Lawrence Berkeley National Laboratory
Lawrence Berkeley National Laboratory

Title
INHOMOGENEOUS BROADENING OF VIBRATIONAL LINEWIDTHS IN POLYATOMIC LIQUIDS

Permalink
https://escholarship.org/uc/item/27s4v231

Author
George, S.M.

Publication Date
2012-02-17

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/27s4v231
https://escholarship.org
http://www.cdlib.org/

UNIVERSITY OF CALIFORNIA

Submiyied'toi?heyJo¢rna? of Chemical Physics

 INHOMOGENEOUS BROADENING OF VIBRATIONAL
LINEWIDTHS IN POLYATOMIC LIQUIDS

S. M. George, H. Auweter, and C. B. Harris

June 1980

TWO-WEEK LOAN COPY

This is a Library Circulating Copy

which may be borrowed for two weeks.
For a personal retention copy, call
Tech. Info. Division, Ext. 6782

Prepared for the U.S. Department of Energy under Contract W-7405-ENG-48

- LBL-10141a.2

Preprint



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, ot
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



to Journal of

INHOMOCEREOUS BROADENING OF VIBRATICNAL LINCWIDTHS

IN POLYATOMIC LIQUIDS

§. M. “iovge, . Auweter® and €. B. Harris

Depavtment of Chemistry and Materials and Molecular Research Division
of Lawrence Lerkeley Laborvatory, University of California,
Bevkeley, California 94720

¥Permanent address: Phyvsikalieches Institut, Universitat Stuttsort,
Plaffenwaldrivg 57, 7000 Stuttgare-80, Vest German:s

[
7







account of inhomogeneo broadening of vibrational

linswidths in non-hydrogen-bonded liguids is presented based on the

(

f isotvopic spontaneous Raman studies and picosecond
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combined vesults
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experinents. The symmetric CH . ~stretching vibrational
kY

L were found to be inhomogene

degrees, A tation between the inhomogenecus broadening and the
liquid’s local number density distribution width ie demonstvated, upon

retical model for inhomogeneous broadeni

A stochastic theory is c¢onst ruc&gd in which homogeneous and

ivhomogeneous broadening are treated simultaneously in terms of one

vibrational correlation function. This treatment unii
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and slow modulation approaches tvo vibrational dephasing and demonsty
haw disotropic spontanecous Raman scattering studies and picosecond
coherent probing experiments can be uvsed in conjunction to study the

inhomogeneous broadening of vibrational linewidths.
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brational dephasing theories

consequently most vi

made this distinction nor addressed this pos

however, we observed that even very simple non-hydrvogen-~bonded liquids can

be significantly inhomogeneously broadened. This immediaz

fa¥

important question. Is innomogenecus broa
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1g in non-hy

liguids general, and 1f so, what is the phys
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ovigin of the broadening?
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In order to study the

inhomogenecus broadening of the symmetric CH

fad

stretching 1i
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al linewidt

1s, isotyopic

s

spontaneocus Raman gcattering studies

stimulated Raman picosecond cohere

s
iad

probing exper iments

performed. The picosecond cohe

1

experiment allows the homogeneous linewidth of a single, di
isochromat to be determined in a vibrational lineshape which may be com

of a continuous frequency dist

ibution of wvibrational isochromats established

by inhouogeneous broadening processes. Since spontaneous Raman scattering

arises from

11 the wvibrational isochromats in the distyvibution, isotfropic

0

spontancous Raman scattering vields a lineshape which arises from the con-
volution of both the homogeneous and inhomogeneous broadening lineshape

functions. Consequently, the inhemogencous broadening lineshape function

can be obtained by deconvoluting the homogencous 1

oo
J-;<

ineshape function determined
by the picosecond experiment {rom the isotvopic spontancous Raman lineshape

£

function. Thus the inhomogencous broadening of vibrational lineshapes in

]
)
et

liquids can be studied and related to structural and/or dvnamic vroperties of

the Iiquid.



In this paper we would like to establish the generality of inhomo-
geneous broadening of symmetric Cagmstrezﬁhing vibrations in pon-hydrogen-
bonded polyatomic liquids and to suggest a simple wodel for the broadening's
magnitude which is based on the width of the distribution of the liquid's
local number densities. Moreover, we would like to develop a stochastic
lineshape theory which treats homogeneous and inhomogeneous broadening simul-
taibeously in terms of one vibrational correlation function and demonstrate
how isotropic sponmtaneous Raman scattering studies and picosecond coherent
probing experiments can be used to study the inhomogeneous broadening of

vibrational linewidths,



I, EXPERIMENTAL

The stimulated Raman scattering experiments
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picosecond pulses selected from the rising edge of pulse trains emitited from

cation,

ly=modelocked Nd:glass lacg

nd freguency~doubling the pulses had a duration of 5 psec

and a spectral bandwidth (FWHM) of # 4 om ~, vielding a bandwidth product of

# 0.6, which bandwidth-limited.

The pulses were compressed by passage through a 1 cm cell of Eastman Xodak

dye #9860 with OD = 3.0 at 10,600 A. The dye effectively absorbs the rising

edge of the bleaches, allowing the main portion of the pulse o

pass. This establizhes a very rapid rising edge of « 0.7 psec on the pulse

hut does not the pulse's spectral bandwidil The

compressed pulse was broadened by < 6% relative to an uncompressed pulse.

