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Light scattering studies of the dynamics and structure of liquids

By P. A. MADDEN
The University Chemical Laboratory, Lensfield Road, Cambridge CB2 1EW, UK.

The polarizability density of a liquid may be expressed in terms of an intrinsic molec-
ular polarizability and a contribution arising from intermolecular interactions. These
terms give rise to components of the light scattering spectrum with shapes determined
by molecular reorientational motions and by vibrational relaxation, for the intrinsic
polarizability, and by motions which alter the relative separation and orientation of
molecules, for the interaction-induced term. It is argued that these contributions to the
spectrum are separable, provided that the correlation functions of the intrinsic and
interaction-induced polarizabilities decay on well separated timescales. The inten-
sities of the separated spectral components give information on the liquid structure.
The lineshapes enable the rates of specific single molecule and intermolecular motions
to be studied. The shapes and intensities of the interaction-induced and reorientational
Rayleigh and Raman spectra of CS, and the vibrational relaxation of I, and CCl,
solutions are discussed as examples.
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The light scattering spectrum gives that information on the liquid structure and dynamics
contained in the correlation function of the kth Fourier component of the polarizability of the
liquid (Fleury & Boon 1973):

I(0) o f:dt exp (—iwt) (aoplk, t) aup(k, O)*). (1)

Here k is the scattering vector and « and S index the polarization of the scattered and incident
radiation. By combining spectra with different polarizations, the spectra of the isotropic and
anisotropic components of the polarizability density may be separated (Bartoli & Litovitz

1972):

" I = Ixz) (2)
\]} Jis = Izz_% an, (3)
i where the incident beam defines the x direction and is z-polarized, and the scattering is

]
— observed at 90°.
O : The polarizability density may be written as a sum of the intrinsic molecular polarizabilities
[~ and the contribution arising from interactions between molecules
T cup(l ) = 3 {aka(t) + Fip(t)} exp [ik-ri(t)] ®)
=w ’

The time dependences arise from the reorientational, vibrational and relative translational
motions of the molecules. The expansion of the intrinsic term, «fs exp [ik- ], in the coordi-
nates of these motions is given in table 1 (a), together with the spectrum in which each component
of the expansion may be observed. Except for the isotropic Rayleigh spectrum, the time
dependence of exp [ik- r;] is insignificant compared with that of the other coordinates, because
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| k|~ is small compared to the range of intermolecular correlations, and is neglected.
[ 209 ] 29-2
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420 P. A, MADDEN

The expansion of F}; in molecular coordinates is less general, depending on the nature of
the molecules and (in the Raman case) the normal coordinate involved. Table 1(5) gives the
expansion for the case when the dipole — induced dipole interaction is dominant, as may be
expected for most Rayleigh spectra and strongly allowed Raman spectra. Other mechanisms
will be considered later.

TABLE 1(a). EXPANSION OF THE INTRINSIC POLARIZABILITY TERM o' exp (ik- r?)

isotropic anisotropic
Gexp (iR 7,(t)) YD.p(2(t)) Rayleigh
a'qi(t) Y ¢ (t)Dop(2(t)) Raman
The terms &, 7y, (&’,7y’) are the molecular isotropic and anisotropic polarizabilities (derivatives), 0! is the

orientation of molecule i, &, 4(£2) gives the transformation from the molecule to laboratory coordinate frames,
¢* is a vibrational normal coordinate of 7.

TABLE 1(b). EXPANSION OF THE INTERACTION-INDUCED POLARIZABILITY F' exp (ik-r?)
> ai(t)- TO(ry;(t)) -o?(t) Rayleigh
J#1
> ¢ () o (t) - T®(ry(t)) -a’(t) Raman
i#1

T®(r;) is the interaction tensor VV(r;~2).

