~ 
-~ 

stretching vibrations, additional investigations on other vi~rational nodes 

are necessary in order to demonstrate the generali of these results. 

Further studies to veri the correlation of inhomogeneous broadening with 

the liquid's number densi d:istribution uidth and to explore the occhc:mism 

of inhomogeneous broac\cnin~:; of liqnid vibrational linc·,ddths are current 

in progresso 
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2. 

time , calculated lin,;;;widths, 
1inev.ridths 

for the 
studied. 

Various 

linewidths .?J1d 
CH

3 
~stxe 

d intermolecular 

Parameters used to calculate the 
constant. 

Parameters used to calculate the 

parameters. 

's ultrasonic 

's free volm:ne. 

Calculated isothermal li ties, local m:miber 
rs used in distribution vd.dths <md the various 



(l) 1, l, 1-Trichloroethane 2938.5 

(2) Methyl Iodide 2948 

(3) Ace toni tr:L le 2945 

(4) Methyl Sulfide 2913.5 

(5) Dimethyl Sulfoxide 2914.5 

(6) Acetic Anhydride 2942.5 

(7) Acetone 2925 

(8) Methyl Formate 2961 

(9) Pentane 2877 

(10) Ethanol 2929 

(11) Methanol 2836 

---~~~--

/v 

-30-

Table 1 

average 
experimen·tal 

2.6 

2.4 

5.4 

3.8 

1.4 

2.2 

3.0 

2.2 

2.7 

2.5 

2.4 

Calculated 

4.1 

4.4 

2.0 

2.8 

7.6 

4.8 

3.5 

4.8 

3.9 

4.2 

4.4 

Isotropic 
Haman 

4.3 

5.0 

6.6 

8.4 

11.8 

16.8 

16.5 

17.5 

"'17 

18.0 

18.8 

Gaussian 

0.9 

1.7 

5.5 

6.8 

6.9 

14.1 

14.6 

14.8 

"'14.8 

15.6 

16.3 

·----~----------------------------~-~~· 



1,1, l-Trich1oroethane 

i~ethyl Iodide 

k\cetonitr.ile 

Hethyl Sulfide 

Dimethyl Sulfoxide 

J\cetic Anhydride 

Acetone 

Methyl Formate 

Pentane 

Ethanol 

Hethanol 

a) Boiling point./Molecular weight 

b)i'lolecula.r dipole moment in Debyes. 

Table 2 

0.50 1. 78 

0~30 1.48 

1.99 3.92 

0.60 1.50 

2.41 3.96 

l. 37 

0.97 2.88 

0.52 1.77 

0.50 0 

1. 70 1.69 

1.96 l. 70 

c) Hydrogen bonding parameter, in \va;renumbers, cm-·l, reference 37. 

1.315 

o. -;os 

1.005 

0.883 

1.075 

L.347 

1.212 

0.882 

3,003 

d)Kirkiiood dipole correlation factor. Reference 19. Calculated using eqn. (3.4) on p. 108. 
Parameters used in that expression were obtainf)d from .r·efe:cence 39 Q 

e) 
Reference 37. Dat:a for 1, 1, 2-Trichloroet:!tane. 

f) 
Reference 37. 

g) Reference 37~ Data for n-heptane. 

h) Reference 38. 

jv 



l,l,l~Trichloroethane 

Methyl Iodide 

Acetonitrile 

Methyl Sulfide 

Dimethyl Sulfoxide 

Acetic Anhydride 

Acetone 

Methyl Formate 

Pentcme 

Et.hanol 

Methanol 

a)Sound speed 

-32-

Table 

c (em/soc) 

1.02,000 
e) 

84,000f,g) 

128,000f) 

lOO,OOOh) 

148,9001 ) 

l15,000j) 

117 ,ooofl 

126,000k) 

108,500° 

115 ,ooof) 

112, ooofl 

-~----<-~~~'~" 

3 

0. 832 436!11) 28.5 

0.460 3 _ 1~f,m,n,o) J.:> 34.9 

0.360 72f,p) 1.2.5 

0.293 59m) 6.7 

1..996 
,q) 

2.6 

0.852 58m) 4.6 

o. 327 30~70f,m,n) 4··10 

0.347 49m) 11.1 

0.2.33 
,t,u) 

7.1 

1.180 54n) 2.1 

0.597 rm,n) 
. .t. 2.3 

b)Viscosity in centipoise. 
c) Observed ultrasonic absorption coefficient:. a = (a/f

2
) b . :i.n 8ec

2 
/em x 10 -l7. 

d) . . 2 o ser~d 2 3 
Ultr:J.sonic absorpt.1.on constal1t.. O''class:-_e; (CV 'f. )clcissical ~~ 8TI n/3pc He·:er~r:cc~ ::21,2?.~ 

e) Reference 

f) Reference 

g) Refe-rence 

h) Reference 
i) 

Reference 

j) Reference 
k) e 

fl Reierence 

'f.l Reference 

m) Reference 

n) Reference 

o) Refe:r:·ence 

p) Reference 

q) Reference 

r) Reference 

s) 
Reference 

t) Reference 
ul 

'Reference 

/v 

48. 