Each pulse was split into an excitation pulse and a delayed probe pulse.

The polarization of the probe pulse was rotated such that the probe pulse was

te
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and probe pulses were recombined collinearly in a 10 cm sawple cell.

The symmetric CH_=-stretching vibrations were coherently excited by
B N :
[

. L ) ) . . .
transient stimulated Raman scattering. Coherent excitation establishes a
macroscopic coherent superposition of vibrational states v=( and v=1 in a

3wstretching vibrations, i.e. p,..(t), an off-diagonal

group of syumetric CH

01

perpendicularly with respect to the excitation pulse. The excitation



density matrix element in the symmetvic Qﬂgwstraiché

g vibrational oscillator
basis setf. The excitation process is highly non-linear and model calculations
have demonstrated an abrupt onset and cutoff of the pumping process due to the
. : . . 3,5

sharp rise and decay of the stimulated Stokes pulse.

The coherently excited symmetyic CH3mstretghing vibrations were probed

by ecoherent strokes Raman scattering. The macroscopic coherent superposition
of vibrational states v=0 and v=1 oscillates with a well-defined phase and

produces a macroscopic modulation of the optical refractive index at the vi-

brational frequency through the coupling parameter 6G/8q, the change of polar-

o

izability, o, with vibrational coordinate, g. The incoming probe pulse scatters
off this modulated refractive index, producing sidebands, i.e. beat frequencies
shifted by the vibrational frequency to higher and lower frequencies. The

efficiency of coherent scattering is crucially dependent on the spatial wave

vector. k-matching condition defined by the probe scattering geometrynj For

selective k-vector matching in a 10 cm sample cell, the coherent Stokes probve

scattering is devived only from vibrations located within a frequency interval

2,3

s

of <~ 0.3 Cmml around the center of the spontanecus vibrational line.
Thus the Stokes probing technique can detect a homogeneously broadened vibrational
isochromat as narrow as 0.3 cm = in a vibrational linewidth of unknown inhomogeneity.
This sets an upper limit of TZ/Z.i 18 psec on the decay time resclution .

Assuming an impulse excitation, the lower }imit on the decay time resolution

in an excite and probe experiment is established by the rising edge of the

probe laser pulse. Since the pulses have a sharp rising edge of < 0.7 psec,

. . 6
Tziz decay times longer than 0.7 psec can be resolved.



The coharently scattered Stokes probe signal and the exc ion Stokes

spectrum were separated and simuZtaneousZy detected on the target of a two-

Jime

cnsional optical multichannel analvzer. We

for stimulated Raman scattering, spectrally o

any shot that displayed frequency modulation. The experimental setup for

stimulated Stokes excitation and coherent Stokes probe scat is deplcted

schenati

cally in Figure 1.

The coherently scattered Stokeg signal decays exponentially with a

EAY]

slope of T,/2 as a function of probe pulse delay. Since the signal

decays exponentially, the vibrational dephasing time, T is preoportional to

25’

the inverse of the linewidth of the homogeneous Lorentzian lineshape function:

Aw {FWHM) cm e
cnl.,

P
[

Thus the linewidth of the homogeneous Lorentzian lineshape can be determined
by measuring Toy the homogeneous vibrational dephasing time.

Isotropic spontanecus Raman lineshapes were obtained using a standard
Argon ion laser and a double monochromator scattering unit. The polarized
Stokes scattering lineshapes wevre essentiallv the same as the isotropic

lineshapes because of the very small depolarization factor for the symmetiric

Cﬂawstretchihg vibrations in the liquids studied.
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11T, ESULTS
¥Figure 2 shows the coherently scattered Stokes signal as a function of
probe pulse delay for the symmetric Cﬂgmstretching vibration in methanol and

ethanol. On the average, the obgerved dephasing times were T _/2 = 1.2 + 0.5

-
&

psec for methan@ll and 1.25 & 0.5 psec for ethan@lagyg The isotropic Raman
dineshapes of the same vibrations are also shown in Fig. 2. From the measured
dephasing times, we calculate the corresponding homogeneous Lorentzian line-
shapeg which are also drawn in Fig. 2. From these superimposzed lineshapes
the inhomogeneous broadenin§ in these two hydrogen-bonded liquids can easily
be visualized.

Figure 3 shows the coherently scattered Stokes Signal as a function of
probe pulse delay for the symmetyic Cﬂsmstzetching'vibr&ti@n in acetone and
methyl sulfide. On the average, the observed dephasing times were TZ/S =
1.5 % 0.5 psec for acetone and 1.9 %+ 0.5 psec for methyl sulfide. The
isotropic Raman lineshapes and homogeneous Lorentzian lineshapes correspond-
ing to the measured dephasing timeg are also shown in Fig. 3. The s@perw
imposed lineshapes display significant inhomogeneous broadening for both of
these non-hydrogen=-bonded liquids. Two more examples of non-hydrogen-bonded
ligquids are given in Figure 4 for trichloroethane and acetonitrile. There
was no observable broadening within the error limits in trichloroethane, which
is consistent with the results of Laubereau et alglo’ll'lz

The average experimental dephasing times, calculated homogeneous line-
widths, and isotropic Raman linewidths for all the liquids studied are compiled
in Table 1. We found that symmetric CH g=stretening v{brationgz linewidins in

non-hydrogen-bonded liquids are inhomogereously broadened to vartoug degrees.”

