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The dipole correlation functions determined from far infra-red absorption measurements of a
variety of liquids are compared with correlation functions calculated with different models for the
motion of the molecules. These models vary from simple rotational diffusion models to models
derived from solid state theory. Experimental results are presented of far infra-red measurements of
HC1 dissolved in liquid argon and of solutions of CH3CN in some organic solvents. For these
liquid systems good agreement can be obtained between experiment and model calculations. It is
pointed out that the description of these systems in terms of a model has a strong phenomenological
character.

Measurement of the absorption of radiation in the far infra-red region between
5 and 500 wavenumbers is a powerful technique for obtaining information about
molecular motion in liquids. The frequency range corresponds at the one hand with
the energy range of intermolecular interactions and at the other hand with the range
of time intervals, 10-12 to 10-13 s, in which collision processes and an important
part of the relaxation processes in liquids take place.

Reconnoitring the general appearance of far infra-red absorption spectra of widely
different systems one observes that many liquid systems ranging from solutions of
simple diatomic molecules in noble gases ' or inert solvents, to molten salts 2 or pure
liquids of polyatomic organic molecules 3 all show broad featureless absorption bands
with bandwidths equal to or even larger than the frequency of maximum absorption,
Some examples of absorption bands of liquids in the far infra-red are shown in fig. 1.
It is clear that the Schrodinger picture in which one usually depicts the results of
spectroscopic measurements is inapplicable in this part of the spectrum. To extract
information about the intermolecular interactions and the dynamics of particles one
has to resort to the Heisenberg picture. This implies that one describes the response
of the system to an external perturbation by electromagnetic radiation in terms of
dynamical variables of the system, in particular the transition dipole moment. The
response of the system measured as an absorption coefficient is by Fourier trans-
formation directly related to the change of the statistical average of the transition
dipole moment of the system with time. More exactly the dipole correlation function
is defined as :

<M(0)M(0>
3hc

= f exp (ion) coth (fi--hco a(w) dco (1)
47r2 2

where M is the dipole moment operator, co the measuring frequency and a(w) the
absorption coefficient. The shape of the correlation function is completely determined
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by the equilibrium properties of the system. However, the amount of information
that one can extract depends on the time resolution of the measurements employed.
This introduces an important distinction between the measurements of the vibration
spectrum in the near infra-red and measurements of the spectrum in the far infra-red.
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1.The absorption spectra and the correlation functions of (a) CH3CN at 314 K, (b) HCI in
liquid argon at 105 K and 5.7 atm and (c) molten cesium nitrate at 653 K.

The near infra-red may give detailed information on the short time behaviour of
the systems which makes it possible to expand the correlation function, in this case
the dipolar auto-correlation function, in a Taylor series of which the different terms
may be associated with different equilibrium properties of the system. To extract
information from a correlation function in the far infra-red a different approach
must be followed because of the poorer time resolution.
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One can take full advantage of the information which is nevertheless contained
in the correlation function by simulating a correlation function starting from a model
with a limited number of parameters and compare the result with the experimental
correlation function over a larger time interval. Within the error bounds set by the
experimental conditions one then selects the best set of parameter values. This
procedure introduces a strong phenomenological aspect through the use of the
correlation functions. One could for instance replace one model by another without
affecting the values of the parameters, but only their physical interpretation.

The value of the correlation function description is still that many qualitative
aspects of the dynamical behaviour of dense systems can easily be recognized in the
general appearance of the correlation function. We first illustrate the procedure by
examining two systems for which the choice of model poses no difficulty, a dilute
gas and a solid. We then present the experimental results of far infra-red measure-
ments on two liquid systems, which are intermediate between these extremes and
show that the results can be interpreted in such a way that aspects of both descriptions
come into play.

MODELS

The first case where the choice of the model poses no problem is a gas at various
densities. For these systems the correlation function method originally proposed
by Gordon 4 gives an adequate description of the motion of dipolar molecules in
dilute gases. In this model the molecules are thought to rotate freely over fairly large
angles between collisions. In fact the molecule may rotate freely many times before
it occasionally collides. At higher densities the angles might become smaller and
eventually the rotational diffusion process can be described by random small angle
jumps as in the Debye model. In this last model the diffusion process is characterized
by a reorientational relaxation time given by a Stokes-Einstein equation which
determines the exponential decay of the correlation function at long times.