The tables show the wide variety of motions which may be observed by light scattering. On
substituting the expansion (4) into (1), it can be seen that the correlation functions involved in
Rayleigh spectra contain both ‘self” and ‘distinct’ terms, involving the correlation of the
polarizability of molecule ¢ with itself and with the polarizability of another molecule respect-
ively. If the interaction between resonant vibrational normal coordinates of different molecules
may be neglected (as will often be the case for modes which are not strongly infrared active in
pure liquids as well as for dilute solutions) then the distinct correlation {¢’¢?) vanishes and it is
found that only self terms contribute to a Raman spectrum. The study of molecular motions in
liquids is thus further enriched by the possibility of separating single from many molecule
correlation functions. v k

An important simplification of the Raman case occurs when the correlation between the
reorientational motion and vibrational relaxation is neglected. That part of the anisotropic
Raman spectrum arising from the intrinsic polarizability may then be written:

Bl (0) e ()* [ " exp (—i01) (@L4(0) D8 (6°0) 0. )

The vibrational correlation function may be found from I3, so that the single molecule
reorientational spectrum may be obtained. Although always assumed in Raman work to date,
neglect of the vibration-reorientation correlation is certainly not justified when strong inter-
molecular vibration—vibration interaction is present (Lynden-Bell 1977; Hills & Madden
1978) and is also suspect unless intermolecular motions (determining the rate of change of the
force on the normal coordinate) are rapid compared with reorientation.

[ 210 ]


http://rsta.royalsocietypublishing.org/

Y | \

THE ROYAL A
SOCIETY \

PHILOSOPHICAL
TRANSACTIONS
OF

a
R

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsta.royalsocietypublishing.org

LIGHT SCATTERING AND LIQUID STRUCTURE 421

THE INTERACTION-INDUCED CONTRIBUTION TO THE INTENSITY

When (4) is substituted into (1) four terms are found; for example, for the particular case
of the anisotropic Raman spectrum:

(o) o< [ dexp (—ior) {(7) (@ (1) D)+ CFL (1) FL)

+7 ((Fa(t) Dosd +<(Daslt) F2))} <g'(8) ). (6)
It is often found, however, that the observed bandshape can be resolved into only two com-
ponents, a situation analysed by Keyes et al. (1971). Their argument can be given a physical
interpretation along the following lines. Consider the zz component of the interaction-induced
polarizability of a molecule ¢ oriented along the laboratory z direction averaged over the
configurations of the neighbouring molecules (which are free except for the constraints imposed
by the orientation of 7). For the d.i.d. mechanism, and considering only the isotropic intrinsic
polarizabilities, we have

a'a 13cos?f,;—1

o 1 7
F 4me, 2 3 ? (7)

where 6;; is the polar angle subtended by r;; with respect to the axis of ¢ and an overbar denotes
the average over the neighbour configurations. For a non-spherical molecule the average is
non-zero. If, now, ¢ reorients and the neighbour structure instantaneously adjusts to its new
orientation, the i will carry F with it as an apparent contribution to the molecular polarizability.
Under these circumstances it will be convenient to resolve the instantaneous interaction-
induced polarizability along the orientation of :

_ Fy i)
@i Dig

where AF* arises only from fluctuations in the neighbour structure. So long as the neighbour
y g g g

Fig(t) Dip(t) +AF(t), (8)

structure relaxes rapidly compared with the orientation of ¢, this procedure will have projected
out of AF¥ the part which is correlated with the orientation of ¢ at previous instants. Substitut-
ing (8) into (6) we will then obtain

fm(0) < [ dtexp (=iot) (i) @L(0) PLy+ (AFLQ) AFE} G0 4, (9)

so that the spectrum is simply the sum of a reorientational term and of a fluctuating neighbour
interaction-induced term. A similar simplification is found for the isotropic spectra. The two
types of contribution to the spectrum will be referred to as the ‘intrinsic’ and the ‘interaction
induced’ spectra. The polarizabilities appearing in the intrinsic spectra differ from the gas
phase molecular polarizabilities; for the example discussed above the effective anisotropy
derivative is given by ) ) A o
Yer =V +{Da Fzzz>/<9}cz D (10)
The concepts have recently been put onto a formal basis by the work of Keyes & Ladanyi
(1977). By using their techniques, expressions may be derived for .y and the other effective
polarizabilities in terms of averages over the equilibrium liquid structure. The liquid structure
may thus be studied by integrated intensity measurements on the intrinsic spectra.
[ 211 ]
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422 P. A. MADDEN

The effective isotropy is found to differ little from its gas phase value so that the ratio of the
anisotropic to isotropic integrated intensity, for the intrinsic spectrum, mirrors the dependence
on the liquid state of the structural parameters contained in ygg:

I/ Tam = (Yem)®/ (@em) > (11)
0.3" (a) %
a2 k
I
g
~
02 . "
g (b)
8= 19t x
= .
2 x *
0.9rF
1.0 1 L L 1 1
(c)
°
e n
L .
X . .
.3
0 1 1 1 1 1
160 240 320
T/K

Ficurke 1. Integrated intensities for CS,. (2) Ratio of Raman (»;) anisotropic to isotropic intensities. (b) Ratio of
anisotropic Rayleigh to anisotropic Raman intensities. (¢) Ratio of interaction-induced to intrinsic intensities
of anisotropic spectra. @, Rayleigh; m, Raman.