Pe,



of non-hydyogen-

Thue the symmetric CH. ~stretching vibrational 1
5 3 .

bonded liquids are not motionally parrowed,presumably because the liquid

site yvelaxation times ave much longer than tlons,
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Iv. INHOMOGENEGUSLY BROADENED LINESHAPE ANALYESIS

If the liguid vibrational band is inhomogeneously broadened, the line-
shape obscrved by isotropic spontaneous Raman scattering arises from the
convolution of two independent lineshape functions: L{w), the homogenecous
lineshape function which is Lorentzian; and G{w), the inhomogeneous broadening
lineshape function. The resultant vibrational lineshape function, I{w), can

be written as a convolution integral:

o]

Twy = [ Li{w' ) G(w-w')dw' (2

Pt

Since isotropilc spontanecus Raman scattering gives the lineshape for

I{w) and the picosecond measurement gives the homogeneous Lorentzian neshape,

L{w), the inhomogeneous broadening lineshape, G{w), can be obtained by de-
convoluting the isotropic spontaneous Raman and homogeneous ILorentzian line-
shapes. Unfortunately, I{w) is not easily represented by a simple functional

form. In most cases, however, I{w), the isotropic spontaneous Raman scattering

lineshaype, is somewhere in between a Gaussian and Lorentzian lineshape.
One well-studied lineshape which is intermediate between a Gaussian and

a Lorentzian is a Voigt profile, which is a convolution of independent
. , . ‘ 14,15 . .
Gaussian and Lorentzian lineshapes. If the isotropic spontaneous Paman

lineshape is assumed to be a Voigt profile, which is usually the case, and

-~

. . : . ) 16
the inhomogenecus broadening lineshape is assumed to be a Gaussian, the
problem of deconvolution is greatly simplified. Numerical deconvolution is
not necessary hecausc if the linewidths for the Voigt and Lorentzian line-

shapes are known, the linewidth for the Gaussian lineshape can be determined

15

from numerical Voigt profile tables. ” The linewidths for G(w}), the in-

omogencous broadening lineshape function, were determined after making the

g

alove assunptions and are listed in Table 1.



Several general observations can be made about the data in Table 1.

the homogeneso widths are rather unifor te the inhomogeneous

i

Second, even non-polar liguids such as pentane

inhonogen-

sously broadened. Moreover, although the hydrogen-bond

the greatest inhomogeneous broadening, they do not form a class by themselves.
Several non-hydrogen-bonded liquids are broadened almost as much as the

hydrogen-bonded liguids.

[SCUSSTION
After deteyrmining that the inhomogeneous broadening lineshape line-
widths varied from 1 to 15 cm ', attempts were made to correlate the in-

homogeneous broadening linewidths with various liquid parvameters. Initially,

We as

umed that the inhomogeneou

&3

broadening was determined by a dis tr7np?7nu

of environmental sites which establishes a certain continuous fre

distribution of vibrational isochromats. This assumption is supported by

; 17,18 . N , L.
studies on hydrogen-bonded liquids’ which suggest that the ctiraciive
portion of the intermolecular potential, viz. the hydrogen bond, causes long
ange correlations in the intermolecular forces and creates a distribution of

o

stribution of vibrational frequencies

Cis
[

environmmental sites which establishes a
Furthermore, recent picosecond experiments have demonstrated that hvdrogen-
konded liguids are severely inhomogenecusly broadened

presumably because the attractive portion of the intermolecularx

potential causes long-range correlations which enable environmental

to persist for 2 5 psec. Since the attractive portion of the intermolecular
potential is implicated in the inhomogeneous broadening of hydrogen-bonded
liquids, attempts were made to correlate the inhomogencous broadening in

the non-hydrogen-honded licuids with vavious liquid intermolecular attraction
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pavameters. No correlation was observed, however, with: Trouton'’s ratio;

B.P./M.W. (Boiling Point/Moleculay Weight); u, the wolecular dipole moment;

the hydrogen bonding parameter; or ¢, the pelarizability. In addition, no
L .. . . S o 19,20

correlation was observed with the Kirkwood dipole correlation factor.

Some of the attempted correlations are shown in Figures 5~8 and the liquid

parameter values are listed in Table 2.

The ultrasonic absorption constant, o/a the ratio of the observed

class’
ultrasonic absorption constant and the predicted clasgsical ultrasonic
absorption constant, is related to liquid structural associativityazlyzz
The ultrasonic absorption constant displayed a slight correlation with the
inhomogeneocus broadening which is shown in figure 9. Trichloroethane and
nethyl iodide, two linewidths which are broadened the least, have the
largest ultrasonic absorption constant. This behavior is consistent with
Pinkerton's liquid classification scheme, which groups liguids with large
ultrasonic absorption constants into the non-associated liguid division.

The other liguids, which are more severely broadened, have ultrasonic
absorption constants which are closer to the associated liquid division of
the Pinkerton classification scheme. This correlation requires further
investigation. Parameters used to calculate u/uclaﬁs’ the ultrasonic
absorption constant, are listed in Table 3.