Each diffusion step is terminated by a short collision. In the collision process
one takes into account two different phenomena, i.e., the reorientation of the vector
of angular momentum (m-diffusion) combined with the transition to different quantum
states (j-diffusion). The model introduces three parameters, the choice of which
is to a certain extent arbitrary. One parameter is associated with the elastic effect of
angular momentum reorientation which depends on the classical rotation frequency.
The effect of the inelastic part of the collision depends on the magnitude of the
perturbation determined by the intermolecular potential, and the shape of the function
that describes the time dependence of this perturbation. This introduces two other
parameters. Finally the combined effect of successive collisions is taken into account.

This large angle diffusion model has been applied to mixtures of HCI and a variety
of noble gasses under different pressures.5 The agreement between theory and
experiment is very satisfactory for these systems. Inspection of the analytical form
of the correlation function obtained with this model shows that

C(t) = <M(0)M(1)> = E exp ( - A;Oleos (B.1 - A)+ t +(B2 AJA2).4. sin (14 - AD+ (2)

In the above described model the frequencies Bi are equal to the set of rotator fre-
quencies {co,.} and the damping constant A, = {Pino + iy2}/T where y is the reorienta-
tion angle and is the inelastic contribution, whose value is determined by two
parameters. All parameters are frequency dependent. r is the time between
collisions. Its value is calculated from kinetic gas theory.
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As long as the value of Ai is small with respect to the value of B., the correlation
function resembles the free rotator correlation function. In the limit of large Ai the
correlation function clearly takes the form of an exponent. In the model it corres-
ponds to a short time between collisions.

The second class of liquid systems where the theoretical correlation functions
can easily be obtained are the molten salts.2 These systems are described with a
formalism which is well established in solid state theory. In this formalism the N-
particle system is carried over by a coordinate transformation to a system of 3N
harmonic oscillators or phonons characterized by a frequency co and a quantum
number k. In actual systems these phonons interact with each other by anharmonic
forces, which give rise to a non-zero value of the self-energy. The self-energy can
be separated into its real and imaginary parts, which form together with theharmonic
frequencies the parameters in this description. Solution of the equation of motion
gives the same analytical form for the correlation functions as for the perturbed
rotator. In this model, however, the frequency Bj = coy+ Ar(S/), where cot, is the
harmonic frequency of phonon v and 6,(0) the real part of the self-energy of the
phonon. evo) depends on the measuring frequency n. The damping constant A j
is now equal to co,,I;(n)/20. Fp) is the frequency dependent imaginary part of the
self-energy of phonon v. The form of the experimentally determined correlation
functions in this case however differs completely. The correlation function has the
form of a damped cosine wave in which the frequency as well as the exponent can
clearly be recognized (see fig. 1).

Two entirely different models, free rotation of dipole molecules over large angles
occasionally interrupted by the effects of a collision and collective motions of a large
number of molecules of a vibrational character, give therefore the same analytical
form of the correlation functions. Other current models also come to the same
analytical form.6. 7 Hence one should be very careful with conclusions concerning
the physical significance of the model. There is a certain range of values of the three
parameters in which these values could equally well be interpreted in either of the two
models. This ambiguity is enhanced by the fact that the summation over terms with
different co is not unique. The frequencies co can vary from the distribution of free
rotator eigenfrequencies to a distribution of harmonic oscillator frequencies with
widely varying weight factors. With these reflections in mind we undertook to
modify the limited free rotation model to make it a more realistic model for the rota-
tions of HCI in liquid argon and CH3CN in different organic solvents.

EXPERIMENTAL

The experimental details and the results of the far infra-red measurements on some of the
liquid systems which we discuss here have been published elsewhere.2. 3' 5 We therefore
confine discussion to the recently measured spectra and the spectra which have been used
for the model calculations.

All spectra were recorded on a Perkin-Elmer 301 grating spectrophotometer or on a
RIIC FS 720 Michelson interferometer. This set an experimental limitation to our measure-
ments on the low frequency side of about 12 cm-1.

