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Raman Scattering Studies of Vibrational Relaxation
in Acetone and 2-Chlorobenzaldehyde
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The Raman band of the C=0O stretching vibration of acetone and 2-chlorobenzaldehyde has been acquired
in a number of solvents of varying physicochemical properties. The effect of solute—solvent dispersion forces on
the isotropic frequency shifts has been studied in different solvents (polar and nonpolar both). An attempt has
been made to estimate the importance of hydrodynamic and dispersion forces in line broadening of the isotropic
component, particularly using the theory of microviscosity.

In recent years, the study of vibrational relaxation
in liquids has been of considerable interest and signifi-
cant amount of work has been done through experiment
and theory to have a better insight into the different
physical processes involved.!— Raman spectroscopy
has been successfully used in such studies because it
gives information about the structure, molecular dy-
namics and other basic properties of liquids. Most of
these properties are in turn, related to the intermolecu-
lar forces. The study of pure molecular liquids involves
much complications because of correlation effects. A
dilute molecular solution in solvents of varying physico-
chemical properties, on the other hand, generally gives
more information about molecular dynamics.*~® The
dynamics of vibrational relaxation is closely related to
the static frequency shifts. The observation of a differ-
ence in the peak frequencies of the polarized and depo-
larized Raman bands of some polar modes is attributed
to orientation dependent intermolecular potential.*>1?
Concentration studies have shown that this noncoinci-
dence effect or anisotropy shift decreases with increasing
solvent concentration and reduces to zero in the limit
of infinite dilution.

The work on temperature and pressure dependence
of the Raman band shape of the C=0 stretching band
of liquid acetone has been done by Jonas and co-
workers.'® However the effect of solvents on the relax-
ation parameters has not been investigated thoroughly.
Acetone molecules exhibit a large dipole moment and
the frequencies of the Iyv (the polarized component
of the scattered light) and Iy (the depolarized light
scattering intensity) components differ by several wave
numbers. 2-chlorobenzaldehyde molecule also shows
large dipole moment and its v and yg components
of the C=0 stretching band differs by 2.5 cm~1.

We have made an extensive study of the solvent
dependent vibrational linewidth and the isotropic fre-
quency shift of the C=0 band of acetone and 2-chloro-
benzaldehyde. The interpretation of the experimental
data has been carried out on the basis of various molec-
ular parameters.

Experimental

The samples of acetone and 2-chlorobenzaldehyde and the

solvents C¢H12, CHCl3, CH2Cly, CCly, CH3CN, CeHg, and
CeHsCHj are either spectroscopic grade or A.R grade. All
these chemicals were obtained commercially and were used
without further purification.

The experiments were performed with a Spex Ramalog
1403 double monochromator and the 5145 A line of a Spec-
tra Physics (model 2020-5) argon ion laser as the Raman
excitation source. A Spex Datamate 1B was used for spec-
trometer control, data acquisition and analysis. The polar-
ized and depolarized components of the scattered Raman
radiation were measured by placing an analyzer in the path
of the scattered radiation. The intensity of the isotropic
(liso) and anisotropic components (laniso) were calculated
by using the standard formula;'?

Liso(7) = Ivv (D) — (4/3) Ivu(?) 1
Ianiso(l_/) = IVH(D) (2)

where Iiso(V) gives information about the spherically sym-
metric part of the intra- and intermolecular forces and
Ianiso (7) gives information about the anisotropic forces and
molecular reorientation. )

The error in the measurement of frequency is believed to
be +£0.5 cm™!.

Results and Discussion

In order to interpret the experimental results of the
vibrational relaxation for a particular band in the pure
liquid, it is useful to perform dilution studies in vari-
ous solvents, because it changes the type of interaction
of the active molecules with their neighbors. Drick-
amer and co-workers'>!® developed a theory of solution
phase vibrational frequency displacements, in which
they showed that (1) the isotropic peak frequency in the
liquid phase will be shifted to the high frequency (blue
shift) with respect to the gas frequency when the short
range, rapidly modulated repulsive force predominates
over all other forces, whereas (2) red shift (shift towards
low frequency) occurs in case of long range slowly vary-
ing attractive forces, which include dispersion, induc-
tion, and dipolar interactions.