Since the inhomogeneous broadening lineshape linewidths did not cor-
relate with liquid attraction parameters, attenpts were made to f£ind a
correlation with other liquid parameters. The inhomogeneous broadening does
tend to scale with the molecule’'s deviation from spherical symmetry. The
simplest, most spherical molecules, trichloroethane and methyl iodide, are

nearly homogeneous, whereas the longest, least spherical molecules, methyl

formate and pentanc are extremely inhomogencous. This suggests that the



meleculs’s shape determines how the molecule can pack with other molecules,

luence the number of environmental gites that are

Iin addition, a correlation was observed between the inhomogeneous

. . . \ e e | 24 .
broadening linewidth and the liquid’s free wvolume. The correlation is shown

in Figure 10 and the parameters used to calculate the liquid's free volume afe
ligted in Table 4. 7Thig correlation suggests that the liquid’s entropy par-
ticipates in establishing the number of environmental sites in the iiquid
since the liquid's entropy may cause the liguid's free volume to distribute
itself in order to maximize the number of interactions of molecules with other
molecules and/or free space. In such a case, the number of fferent environ-
mental sites in the ligquid would be functionally é ependent upon the ligquid's
free volume.

Free volume alone does not elucidate the distridbution of values in a
local liquid parameter which may give vise to a distribution of environmental
sites. The liquid's free volume, however, ig closely related to the dis-
tribution width of the liquid's local number density through the isothermal
compressibility. Since a distribution of local number densities could con-
ceivably create a distribution of distinct vibrational frejuencies, this
parameter will be derived and discussed in detail.

Follewing the standard treatiment, 25:26 we treat the liquid as an open,
isothermal system of volume V, and apply the method of most probable dis-

tributions to characterize the spread in the distribution of the number of

e
e
-

molecules,
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=
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where pois the chemical potential. Introducing the nunber density, p = =,



-1

and using the relation dy = vdp, ong can show that:

where Kp is the isothermal compressibility of the ligquid. Since V is
constant, equation (4) can be rewritten to yield o the fluctuation in

the liquid's number density:

0, = iy (5)

g, characterizes the spread in the number density distribution, i1.e. the

p
root mean-sguare deviation from the mean of the number density. We will
refer to GQ as the loeal number density distribution width since the volume,
V, can be arbitrarily scaled down to molecular dimensions.

In order to calculate UQ, the local number density distribution width,
values for the isothermal compressibility are needed. Unfortunately, very
few experimental ligquid isothermal compressibility values have been
determined. The isothermal compressibility, KT’ can be calculated, however,

; . . 2
using the eguation:

, -1
K, = [~ = (AHV - RT)] (8)

where KO is the isothermal compressibility for a fluid of hard spheres:

AV (1+vy) 2

K = (=) [, ] (7)

o NKT

This equation is derived fram the free volume theory of liquid and has been

. . . . 27
shown to give satigfactory agreement with experimental values. In the



expression for K Ve A3
' o
. 3 ;
y ¥ o zpy 0 {8}
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where 0. is the number density of the liguid and o is the hard sphere

i

diameter. The hard gphere diameter can be approximated using the relation-~

“y

. . . . . L )
where p is the number density of the solid at the melting point. ALl

paramet values, calculated isothermal compressibilities and local

nunbey

density distribution widths are listed in Table 5.

Pigure 11 shows a graph of the inhomogeneous broadened linewidth

€]

magnitudes versus ¢ o SVKTQ This plot demonstrates that trne wnount of in-
p

3

homogeneous broadening is approximately proport

s

LoV

]

to the liourd’'s local

3
[

number density distribution wictn. This correlation suggests that either
the local number density distribution causes the inhomogeneous broadening,
or that the local nunber density distribution width scales with sore other

liguid property that causes the inhomogeneous broadening.

VI. BTOCHASTLIC LINESLAPL THIORY FOR INHOMOGENEOLS BROADENTNG

In order to develop a model for inhomogeneous broadening of vibrational
transitions in a more formal way, the inhomogenecus broadening problem was
constructed in the time-domain. The Kubo-Anderson general stochastic theory

0,31

s 3 : s N . : . .
of lineshape dprovides a simple theoretical framework from which in-

homogeneous broadening can be formalized and visualized. Formally, the

[

Hamiltonian for the vibkbrational oscillators can be written:



H o= H +H +H (10)
o p m
where H = Thiw + dw(t))a. a. (11)
O 5 6] 3 3
H = sn.Via,,a. R, (r),0.(r)) (12)
p FR R R j
+ +
= ; 13
Hm z k“hgjk(ajak + akaj ) {13)
s
9 = FRy(r,E) R (2,6),0, (r,8),0, (z,t)) (14)

The subscript j sums over the various environmental sites and nj is
the populatiocn fraction at each site. HO is the unperturbed Hamiltonian

containing Aw{t), which gives rise to the homogeneous lineshape of

each wvibrational isochromat. Hp is the
perturbing Hamiltonian which causes a frequency splitting according to the
particular envirommental sites which are dependent upon Rj(r), the molecular
radial distribution around site j and Gj(r), the molecular orientation factor
around site j. Hm is the motional Hamiltonian which interconverts environ-
mental sites at a rate, gjkp determined by changes in the molecular dig-

tribution and orientation.

The commutation relationships are as follows:

[HO,me = 0 {15)

{HO,HP} + 0 (16)

{Hm’ﬁp] F# 0 (17)
Ho commnutes with Hm in the limit that Ho and Hm operate on difforent

timescales. Since Awi{t), viz. the rime-dopondont processes in Ho which give



1 2

ris2 to the homogeneous linewidth, occurs on the picosecond or subpicosecond
timescale and qjk’ the site interconversion rate, occurs on the timescale
of diffusion or rotation, this limit is pzobablf obeyed.