The absorption spectra of dilute solutions of HCI in liquid argon were measured at temper-
atures between 98 K, at which temperature fl-HCI begins to crystallize, and 110 K and at pres-
sures of about 5.7 atm. The results are shown in fig. 1. Some absorption spectra of aceto-
nitrile dissolved in n-heptane recorded at different temperatures are shown in fig. 2. The
spectra were recorded point by point against a reference cell with pure solvent. The fact
that the absorption measurements could only be extended to 12 cm-' set a severe limitation
to the accuracy of the correlation functions which could be derived from these spectra. The
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2.The absorption spectra of a dilute solution of acetonitrile in n-heptane at 248 K (- - -), at
277 K (- . -), at 314 K (- - -) and at 345 K ().
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low energy wing of the far infra-red spectrum determines the shape of these functions to
a great extent. In a few cases only, an extrapolation into the microwave region can be made
with the aid of dielectric loss data.' An example is shown in fig. 3. In most cases, however,
the absorption below 12 cm-1 is unknown, even accepting that for very long wavelengths
Debye behaviour can be assumed. The Fourier transforms of the extrapolated spectra
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3.The far infra-red absorption spectrum of acetonitrile extrapolated into the microwave
regions.
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FIG. 4.---The effect of the temperature on the approximate correlation functions of dilute solutions
of acetonitrile in n-heptane. (1) 248 K, (2) 277 K, (3) 314 K and (4) 345 K.
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Fin. 5.The approximate correlation functions of acetonitrile dissolved in (I) ca., (2) cs2, (3)
CH3CN and (4) n-heptane.

3

0.5

2

10



100 DIPOLE CORRELATION FUNCTIONS

must therefore be considered as approximate correlation functions only. Nevertheless the
effect of the temperature (fig. 4) and the nature of the solvent (fig. 5) can clearly be recognized
and the differences between the curves are certainly significant.

DISCUSSION

In fig. 6 the correlation function of HCI in liquid argon as experimentally deter-
mined is compared with the free rotator correlation function of HCI. It is the
similarity between the two curves which leads us to try an adaption of the general
rotational diffusion model which has been used so successfully for the gas mixtures.
One can first estimate the effect of the high density of this liquid solution by extra-
polating the collision frequency from the low density gas phase. By varying the

5
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FIG. 6.The dipolar correlation function of HC1 in liquid argon (1) compared with the free rotator
correlation function (2).
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parameters in the simulation of the correlation function and comparing the result with
the experimentally determined correlation function one comes first of all to the im-
portant conclusion that the inelastic effect of the collisions should be discarded.
Obviously the perturbing potential, though strongly felt by the rotating dipole mole-
cule, changes so little with the rotational coordinate of this molecule that the transition
probability, which in a time dependent perturbation treatment is determined by the
change of this potential with time, becomes negligible. This simplifies the calculation
considerably. The elastic part of the collision event causes a shift of the direction
of the vector of angular momentum over a reorientation angle. One can easily find
a value for this angle for which the calculated correlation function fits perfectly with
the experimental one at least for times shorter than 4 x 10-3 s. At longer times,
the correlation function shows maxima at multiples of the rotational period. This
corresponds to a residual rotational fine structure in the absorption spectrum, which
is not observed experimentally for HCI in liquid argon. It is however interesting to
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note that some cases have been reported in the literature where this fine structure
has indeed been observed.9 In order to adjust the long time behaviour to the experi-
mental observations there are two ways to bring in more specific liquid properties
in this still gas-like model. The simplest way in which one can do this is by eliminating
all memory of the dipole molecule after the time of a diffusive step from the cage of
argon molecules. According to neutron scattering experiments on liquid argon this
time should be approximately 8 x l0-1 3 s. The simulation thus obtained is shown in
fig. 7.

1.0

0.5

1
5 I 0

00-13
FIG. 7.Comparison of the experimental and simulated correlation functions of HC1 in liquid argon.
() experimental correlation function, (- - -) simulation with in-diffusion model and elimination of
memory after 8 x 10-13 s and (- -) simulation with Poisson distribution of collision probabilities.

A second more elegant method is to allow for a distribution of collision times.
When a dipole molecule moves around in its cage and suffers collisions at a frequency
that exceeds its own rotation frequency, large angles between its starting position
and the position at the first collision become improbable. In the m- and j-diffusion
model all angles are equally probable. We slightly generalized the model in such a way
that the collision frequency may first of all exceed the rotational frequency and in
addition the distribution of collision probabilities can be chosen. To thislend
one may write down the effect of a succession of n collision events as a product
of reorientation and rotation matrices. One then calculates the ensemble averaged
reorientation matrix by summing over all possible values of n, accounting for the
proper probability of the nth collision event. Laplace transformation and finally
integration over the thermal distribution of rotation frequencies gives after some
calculation the reorientational correlation function. As before we assume that only
m-diffusion has an important effect and that for a given frequency the absolute
magnitude of the reorientation angle is the same for every collision. Finally taking
a Poisson distribution of collision probabilities we calculate a correlation function
which is shown in fig. 7. Although the correlation functions show considerable

-
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differences at longer times one should note that with increasing time the details of the
correlation function can be determined with decreasing accuracy. This is clearly
illustrated in fig. 8, where the spectra obtained after Fourier transformation of the
theoretical correlation functions are compared with the experimental spectrum.
Simulated and experimental spectra coincide within experimental error.