Later it has been experimentally verified by Hu et
al.!® for the v, vibration of the series CH3MCls, with
M=C, Si, Ge, Sn, that the long-range slowly varying at-
tractive forces play an important role in shifting the vi-
brational bands of molecules in condensed phases. They
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observed the isotropic frequency shifts in various sol-
vent systems and it was found that the solution shifts
were primarily influenced by the solute—solvent disper-
sion forces (in case of red shift). Now if the net peak
frequency displacement in solution is due primarily to
solvent dependent dispersion forces, then the fractional
shift should be proportional to the solvent’s polarizabil-
ity [proportional to (n?2—1)/(n%+2)].

We have investigated the effect of solvent on the fre-
quency shift of the C=0 stretching band of liquid ac-
etone and 2-chlorobenzaldehyde. The anisotropy shift
vanishes upon dilution (at around 20% of the sample
concentration) in most of the solvents. This indicates

that the noncoincidence is due to vibrational resonance

coupling between the same vibrational modes of neigh-
boring molecules, the interaction that is removed on di-
lution. Moreover the isotropic band is shifted to higher
frequency with respect to the pure solute systems in
case of both acetone and 2-chlorobenzaldehyde. It has
been shown earlier by Schindler and Jonas'® that a shift
to higher frequency in going from pure liquid to a solu-
tion (in a solvent) occurs due to attractive forces, while
repulsive forces result in a shift to lower frequencies.
According to Schweizer and Chandler!® the very large
attractive effects in the case of pure acetone are the
consequence of the presence of both polarizability and
large dipolar interactions. But dipolar forces, although
effective in neat liquids, are assumed to be very weak in
dilute solutions as the local quasi-crystalline ordering of
the solute molecules is destroyed by the solvents. The
induction energy, on the other hand is about an order
of magnitude smaller than dispersion energy.'® Hence
in this case, solute—solvent dispersion forces should be
the more effective parameter for determining frequency
shifts in various solvent systems.

We have tried to draw a correlation between the dis-
persion forces in various solute—solvent systems and the
isotropic frequency shifts (7is,) of the C=0O stretching
band of both acetone and 2-chlorobenzaldehyde. The
experiments were performed at a fixed concentration
(20% sample concentration for liquid acetone and 10%
for 2-chlorobenzaldehyde) in the seven solvents (CgHio,
CHCl3, CHzClg, CCI4, CH3CN, CsHe, and CBH5CH3).
In Table 1 we have summarized the molecular param-

eters of these solvents. The dispersion force is given
by12,13,16,17)

=3 hb(mes) 1 =C 3)
2nt (Li+12) RS, R

Ugis =

where ‘C” is the dispersion energy parameter, I’s are the
ionization potentials, a’s are the polarizabilities, and
R;; is the distance between the solute and the solvent
molecules. The value of dispersion energy parameter
‘C” for both the samples in different solvent systems
are shown in Table 2. The variations of Tj,, with ‘C’
are shown in Fig. 1a and b.

From these graphs, it is observed that in case of both
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Fig. 1.  Variation of the peak frequencies of the

isotropic component (viso) as a function of disper-
sion energy parameter (C) for (a) acetone and (b)
2-chlorobenzaldehyde molecules in (1) CH3CN, (2)
CH:Clz, (3) CsHs, (4) CHCls, (5) CeéHsCHs, (6)
CCly, and (7) CeHiz solvents.

the samples, all the data points, with the exception of
data point corresponding to CHCl3 solvent lie almost
on a straight line. The apparent decrease in screening
in CHCl3 seems to be a result of strong interaction be-
tween the C—H bond of CHCl3 and C=0 dipole which
allows a strong C"H™---O~=C™ interaction. Such in-
teractions would lead to large ‘red shifts’ relative to
gas frequency and will mask the effect of screening, al-
though the effect of decoupling would result in a shift
into the opposite direction. The correlation coefficients
‘R’ for Tis, vs. ‘C’ plots have been calculated to be
0.77 and 0.63 for acetone and 2-chlorohenzaldehyde re-
spectively. However if the data points corresponding to
CHCI; solvent system for both the cases be neglected,
the correlation coefficients turns out to be 0.95 and 0.97,
respectively, which implies a statistically significant de-
pendence of Tig, on ‘C’. It should be mentioned in this
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Table 1. Molecular Parameters of Various Solvents®
Solvent Refractive Density  Viscosity Polarizability Ionization
potential
index p n a 1
n gem™3 cP 10~ cm® 1072 ergs
CeHi2 1.4266 0.7785 1.02 10.87 15.14
CHCl3 1.4459 1.4232 0.580 9.5 18.29
CH:Cl2 1.4242 1.3266 0.449 7.93 18.18
CCly 1.4609 1.5940 0.969 10.5 18.37
CH;3CN 1.3442 0.7857 0.345 4.48 19.55
CeHs 1.5011 0.8765 0.652 10.32 14.8
CeHsCH3 1.4961 0.8669 0.590 12.3 14.11
CH3COCH3 1.3588 0.7899 0.316 6.4 15.52
2-Chloro 1.5662 1.2483 14.56" 15.38
benzaldehyde
a) Ref. 27. b) Calculated using formula a= ZﬂBVZ % 2—22;2—;; where Ny is the Avogadro’s
number and the other symbols have their usual meanings. ¢) 1c¢P=0.001 Pas.
Table 2. Solute—Solvent Dispersion Energy Parame- the instantaneous transition frequency and 7. is the cor-