HP does not commute with ng therefore Hp can change W e the natural
frequency of HOQ Hm does not commute with Hpg therefore Hm causes a time

variation of Hp according to:

e

imH o = (H,H) {(18)
p P

= ML+ LH (19)
o''p m'p
iH@eHﬁ] = 0 since Hp is assumed to have no important matrix elements con-
); .

L

necting various unperturbed states of H_. HP only changes the frequency
without causing transitions.

These are the formal Hamiltonians and their precise form is not known.
In the absence of exact Haniltonians, however, a randomly modulated oscil-
. ; 21
lator model can be used. This approach treats the vibration as an oscil-
lator with a randomly modulated freguency and allows Do%n the homogencous
and inhomogeneous broadening problems to be treated easily.

In this treatment, the vibrational oscillator, with a natural fre-

quency WO' is given an equation of motion:

°

¥ = iwi{t)x (20)

where w(t) is the frequency with random modulation. The time average

]

of w(t) is WO and w{t) can be written a

wilt) = w_ + wift) (21

where w_ (t), the stochastic process, yepresents the fluctuation in freguoncy.
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Wl(t) can be described in terms of two characteristic parameters:
A, the amplitude of the frequency change during the modulation; and Tos
the correlation time of the modulation. Given a probability distribution

P(wl) for the frequency modulation:

2 _ 2 '
& = fwl P(wl)ﬁwl (22)
and T, { Y{t)dT {23)
where b)) = i,g «zwl'(-e:)wlft &) (24)

A relaxation function, ¢(t}), can be defined for the oscillator.
Lt
p(t) = <exp i éz wl(t')dt°> ' (25)
if wl(t), the fregquency displacement modulation, is a Guassian process:
a2t
dl{r) = expl-b {D(th)wir)dt] {26)

If Y (1), the correlation function for the modulation, is assumed to be
exponential, i.e. V(1) = expl-t/1:], the relaxation function, i.¢. the

. . , . 32
correlation function, of the oscillator can be written:

(L) = eXp{“AZITCZ(eXp(“t/TC) - 1) + tTC]} {27)

If the liquid has slowly varying intermolecular forces creating local
structure, individual vibrational oscillators can vibrate in a distributiocon
of different molecular cnvironments which establishes a frequency distribution
of wvibrational isochromats. The f{reauencv distribution of vibrotional iscchrerats

causcs vibrational dephasing becaouse of destructive interference among the



individual frequencies in

the distribution. The slowly wvarving
intermoiecular forces can be characterized by a

fregquency nodulation amg an be formally dervived

S

& .= L n,b,, which
4 5 33

from H and a modulation correlation time, TINH” which is rel:

]

w
u
ot
[t
o
.
a
e
la's

time dependence of Hp? through if HP = Iﬁ“§”Pju These characteristics
m

de

*’D

fine the wvibrational correlation function contributed by the slowly varying

intermolecular forces:

IT? Aexp («t/7 - 3} 4 T 17 {283

éii? NH™ INH N INH INH

o expl=A

In addition to the slowly=-varving intermolecular forces, short-vange,

rapidly varving dynamical modulation processes can cause vibrational de-
phasing of individual vibrational subunits. The short-range, rapidly varying

modulation processes can be characterized by a frequency modulation AH and
] ¥
a modulation correlation time THQ These quantities can be derived from

Awit) in HOG Particular forms for Aw(t) are given by the binary collision

24

, L 34 , ) 35a
model, the exchange theory model, the hydrodynamic model,” " molecular

. . . 35b . , Sc . .
dynamics simulations, the cell model, and other various models which

7, 35d, 3be, 35f

treat a harmonic oscillator coupled to a heat bath. The
characteristics of the rapid, short-range modulation processes define the

vibrational correlation function for an individual vibrational isochromatr:

e
[ ]
it
St

by, = axp{~zx§11~;<e xp(-t/71,) = 1) + t1,1)

1. . . .
A% 113 in the above expression is equivalent to sz the homogeneous



vibrational dephasing time, for t 2 Ty in the limit of fast m@dulationagz
Since the homogeneous vibrational linewidth, i.e. the linewidth for
individual vibrational isochromat, comprises a substantial fraction of the
spontaneous Raman lineshape, the spontaneocus Raman lineshape is treated as
a convolution of two independent lineshapes. Likewise, the vibrational cor-
relation function corresponding to the spontaneous Raman inhomogeneous
broadened lineshape must be erpressed as a product of two modulation cor-
relation functions. The product is strictly valid only when ¢ (£) and @lNH(t)

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

Ho and Hm must operate on different timescales in order for them to commute.
= 30)
¢ (t) (e), o (e o (

The vibrational spectrum is related to the vibrational correlation

function by:

Tw) = o= S expl-iwt](e)dt (31)
oo
Because I(w) = / L{w')G(w-w')dw' for inhomogeneous broadened spontaneous
o OO

Raman lineshapes:

LL )G awt = 2= S expl-iwtl (£)dt (32)
1 e . , 5
= §;~3; expfmlwtié{t)ﬁé(t)INHdt {33)

Since the Fourier transform of a product of two functions is given by
the convolution integral over the products of Fourier transforms of the
separate factors, L{w) can be identified as the Fourier transform of @(t)H

and G{w) can be identified as the Fourier transform of @(t)IFHB Thus



the problem of inhomogeneous broadening has been constructed in the time-

domain. This is useful because the time domain picture easily relates the
inhomogeneous and homogeneous broadening to frequency displacement amplitudes
and correlation times, and treats the inhomogeneous and homogeneous broadening
simultaneously in terms of one vibrational correlation function.