The best fit is obtained with a Poisson distribution, exp ( t/r), in which lit has
a value of 70 cm'. For the cosine of the reorientation angle a value of 0.54 has
to be chosen for molecules with the lowest angular velocity. Under the reasonable
assumption that the torque on the rotator is proportional to the momentum of the
particle that collides with the rotator, one can compare the values of 0.54 found

40 80 120
ca/cm-1

FIG. 8.Comparison of experimental and simulated absorption spectra of HCI in liquid argon.
(1) Experimental absorption spectrum, (2) simulation with rn-diffusion model and elimination of

memory, (3) simulation with Poisson distribution of collision probabilities.

160 200

at 70 K with the value found in the gas phase at 300 K. The agreement is good ;
hence the mechanism of the collision is not very different in the two phases. The
value of 1/r shows that an HC1 molecule with the lowest rotational frequency rotates
freely over an angle of about 120° before colliding with an argon molecule. The
motion of an HCI molecule can therefore be described by rotation around the rotation
axis over still quite large angles repeatedly interrupted by collisions from the surround-
ing argon atoms. The fact that the argon atoms constitute a liquid lattice shows
mainly in the long time part of the correlation function. In the models used, this
finds expression in the loss of memory at the move into another liquid cell or by the
specific distribution of collision probabilities. Because of the low value of the moment
of inertia of HC1 the frequency Bi in eqn (2) is larger than the damping constant A.
The rotation takes place over relatively large angles and no Debye behaviour is
expected at long times. This is consistent with the general observation from our
experiment.
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Such apparent Debye behaviour at long times, however, is found in liquids like
CH3CN. We therefore turn to an application of the extended rotational diffusion
model to this class of liquids. In the first place one could discard the inelastic effect
of the collisions for the same reasons as put forward for the system HC1 in liquid
argon. An appropriate choice of the magnitude of the reorientation effect, together
with a Poisson distribution of collision probabilities, reproduces roughly the general
shape of the experimentally found correlation function. However, a quite satisfactory
fit for short times cannot be obtained, nor can the temperature dependence of the
experimental correlation functions be accounted for. To turn to the last point first,
as can be seen from the experimentally determined spectra (see fig. 2) the centre of
gravity of the absorption band shifts towards higher frequencies as the temperature
decreases. As a consequence, the exponential tails of the correlation functions have
the wrong succession too. It would seem that the relaxation in terms of a Debye
model is faster at lower temperature.

Better agreement can be obtained if one inserts a cosine term in the analytical
form of the correlation function, whose amplitude and frequency increase with
decreasing temperature. Absorption measurements in the far infra-red record the
change of the total transition dipole moment of the system. The absorption of the
solvent is subtracted from the absorption of the liquid solutions. Therefore the
presented absorption spectra, and hence the correlation functions, include con-
tributions from those collective modes of the solvent for which the change of the
transition dipole moment is enhanced by induction. One can therefore expect a
reflection of certain characteristics of the frequency distribution of the solvent in the
total dipolar correlation function. Support for this idea can also be found in the
strong dependence on the solvent of the correlation functions at long times, as shown
in fig. 5.

Again, the simplest way to take this effect into account is by simple addition of
a damped cosine wave to the analytical expression of the correlation function to
obtain agreement with the experimental data. This cosine function could be inter-
preted as arising from the damped Einstein oscillator characteristic for the liquid.
This procedure is equivalent to the usual subtraction of induced intensity from the
experimental absorption spectrum. 10

The influence of collective motions could be incorporated in the model in a more
sophisticated way. To this end we multiply the distribution of collision probabilities
with a weight function to account for the effect of collisions occurring at different
frequencies. This weight function is then determined by the frequency distribution
of the solvent as well as by the amount of coupling with the different modes. Coupling
with a frequency for which the magnitude of reorientation has a value such that on
average the sense of rotation reverses sign, effectively introduces a coupling of the
librational motion of the dipole with the lattice. The importance of the introduction
of a librational motion for the description of liquid systems and in particular for the
explanation of the temperature effect has been recognized before."