The dominant terms in this ratio are found to be

R/ = (v'/@)® (1+C{riz*)s), (12)
where {rj3®), is the mean value of the inverse cube of the intermolecular separation averaged
over that component (g,(r,,)) of the pair distribution function (g(£2,, £2,, r,)) which has the
angle subtended by the intermolecular separation vector with respect to the axis of molecule 1
(6,,) distributed as a second order Legendre polynomial, i.e.

(e = fd’m 732 82(712) 112% (13)

&(r12) = fdelz Py(015) fd¢12 dQ, dQ, g(24, 2y, 115). (14)

Here 0, is the orientation of molecule 7 with respect to the laboratory z axis. In figure 1 (a) the
temperature dependence of the intensity ratio for the »; band of CS, is shown (Cox & Madden

1979).
[ 212 ]
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LIGHT SCATTERING AND LIQUID STRUCTURE 423

Since similar properties of the liquid structure affect yo4 and .4 it might be expected that
their ratio is insensitive to the thermodynamic state of the liquid; this can be shown to be the
case. The ratio of the anisotropic intrinsic Rayleigh and Raman integrated intensities,

Ray/Ifam = (Yeu/ven)® (1+/2), (15)

which is plotted in figure 1(5) for CS,, with the Raman v, (Cox & Madden 1979), can then
be used to follow variations in the orientational correlation parameter

Lo Pi@) Py(9)

h=§ A T Emn (16)

The temperature dependence of 1+f; is weak, in agreement with the results discussed by
Flygare (this Symposium).

Provided that there is a large timescale separation between the intramolecular motions and
the intermolecular motions, the spectra of these two contributions to the time dependence of
the polarizability density may be separated. This leads to a dependence of the Raman and
Rayleigh intensities on the thermodynamic state of the liquid.

REORIENTATIONAL DYNAMICS

When the vibrational normal coordinates of different molecules are uncorrelated, the
anisotropic Raman spectrum may be used to study reorientational motions. For many liquids,
especially when interest is confined to the region out to a few half widths from the band centre,
the following assumptions may be made: the vibration-reorientation interaction is negligible,
vibrational relaxation takes place in the fast modulation limit (discussed in the next section)
and the reorientational process is diffusional. The intrinsic Raman lineshapes then take the
simple forms (Hills & Madden 1978):

Ifam(@) o< 4/((0—wo)®+47%), (17)
Ham(@) o (A+751) /(@ — o)+ (4 +757)%), (18)

where w, is the mode frequency, A a vibrational relaxation frequency and 7y is the correlation
time for reorientation of a single molecule:

r = [ dane ar/ 24, (19)

The term 74 can be found from the difference of the anisotropic and the isotropic linewidths.
Under the same rotational diffusion condition the intrinsic anisotropic Rayleigh spectrum is
also Lorentzian, with a width given by the inverse decay time of the many molecule reorien-
tational correlation function, which includes both self and distinct orientational correlation

Tm = f " At 3 (DL() DLy (DL DL, (20)
o 7 7

The assumptions used in obtaining these expressions are found to be appropriate to the
description of the ¥; Raman band of CS, (Cox & Madden 1979). In figure 2 (a) the value for
Tg, obtained from Raman v,, is compared with a value from n.m.r. (Speiss ef al. 1971) relax-
ation measurements. (The close agreement between these two sets of results would have been
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424 P. A MADDEN

lost if the interaction-induced background had not been subtracted from the spectra before the
fit to (18) was made.) A

The difference between 7, and 7y, in figure 2 (a) is experimentally significant (as they were
obtained by using identical instruments and fitting procedures). The ratio of these times is

given by (Keyes & Kivelson 1972)
7o/ T = (1+72)/ (1 +/5), (21)

where j, is a parameter that vanishes unless the angular velocities of different molecules are
correlated. The temperature dependence of the ratio is shown in figure 2 () and, in view of
the insensitivity to temperature of f, discussed in the last section, appears to show that j, is
non-zero. ’ '