ter ‘C’ and fm, for Various Solvent Systems, of the
Two Samples, Acetone and 2-Chlorobenzaldehyde

Solvent Sample

Acetone 2-Chlorobenzaldehyde

Dispersion energy Dispersion energy
parameter fm parameter fm
C C
1079 ergs-cm® 10~ ergs-cm®

CeHi2 193.25 1.5734 437.29 1.57
CHCl3 173.20 2.5610 396.60 3.17
CH:Cl2 125.21 0.9281 286.60 1.08
CCly 184.13 2.2765 421.46 2.64
CH3CN 112.90 0.6269 257.95 0.627
CeHs 146.20 1.1617 334.81 1.162
CeHsCHs3 172.70 0.7207 394.57 0.721

context, that we should search for a better fit parame-
ter which would account well the hydrogen bonding and
other associative factors which reduce the screening ef-
fect on dilution. Moreover the repulsive force contribu-
tion to vibrational frequency shift has to be included
for understanding the wide variety of experimental ob-
servations.

Line width measurements may be of considerable
value for understanding the dynamics of a molecular
system. There are both homogeneous and inhomoge-
neous contributions to the line widths.'® When the vi-
brational frequency of a molecule is perturbed by its
interaction with other molecules, there is a fluctuation
in energy levels of the states involved in the transition,
which leads to modulation of the vibrational frequency
and therefore line broadening occurs. This mechanism
of line broadening is called pure dephasing.?

The line broadening mechanisms may be inhomo-
geneous (slow modulated) or homogeneous (fast mod-
ulated)) depending upon whether < Aw?>7.>1 or
<Aw?>1.«1, where Aw is frequency displacement of

relation time. Lorentzian line shape occurs in case of
homogeneous broadening and non-Lorentzian lines are
often attributed to inhomogeneous broadening. In the
rapid modulation limit where the line is narrowed to
a Lorentzian, the vibrational relaxation time is defined
as:?

7 = meliso (4)
where I, is the FWHM of the isotropic component of
the Raman band and ‘¢’ is the velocity of light.

For an isolated transition, phase relaxation leading to
broadening of the isotropic Raman spectral component
arises mainly due to life time broadening, pure dephas-
ing and resonant energy transfer. In case of dilute solu-
tion the most important contribution to line broaden-
ing is generally considered to be from pure dephasing.
A number of theories have been proposed to explain
the dephasing phenomena, some of the important ones
are the isolated binary collision (IBC) theory of Fischer
and Laubereau,'® hydrodynamic theory of Oxtoby,2®)
and molecular dynamics simulations on liquid nitrogen
using the quantum perturbation theory.?**> The gen-
eral conclusion reached was that the dephasing process
is very sensitive to the details of the interaction poten-
tials and attractive forces (e.g. dispersion, quadrupolar)
play an important role but do not lead to the inhomo-
geneous broadening of the vibrational line.*® Although
these theoretical models are able to explain the exper-
imental data of a few specific systems, a general un-
derstanding of the dependence of dephasing process on
solvent, thermodynamic state and molecular parame-
ters is lacking. The model suggested by Purkayastha
and Kumar,?*?% however, gives a better picture of the
phase relaxation in associated liquids (under the condi-
tions of high dilution) where the vibrational relaxation
rate has been shown to be a function of a parameter
related to the hydrodynamic and dispersion forces. Ac-
cording to this model the vibrational relaxation rate is
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given by,
' = Cmf(p,n,1n) (5)
where .
n?-11"
f(p,n,n)—m[zn“rl] (6)