Both ways include the rotational diffusion of the dipoles and the coupling with the
vibrational modes of the surrounding medium. This introduces at least two addi-
tional parameters ; consequently the simulated correlation function can within
certain limits be made to fit the Fourier transformed spectra. In view of the fact
that these Fourier transforms are only an approximation of the correlation function,
it is plain that further refinement would be irrelevant. A perfect fit could always be
obtained by the assumption of a suitable distribution of vibration frequencies. At
this point however the model would become indistinguishable from the solid state
model. In solids, anharmonicity has in general the effect that vibration frequencies
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decrease with increasing temperature. Hence, if the vibrational contribution in
the model is enhanced relative to the rotational diffusion, the temperature effect can
be made to fit qualitatively the experimental temperature dependence. The effect
of the oscillatory contributions can also be recognized in the effect of different polariz-
ability of the solvent on the shape of the correlation functions. Larger polarizability
will enhance the importance of the inductive contributions.

From these considerations it is clear that the tails of the correlation functions
are not purely determined by a Debye type diffusion. One should therefore be careful
with the application of the StokesEinstein relation to the apparent exponential decay
of the correlation functions at long times.

CONCLUSIONS

As we pointed out above there are two models for which an analytical expression
for the correlation function can be obtained, the rotational diffusion model and the
solid state model with anharmonic oscillators. The expressions for the correlation
function are very similar for both models. The parameters that appear in those
expressions can however be interpreted differently, according to the model used.

For the description of systems like CH3CN in organic solvents and HC1 in liquid
argon we have used the first model. In order to obtain good agreement between
model calculation and experiment one has to introduce some modifications into the
simple rotational diffusion model. These modifications, whether they account for the
high collision frequency, loss of memory by diffusive steps or coupling with the
vibrational motions of the solvent, all merely amount to modification of the number
and value of the parameters in the analytical expression for the correlation function.
Although arguments for the introduction of more parameters have physical signific-
ance, one should not overestimate the value of agreement between experimental and
calculated correlation functions obtained in this way. Introduction of more in-
dependent parameters will always reconcile theory and experiment.

Nevertheless the correlation function description retains its importance for a better
understanding of the dynamics of liquids. The parameters can be compared with one
another ; within the model used an estimate can be made of the relative importance
of different processes on the time scale.

This work is part of the research programme of the Foundation for Fundamental
Research on Matter (F.O.M.) and was made possible by financial support from the
Netherlands Organization for Pure Research (Z.W.0.).

P. Datta and G. M. Barrow, J. Chem. Phys., 1965, 43, 2137.
B. Keller, P. Ebersold and F. Kneubithl, J. Phys. B, 1970, 3, 688.
M. 0. Bulanin and M. V. Tonkov, Opt. Spectr., 1969, 26, 95.
H. S. Gabelnick and H. L. Strauss, J. Chem. Phys., 1968, 49, 2334.
G. W. Holleman and G. E. Ewing, J. Chem. Phys., 1967, 47, 571.

2 G. H. Wegdam, R. Bonn and J. van der Elsken, Chem. Phys. Letters, 1968, 2, 182.
G. H. Wegdam, J. B. te Beek, H. van der Linden and J. van der Elsken, J. Chem. Phys., 1971,

55, 5207.
3 S. G. Kroon and J. van der Elsken, Chem. Phys. Letters, 1967, 1, 285.

A. Rosenberg and G. Birnbaum, J. Chem. Phys., 1970, 52, 683.
J. W. Fleming, P. A. Turner and G. W. Chantry, Mol. Phys., 1970, 19, 853.
Y. Leroy, E. Constant and P. Desplanques, Clam. Phys., 1967, 64, 1499.
R. G. Gordon, J. Chem. Phys., 1966, 44, 1830.

1

'



VAN AALST, VAN DER ELSKEN, FRENKEL AND WEGDAM 105

5 M. E. van Kreveld, R. M. van Aalst and J. van der Elsken, Chem. Phys. Letters, 1970, 4, 580.
M. E. van Kreveld, R. M. van Aalst and J. van der Elsken, J. Chem. Phys. 1971, 55, 2053.

6 J. P. Boon and M. Köhler, J. Chem. Phys., 1969, 51, 3681.
7 C. Brot and I. Darmon, Mol. Phys., 1971, 21, 785.
8 Krisnaji and A. Mansingh, J. Chem. Phys., 1964, 41, 827.
9 G. Birnbaum and W. Ho, Chem. Phys. Letters, 1970, 5, 334.

10 W. G. Rothschild, J. Chem. Phys., 1968, 49, 2250.
" B. Pourpix, C. Abbar and E. Constant, Compt. Rend. B, 1970, 270, 828.

E. Constant, L. Galatry, Y. Leroy and D. Robert, J. Chim. Phys., 1968, 65, 1022.
Y. Leroy, E. Constant, C. Abbar and P. Desplanques, Adv. Mol. Relax. Proc., 1967, 1, 273.