This stochastic lineshape theorv unifies the variocus slow and fast

modulation approaches to wvibrational dephasing. In the slow modulation limit,
) ) . 36a, 36b .
represented by the static envirvonment theory of Bratos et al. ? , & static

frequency distribution of vibrational isochromats causes vibrational dephasing
because of destructive interference among the individual frequencies in the

distribution. In the fast or intermediate-modulation limit, represented

: . 33 . 34 35a, 35b
by the theories of Fischer and Laubereau, Havris et al., Oxtoby ?

7, 35c¢, 35d, 35e, 35f . .
and others, ’ ’ ? oo rapidly varying processes cause vibrational

b

dephasing by randomly modulating the frequency of the individual vibrational

isochromats. These varicus slow and fast modulation theories of vibrational

o . T, T... A} Al
dephasing can be unified by using the parameters H, Ix3, H and IMH to

RS

define the wvibrational correlation function.
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The amount of inhomogeneous broadening was previously demonstrated 1o
be approximately proportional to the liquid's local number density distribution
width. Now a wmodel is developed which relates the local number density dis-

tribution width to AIN and T.

g e First, we propose that A 18 related to

INH

the mean intermolecular force that the envirowment imposes on a molecular
vibration, Second, we propose that the tntermolecular force has a distribution

which 1s proportional to the lLocal wnumber density distribution. Therefores

EINH o GP (34

- INH P 3

A = ¥ n, A, where individual A, values result from the particular R, {r)
INH 5 7] ) 3 3

+
A can be formally derived from H_ = ; njviajyaj ij(r)g9j(z)) or

and 93513 configurations which give rise to the site., Specific local hunber
densities in the lccal number density distribution affect éj through Rj(z)
and possibly eéir)n

Third, we expect that T the inhomogenecus brecadening modulation

INHY
correlaticn time, ©s proportional to the time required for positional or

orientational interconversicon of molecules, i.e. proportional to diffusion

®

or rotatlion times. This can be derived from iH Hp = [Hm“szq Since HP =

+
¢ ) TR .
g njv(aj,aj ﬁRj(rh«j(r) and Hm a F(Rj(r,t)yej(r,t)), the changes in Rj(rpt)

and Qj(r,t) give rise to a time variation in Hp« Formally, Hm is constructed

as an exchange Hamiltonian. In time 7 therefore, site § is converted

INH’

to some site k because of positional, Rj(r,t), and orientational, Qj(ryt)p

wovements of molecules.



We anticipate that Trnm for the 1 elongat molecules {e.q.

pentana, acetic anhydride} will have the same timescale as diffusion since

theilyr rotational movements are severely

The smaller, nearly

spherical molecules (e.g. trichlorcethane, methyl iodide) may have TNy
B ENEE

faster than their diffusion times because of rapid orientational averaging

of Gj(iyt) due to rotational movement.

In the limit that AINF — <21, the avplication of the above theory

predicts that the vibrational lineshape should be a homogeneously bxe

, 31 . ‘ . . . .
Lorventzian., ' The Lorentzian lineshape observed- for trichloyocethane,

which is known €0 be homogeneous because of the pilcosecend data, corvectly

beys this limit. Furthermore acause is 1 since A ¢ and
obeys this limit srthermore, becs AZNH is low since A« %3 and
T, is short since the molecule is nearly sphevical, A, 1. . for tyichloro-
INH ! N B e S SNy INH '
ethane ¢ualitatively agrees with the limit A_ 7T, << 1.
INH INH
In the limit that AINH INH >» 1, the theory predicts that the vibrational

. \ 5 ( . 31 ) .
should be an inhomogeneously broadened Voigt profile. The Voigt profile
lineshape for acetone, which is known to be inhomogeneously broadened because

of the picosecond data, correctly obeys this limit. Moreover, because

AINH is large since ATNH o o, and TN is longer since the molecule is
elongated, AINHTIW” for acetone gualitatively agrees with the limit
. L INDL
AT 221,
INH INH
Finally, we observed that A ¢ the linewidth of the inhomogensous

INH

broadening lineshape function is approximately proportional to %7p the local
anumber density distribution width. In addition, the broadening must be

proportional to f£{r__ ), a function dependent upon 7

TNl the inhomogeneous

INHY

broadening correlation time. Therefore we propose that the Lincuwidih of the

wromogencous broadening lineshape function 1s proportional to the proluct

lineshap.



A

e d ) 1d £t s
0 9, (o - and £1{ INH)

.: .2; Br
b @ Fllo, (35)
Y Timie . Iy . ulatior {1 <<
In the limit Togg T O iee. the fast modulation limit AINHTINH < 1,
the ismeshape is lLorentzian . and i(TzNH) approaches AzNHTINH/WC

in oxder to give the correct linewidth for a Lorentzian lineshape:

A T
=1 INH INH
Aw o = AL LA
1NH(EWHM) cm { g ) QINH {36)
2
i Too.
- __INH INH (37)
TC
g QT
o P _INH _ (38)
e

In this limit, the inhomogeneocus broadening processes have become honogeneous
processes.