3
1o (a)
20
®
ha 5t a
o
k
o o
(o] o (g &
OF
1 L i 1
- (b)
;]
15¢ N
<, .
-~
®
1.1F
T80 ' 260 '
T/K

Ficure 2. Reorientational dynamics for CS,. (a) A, 7, Raman (»,); O, 7, nm.r.; X, 7y Rayléigh. (5) To/Te

VIBRATIONAL RELAXATION

The shape of the isotropic intrinsic Raman spectrum, in the absence of intermolecular
vibrational interactions, is determined by the correlation function {g%(¢)¢*). The oscillator—
medium interaction has two effects: the oscillator exchanges energy with the medium and the
oscillator frequency is modulated. The line broadening can be explained by analogy with radio,
the two effects being amplitude modulation (a.m.) and frequency modulation (f.m.) of the
oscillator. The Raman spectrum in the absence of interactions occurs at a sharp (carrier)
frequency; in the liquid the signal is broadened in a way characteristic of the a.m. and f.m.
processes. |

Consider a probe molecule  with a harmonic normal mode (frequency w,) whose interaction
with the molecules of the liquid gives a potential V. The oscillator-medium interaction may be
represented by ‘

Vom. = V'¢*+3V"g™. (22)
[ 214 ]
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LIGHT SCATTERING AND LIQUID STRUCTURES 425

The probe may be thought of as ‘jumping’ between ‘sites’ in the liquid, each characterized by
different values of ¥’ and V", with a time constant 7;. (The ‘sites’ and ‘jumps’ are only a
semantic convenience to describe the fluctuations in neighbour structure.) The time duration
of the scattering event is the reciprocal of the bandwidth (A); if

A"l> 1, (23)

the probe will sense many sites during the observation (this is the fast modulation condition
mentioned in the last section). In this limit the lineshape may be found from perturbation
theory to be given by (Madden & Lynden-Bell 1976)

Ifim(0) oc A/((0—wy)2 + A?), (24)
6 %
’ ®
// »
L /.
/
’ 3
B /
2 x
o) V4
a T »
2k A
,/
s
/’/
0 5 10
n

Ficure 3. Isotropic linewidths (square root) for the overtones of 1,/CCl, against overtone order 7.

where, for the nth overtone (n = 1 for the fundamental),
A= nAa.m. +”2At‘.m.s (25)

with A, . and A; . the contributions arising from the a.m. and f.m. processes:
Bym, € fw deexp (—iwgt) V' ()V") = (V') /(1,05), (26)
0
Agm, o fwdtW”(t)V”) = (V"7 (27)
0

Notice that the a.m. process requires power in the ¥’ spectrum at the oscillator frequency wj.

To investigate the relative importance of the a.m. and f.m. processes it is convenient to make
use of the fact that long overtone progressions are observed in resonance Raman scattering
(Kiefer & Bernstein 1973; Battaglia & Madden 1978). The resonance Raman linewidth has
been shown to be determined by the relaxation of the molecule in its electronic ground state,
and hence by the same processes as for the off resonance case (Madden & Wennerstrom 1976).
A plot of the square root of the width against overtone order z is shown in figure 3 for a 10~ M
I,/CCl, solution. It is clear from this figure (see equation (25)) that the f.m. process is dominant,
the unimportance of the (presumably) larger V' term in equation (22) in the broadening is
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because the site jump frequency is so small relative to w, that there is no power to drive the
energy relaxation.

At high n, the quadratic dependence of bandwidth on n breaks down. This arises because the
fast-modulation condition used to derive equation (25) is violated. Since A-! (the observation
time) is decreasing as n~2 the condition (23) must eventually fail. It then becomes more
appropriate to describe the observation as made on a molecule at a single site (the slow modu-
lation limit). The observed spectrum is then a superposition of site spectra and its shape is
determined by the probability of obtaining a given value of the site shift V”. Typically, the
spectrum is Gaussian with a width which varies linearly with n (Battaglia & Madden 1978).
The changeover from 72 to n behaviour occurs roughly when A ~ 771 (Battaglia & Madden
1978), i.e. (from (27)) when n2(V"2) 7; ~ 7;1. Consequently, from the width for » = 1 and at
the changeover point the jump time (ca. 5 x 10-135) and r.m.s. site frequency shift (V”2)}
(ca. 4 cm—1) may be determined.