44. 

49. 

44. 

47. 

44. 

44. 

49. 

42. 

43. 

21. 

45, 

46. 

42. 

43. 

21. 

44. 

Value for 1,1-Dichloroe"chane 

Value for ethyl ether. 

Value similar to acetates. 

Value for ethyl formate. 

Value for hexane. 

Value for hexane. 

Value for hexane. 

Value for hexane. 

Value for hexane. 



'!'able 4 

a) b) 
Yo free volume 

L 3293 1. 50 7 

Hethyl Iodide 2.2649 
C) 

2 .521!. 0 

10.:?. 

A.cetonitrile 0. 7766 0. 8. 7 

Me thy 1 Sulfide 0.8423 0.9796°) 14.0 

Dimo'chyl Sulfoxide 1.0953 L 
) 

0.6 

L07cil L 10.0 

Acetone 0.7844 0. 16.2 

Met.hyl Formate 0.9669 L 14.9 

Pentane 0.6214 0. 7683d) 18.5 

Ethanol 0.7850 o. 12.4 

Nethanol 0.7866 o. 18.2 

a) Liquid densities at £:rom reference 39 ~ 

b) Solid densities at the melU.ng point. 

c) 
Reference 40. Value extrapolated from 

d) 
Reference 40. 

e) 
Reference 39. Value calculat.ed using formula. 

f) 
Reference 40. Value calculated using formula. 

g) 
Reference 41. 



Table 5 

a -1 
y K 

0 

l~ 1, l-Tr.ichloroeth&'1e 0.510 1740 

Methyl Iodide 0.489 2273 

Acetonitrile 0.497 2906 

Methyl Sulfide 0.468 1575 

Dimethyl Sulfoxide 0.541 3408 

Acetic P~hydride 0.490 1518 

Acetone 0,.467 1543 

Methyl Formate 0.460 1730 

Pentrure 0.440 770 

aLiquid packing fraction. Calculated using Equations 8 and 9. 

bCalculated using Eqc1ation 7. 

cHeats of vaporization per cm
3 

at 25°C from Reference 39. 

energy per cm
3 

at 25°C. 

eCalculated using Equation 6. 

£Calculated using the ircportant terms in Equation 5. 

322 

439 

629 

375 

742 

482 

417 

455 

228 

c RT (J/cm3) d -1 3 e 
K~ (J/cm ) (J "" p v .i p 

25 1146 294 

40 1474 416 

47 1742 453 

34 892 454 

35 1994 314 

26 607 4.27 

33 777 484 

40 900 537 

21 357 456 



for stimulated Stokes excitaticm f:>,nd selective, 
coherent Stokes Exci tat:ion Stokes a~"1d 

Stokes si ial and 
detected on of a tvm~dimensional ONA. 

~-~"~~,~~~~2:::·~. Experimental data for the symmetric vibration in 

4 

8. 

methanol and ethanoL Coheren s al as a function 
of delay in (a} methanol and (c) ethanol. c 

s and homogeneous Lorentziar1 line calculated 
from the measured dephas times in (b) methanol and (d) ethanol. 

data for the symmetric CH -stretching vibration in 
acetone and me l sulfide. Cohe scatt.ered Stokes si 
as a function of dfd.ay in acetone and (c) me sulfide. 

Raman line s and homogeneous Lorentzian lineshapes 
calculated from the measured time in (b) ace tone and 
( methyl sulfide. 

Experimental data for the 
trichloroethane and acetonitrile., 

vibration in 

as a function of probe (a) tric;,loroetha1,e and 
(c) acetonitrile. Isotropic Raman lineshapes and homogeneous 
Lorentzian linesnapes calculated from the measured dephasing tines 
in ) trichloroethane and (d) acetonitrile. 

of t"h':: line'>,'idth versus the 's 
intermolecular attraction param£:oter as define6 (B.P./ H.W.). 

inhomogeneous b linewidth versus the 's 
para!l'.eter. (cf. R<':!L 37, 38) 

of tile inhomogeneous bro 
dipo1e J:',or:v::nt. 

line·,.;i.dth versus the molecular 

Graph of the ous 
dipole correlation factor. 

linewidth versus the 
( c L Ref. 19 , 2 0) 

d's 

Graph of the inhomogeneous broadening linewidth versus the d's 
ultrasonic absorption constant. (cf. Ref. 21,22) 

Fi 10. Graph of the 
-~~~~-~-

broadening linewidth versus the 
(See Table 4 for details) 

's 
free volQ~e percentage. 

of the inhomogeneous broadening linewidth versus the 
local number density distribution width as calculated from 
Equations 5-9. 
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