and G, is a constant depending mainly on the solute
properties. p n, and n are the density, dynamic vis-
cosity, and refractive index of the solvent, respectively.
Although this parameter, f(p,n,n) is able to explain the
important role played by hydrodynamic and dispersion
forces, hydrogen bonding, and other associative factors
are not included in this parameter. It has been shown
recently,?® that the concept of microviscosity instead of
dynamic viscosity may be used to incorporate the finer
details of the solute—solvent systems. The modified pa-
rameter f,, which takes into account the discrete nature
of the viscoelastic medium is given by,

n2—1]—1

fm = pPm [m (7

Here, the microviscosity 1y, is given by: —

Nm =17 = 1[0.16 + 0.4(a/b)] .

where < is the microfriction parameter, and ‘a’ and
‘b’ correspond to sample and solvent radii respectively.
Calculations of f,, for acetone and 2-chlorobenzaldehyde
corresponding to various solvents are given in Table 2.

The value of the solute radius ‘a’ was chosen as 1.4
A for acetone molecule for the calculation of Nm as the
interactions are through the ‘O’ atom. This value is
chosen because of the possibility of 7—7*/n~m* type
interaction in case of C¢Hg and C4HsCHjs solvent sys-
tems and dipole—dipole types of interactions in the case
of other polar solvents. The contribution of dipole—
octupole or dipole-induced dipole interactions to the
line broadening may be neglected because they are very
weak. In case of 2-chlorobenzaldehyde, the value of the
solute radius ‘a’ is taken as 1.4 A for the solvents CgHys,
CH3CN, CgHg, and CgH5CHj3. But for the solvents
CHCl3, CH,Cl,, and CCly, due to the presence of chlo-
rine atom in the benzene ring of the sample molecule,
the solute radius ‘@’ is taken as 1.85 A (1/2 thickness
of the benzene ring)?® which is the distance of closest
approach.

Now in the case of CHCl3, the hydrogen atom present
in CHCl3 molecule is of acidic nature, which may
form a hydrogen bond with the C=0 bond of solute
molecule. Hence in this case, hydrogen bonding may be
the main interaction for the CHClz—solute molecule sys-
tem. Therefore, for CHCl3, the value of ‘b’ was taken as
1.2 A, the van der Waals’ radius for a H atom.25 Other
chlorinated solvents CH,Cly; and CCly are non-hydro-
gen-bonded systems where the interactions may be con-
sidered through the C—Cl bond. Therefore the distance
of closest approach is the sum of the van der Waals’
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radius of the ‘CI’ atom (1.8 A) and the C-Cl bond
distance®® (1.76 A for CCly and 1.77 A for CH,Cl,),
as these molecules are tetrahedral. In case of CH3CN
molecule, so far as the C—C=N portion is concerned, a
plate like structure may be considered. Hence the dis-
tance of closest approach is limited by the CH3 group
of the symmetric top structure of the CH3CN molecule
and the value of ‘b’ is taken as the sum of the C-H
bond distance (1.09 A) and the van der Waals’ radius
of the H atom (1.2 A). In the case of benzene molecule,
‘b’ is chosen as 1.85 A (1/2 thickness of the benzene
ring), whereas for toluene, due to the presence of meth-
yl group, the interaction will be through the CHz group
and in this case, the distance of closest approach is 3.53
A (2.0 A, the van der Waals’ radius for CHsz group +1.53
A for C=C bond length).2®

From the correlation of 7, 7! with f,, [Figs. 2a and
2b] it appears that within the scatter of the data points
there is no significant deviation from a single straight
line. This is also supported from the value of the corre-
lation coefficients, which are 0.99 and 0.98 for acetone
and 2-chlorobenzaldehyde respectively. This shows the
validity of the expression and the assumptions involved
in deriving it for determining the Raman band shape
in case of dilute solutions of acetone and 2-chlorobenz-
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Fig. 2. Vibrational relaxation rate (7, ~') dependence

as a function of the parameter fn for (a) acetone and
(b) 2-chlorobenzaldehyde molecules in (1) CH3CN,
(2) CeH5CHs, (3) CH2Cly, (4) CeHe, (5) CeHiz, (6)
CCly, and (7) CHCI; solvents.
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aldehyde. The model therefore can provide a good de-
scription of dephasing in molecular liquids. More sys-
tematic studies of similar molecules under a wide range
of physicochemical conditions are on progress.
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