In the 1limit TINH + W, e, the static environment limit developed

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

L
Gaussian and E<TINH) approaches the factor (2£n2)%/mc in order to give the

correct linewidth for a Gaussian lineshape:

1,
. -1 (2n2)
Awy gy (FHHH) e = e INH (39)
‘Z’é
A2£n2) (40)
c 0

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

B is approximately proportional to Upn

J
INH



YIL. SUMMARY

P

¥

We believe this is the first account of inhomogeneous broadening in
non-hydrogen-bonded liquids and the fivst attempt to relate inhomogensous
broadening to various liquid parameters. We emphasize that symmetric Cﬁgm
stretching vibrational linewidths in non-hydrogen-bonded liquids are in-
homogeneously broadened to various degrees. A corrvelation is established
between the inhomogeneous broadening and the liguid's local number densitcy
distribution width upon which a model for inhomogeneous broadening is
constructed. A stochastic lineshape theory is developec in which homogeneous
and inhomogeneous broadening processes are treated simultaneously in terms
of one vibrational correlation function. This treatment unifies the fast
and slow modulation approaches to vibrational dephasing and demonstrates
how isctropic Ramon scattering studies and picosecond coherent probing
experiments can be used in conjunction to study the inhomogeneous broadening
of vibrational linewidths. Since this study focused only on svmmetric CHB«
stretching vibrations, additional investigations on othev vibrational nodes
are necessary in order to demonstrate the generality of these results.
Further studies to verify the correlation of inhomogeneous broadening with
the liquid's numbeyr densityv distribution width and to explore the mechanism

of inhomogencous broadening of ligquid vibrational linevidths are currently

in progress.
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Table 2.

Table 3.
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Teble 4.

Table 5.

Experimental dephasing times, calculated homogeneous linswidths,
isotrople Raman linewidths and inhomogeneous broadening linewidths
or the symmetric CH_-stretching wvibrations in the varicus liguids
studied. 3

2
-
[

by o

Various liguid intermolecular attraction parameters.

Parameters used to calculate the liguid’s ultrasonic absorption
constant.

Parameters used to calculate the liguid’s free volume.

Calculated isothermal compressibilities, local number density
distribution widths and the various parameters used in Bguation

]
s
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Table 1
average Isotropic
experimental Calculated Raman Gaussian
' -1 Ty homogrirlxeouss Sgont?ﬁxeeus Inhoxﬂggenesus
Molecule wlem ™) (psec) Aw{cm ™) Aw{cm ™) Aw (em” ™)
1,1,i~-Trichlorocethane 2938.5 2.6 4,1 4.3 0.9
Methyl Iodide 2948 2.4 4.4 5.0 1.7
Acetonitrile 2945 5.4 2.0 6.6 5.5
Methyl Sulfide 2913.5 3.8 2.8 8.4 6.8
Dimethyl Sulfoxide 2914.5 1.4 7.6 11.8 6.9
Acetic Anhydride 2942.5 2.2 4.8 16.8 14.1
Acetone 2925 3.0 3.5 16.5 14.6
Methyl Formate 2961 2.2 4.8 17.5 14.8
Pentane 2877 2.7 3.9 =17 ~14.8
Ethanol 2929 2.5 4.2 18.0 15.6
(11) Methanol | 2836 2.4 4.4 18.8 16.3




Table 2

B0 /i) wop? .87, (cn ' § g
1,1, l~Trichloroethane 0.50 1.78 266) 1.315
Methyl Todide 0.30 1.48 - 0.705
Acetonityile 1.99 3.92 70f) 1.005
Methyl Sulfide 0.60 1.50 - 0,883
Dimethyl Sulfoxide 2.41 3.96 155f) 1.075
Acetic Anhydride 1.37 - e 1.347
Acetone 0.87 2.88 75f) 1.212
Methyl Formate 0.52 1.77 - 0.882
Pentane 0.50 0 Og) e
Bthanol 1.70 1.69 - 3.003
Methanol 1.96 1.70 lS?h) 0.989

a)Boiling point/Molecular welght

b) . .
“Molecular dipole moment in Debyes.

@) o ; . -1

Hydrogen bonding parameter, in wavenumbers, cm , reference 37.

d)Kirkwood dipole correlation factor. Reference 19. Calculated using egn.(3.4) on p. 108.

Parameters used in that expression were obtained from reference 39.

e . . . o
)Reterence 37. Data for 1,1,2-Trichloroethane.

£
)Reference 37.

g)Referenge 37. Data for n-heptane.

h .
)Reference 38. Data for CHBODn

/v
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Table 3
e (en/sen)™  niep)™ o /e Q)

1,1,1~Trichloroethane 102,000 0.832 a36™ 28.5
Methyl Todide ga,000°9 0.460 3355 R0 34.9
Acetonitrile 128,000") 0.360 7,5 eP) 12.5
Methyl Sulfide 100,000™ 0.293 59™ 6.7
Dimethyl Sulfoxide 148,9001) 1.996 SGi'q) 2.6
Acetic Anhydride 115,000 0.852 5™ 4.6
Acetone 117,000%) 0.327 30-705 ) 4-10
Methyl Formate 126 ,000% 0.347 a™ 11.1
Pentane 108,500%) 0.233 728 €0 7.1
Ethanol 115,000 1.180 54™ 2.1
Methanol 112,000" 0.597 3" 2.3
a)Sound speed