INTERACTION-INDUGED SPECTRA

It was shown earlier that a Rayleigh or allowed Raman line will have a background due to
the modulation of the d.i.d. polarizability by the fluctuations in the local liquid structure. For
a u symmetry mode of a centrosymmetric molecule the intrinsic polarizability derivative
vanishes and the whole Raman spectrum is interaction-induced, the fluctuations destroying
the molecular inversion symmetry.

The mean square amplitude of these fluctuations may be monitored by comparing the
integrated intensities of the interaction-induced and intrinsic components of a band. Such a
comparison is shown in figure 1(c) for the Rayleigh and Raman v, anisotropic spectra of CS,.
The intrinsic isotropic Raman linewidth also depends on the mean square amplitude of the
fluctuation of a function of the intermolecular coordinates (equation (27)). The width of the
v, isotropic spectrum of CS, shows a similar temperature dependence to that of the integrated
intensity of the d.i.d. scattering.

To construct a theory of the lineshape for liquids of anisotropic molecules is very difficult,
although a theory exists for spherical molecules, which provides some guidance (Madden
1978). In the absence of a general theory, an empirical approach to understanding the dynami-
cal behaviour of the intermolecular coordinates must be adopted. For liquid CS, (Cox &
Madden 1976), insight is gained from a comparison of the Raman spectra of the u symmetry
v, and v; modes and interaction induced parts of the Rayleigh and Raman »,. The polariz-
ability for the latter arises from the d.i.d. mechanism and depends on the intermolecular
separation vector through the interaction tensor T@(VVr3!). The d.i.d. mechanism cannot
contribute to the polarizability derivative for v, and v;; instead it has been proposed that the
mechanism responsible for light scattering by v, and v, is the action of the quadrupolar field
of a neighbour on the hyperpolarizability derivative (Cox & Madden 1976):

Fiy = Elqiﬂ:;;gy TR, (r;) 0%,  (for vy and vy), (28)

where @] is a component of the quadrupole of molecule j and

T"(‘::‘)?)Y(ri.’l') = Vavﬂvy(ri—jl) (29)
[ 216 ]
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is an interaction tensor. Note that T® is a more rapidly varying function of r;; and of the
orientation of r;; than is T If the relative translational motions of the molecules, which change
the length and orientation of r;;, are very rapid, the lineshape of a particular band will depend
only on the order of the interaction tensor involved in the induced polarizability for that band.
The dependence of the interaction-induced polarizability on the orientation of the molecules
with respect to r;; is specific to the particular mode and polarization studied, so that if these
reorientational motions were very rapid every line in the spectrum would be expected to have
a different shape. The observed lineshapes at high temperature are compared in figure 4. The
bands v, and v; are found to have the same lineshape as have v, and the Rayleigh line. The
spectra are found to be independent of polarization. These conclusions show that the observed
lineshapes are determined by the dynamical behaviour of r;; and not molecular orientation.

5% o ©

Ig I(w)
>
a
<

1

1
0 30 60 90
wavenumber/cm~1

F1cure 4. Interaction-induced spectra of CS, at 295 K; A, Raman (1;); %, Rayleigh;
0, Raman (v, n,); O, fii.r. (Davies & Chamberlain 1973); O, Raman (vzef).

Since T® is a more rapidly varying function of r,; than is T® we would expect its correlation
functions to be more rapidly decaying in time, and thus that the v,, v3 spectra would be broader,
as is indeed observed. Also shown in the figure is the fi.r. (Davies & Chamberlain 1973)
absorption lineshape. On the basis of the same multipole expansion used to obtain (28), the
interaction-induced dipole responsible for this spectrum is given by:

pa = g TSy (r;) Oy (30)

When the translational motions dominate the time dependence of the polarizabilities, the f.i.r.
lineshape should agree with the v, and »; lineshapes, as is found.

[ 217 ]
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CONCLUSION

In order to realize all the information contained in light scattering it is important to recognize
the existence of the interaction-induced polarizability. In the studies described here emphasis
has been on the importance of comparing the intensities and shapes of related spectra. Theoreti-
cal work should be concentrated on showing the existence of and defining the limitations for
such relationships. Experimental work should be designed to draw out the similarities in the
behaviour of related systems.

I should like to acknowledge the contributions of T.I. Cox (CS,) and M. R. Battaglia
(resonance Raman) to the experimental studies that I have described.
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