)Viscosity in centipoise. , 5 5 17
@) observed ultrasonic absorption coefficient. o = (0/f) Lo in gec /com x 10 .
& ) ) 2 cbservadﬂ 3

Ultrascnic absorption constant. = (a/£) = 9% Nn/3pc.

e)Refexence
£)
9)
h)

i
)Reference

Reference
Reference
Reference

3)Reference

)Reference

F)Reference

m
)Reference

n)Reference
O)Reference
2

Reference
q)

x)

Reference

Reference

s)

t)

Reference
Reference

u)
Reference

/v

48.
44.
49.
44,
47,
44,
44,
49.
42,
43,

43,
21.
44,

G o ;
clLass

Value for 1,l-Dichlorocethane

Value

Value
Value

Value

Value
Value
Value

Value

for ethyl ether.

similar to acetates.

for ethyl formate.

foxr hexane.

for hexane.
for hexane.

for hexane.

for hexane.

classical




table 4

a)

pa(250)(gm/cm3) pS(M.P,)(gm/CNB)b) % free volume

1,1, 1~Trichloroethane 1.3293 1.4204% 5.7
Methyl Todide 2.2649 2.5211¢ 10,2
Acetonitrile 0.7766 Ov8512d) 8.7
Methyl Sulf 0.8423 0.9796 14.0
Dimethyl Sulfoxide 1.0958 1.1022% 0.6
Acetic Anhydride 1.0751 1.1937% 10.0
Acetone 0.7844 Gn9157d) 16,2
Methyl Formate 0.9669 1.14a7%) 14.9
Pentane Q.6214 067683d) 18.5
Ethanol 0.,7850 0.9014% 12.4
Methanol 0.7866 0.9673% 18.2
a)

b)
c)
4 Reference 40.
£)

9) Reference 41.

N - 3NN -
Liguid densities at 25 °C from reference 39.
Solid densities at the melting point.

o
Reference 40. Value extrapolated fxrom O°C.

Reference 39. Value calculated using formula.

Reference 40. Value calculated using formula.



Table 5
o K;l <J/cm3)b m:‘;apw/cmz) ¢

1,1,1-Trichloroethane 0.510 1740 322
Methyl Zodide 0.489 2273 439
Acetonitrile 0.497 2905 629
Methyl Sulfide 0.468 1575 375
Dimethyl Sulfoxide 0.541 3408 742
Acetic Anhydride 0.420 1518 482
Acaetone G.467 1543 417
Methyl Formate G, 460 1730 455
Pentane 0.440 770 228

a. . . ; - . . ;
Liguid packing fraction. Calculated using Eguations 8 and 9.
b . .
Calculated using Byuation 7.
c,, . . 3 [e)
Heats of vaporization per em at 25 C from Reference 39.
4 N
Thermal energy pex cmj at 250C°
eCalculated using Bguation 6.

£ . . . . . .
Calculated using the important terms in Eguation 5.
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Figure 1. Ezperimental setup for stimulated Stokes excitation and selective,
collinear coherent Stokes probe scattering. Excitation Stokes and
coherent probe Stokes signals are spatially separated and
simultaneeusly detected on the target of a two-dimensional OMA.

Figure 2. Experimental data for the symmetric CH_-stretching vibration in
methanol and ethanol., Coherently scatfered Stokes signal as e function
of probe pulse delay in (a) methanol and (¢) ethanol. Isotropic
Raman lineshapes and homogeneous Lorentzian lineshapes calculated
from the measured dephasing times in (b) methanol and {d) ethanol.

Figure 3. Experimental data for the symmetric CH_-stretching vibration in
acetone and methyl sulfide. Coherently scattered Stokes signal
as a function of probe pulse delay in (a} acetone and {(c¢) methyl sulfide.
Isotropic Raman lineshapes and homogeneous Lorentzian lineshapes
calculated from the measured dephasing times in (b) acetone and
{d) methyl sulfide.

Figure 4. Experimental data for the symmetric CH_-stretching vibration in
trichloroethane and acetonitrile., Coh&rently scattered Stokes
signal as a function of probe pulse delay in (a) trichloroethane and
{c) acetonitrile. Isotropic Raman lineshapes and homogenecus
Lorentzian linesnhapes calculated from the measured dephasing times
in (b) trichloroethane and (d) acetonitrile.

Grarh of the inhomogereous broadening linewidth versus the liquid's
intermolecular attraction parameter as defined by (B.P./ M.W.).

Figure 6. Graph of the inhomogeneous broadening linewidth versus the liquid's
hydrogen bonding parameter. (¢i, Ref. 37,38)

Figure 7, Graph of the inhomogeneous broadening linewidth versus the molecular
dipole momant.

Figure 8. Graph of the inhomogeneous broadening linewidth ver the liguid’s
dipole correlation factor. (¢f. Ref, 19,20)

Figure 9. Graph of the inhonogeneous broadening linewidth versus the liquid's
ultrasonic absorption constant. (cf. Ref. 21,22)

Figure 10. Graph of the inhomogeneous broadening linewidth versus the ligquid's
free volume percentage. (See Table 4 for details)

Figure 11. Graph of the inhomogeneous broadening linewidth versus the liguid's
local number density distribution width as calculated fronm
Equations 5-9.
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Inhomogeneous Broadening (cm™)
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Figure 10



INHOMOGENEOUS BROADENING
VS, LOCAL NUMBER DENSITY DISTRIBUTION
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