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EXPERIMENTAL ANGULAR VELOCITY CORRELATION FUNCTIONS FOR CHCl;
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The angular velocity correlation function (AVCF) for liquid CHCl; has been obtained experimentally from the far-
infrared absorption and the Raman band shape. The experimental AVCFs are compared with computer simujation results

{ 1. Introduction

Angular velocity fluctuations play a very important

using a § X 5 Lennard-Yones atom—atom potential with partial charges situated at the atomic sites.

[7--14]. The problem is that many experiments are
sensitive to orientational correlation, but only few
may reflect the angular velocity correlations because

role in molecular reorientation processes in dense media.  the time scale associated with the latter is shorter. Ex-

~ Tuite a number of authors have treated theoretically

- the problem of the relationship between the angular

- vzlocity correlation function (AVCF) and intermolec-
ular torque [1—4]. Several authors have shown that
the AVCF can, under some conditions, be regarded as

. the memory function of the angular position correla-

- tion function (APCF) [5,6]. A knowledge of the

ing of the microdynamics of liquids.
Most of the investigators interested in the problem

accept the fact that the character of the AVCF is non-

exponential, often having negative overshoots which
arise from a reversal of momentum caused by strong
molecular interaction. But up to now both the theo-
retical and the experimental determination of the:
exact shape of the AVCF has not been satisfactory.
Experimental studies of the AVCF are rather rare
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~ AVCEF is therefore essential for a thorough understand-

periments that may be used for determining the
AVCEF include infrared absorption spectroscopy, de-
polarised vibrational Raman scattering, pure rotation-
al Raman scattering and thermal neutron scattering.

The experimental method which gives information
about short-time orientational fluctuation of the mol-
ecules is far-infrared absorption (Poley absorption).
The profile of this absorption reflects not only the
orientational motion of a single molecule but also the
intermolecular correlation of reorientations. Unfortu-
nately it is very difficult to separate those two pieces
of information. There is also the problem of the colli-
sion-induced absorption which cannot be determined
with acceptable approximation. So in the absence of
a molecular dynamics simulation the results one ob-
tains from the shape of the Poley absorption must be
analysed with caution.
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The same-is true abeut the AVCF obtained from
: —ﬂﬂman-bzmdshdpes dn this case the-intermotecular
corretations play a negligible role in the band shape
put there is a'problem with the separation of rotation-
al rélaxation from vibrational relaxation. Another dif-
ficulty is connected with the fact that the information
about the short-time behaviour of reorienting mole-
gule is hidden in the far wings of the vibrational band.
One has to be able to detect these wings with ultra-
high precision.

In this paper we report some attempts at deter-
trrining the AVCF from far-infrared absorption and
Raman band shape measurements on CHCl5. The ex-
perimental results are compared with the computer
simulation data recently obtained for CHCl,.

' 2. Theoretical background

In this section we recall briefly the method of ob-
taining the AVCF from the experimental data. In a
series of papers Kluk et al. [12--14] showed in detail
how to extract the AVCF from the APCF using a gen-
eralisation of cumulant expansions.

All their results can be summarised in the formulae:
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w; is the component of the angular velocity perpen-
dicular to the dipole moment (fig. 2), G, is the rota-
tional function, I = 1 for far-infrared, / = 2 for Raman
scattering.

For far-infrared absorption [15]:

Grot®)= = [ et 2 g, @)

L w

a(w) is the absorption spectrum, & = 4mpu2/3ckT, u is
the dipole moment, ¢ the speed of light, k¥ the Boltzmann
constant.

For Raman scattering [13]:

Grot(®) = [0 69 deof 7, Iy dew €))

where I, is obtained using the Bartoli—Litovitz sepa-
ration method [16]:

I ip(w) = Iyy(w) ~ § Iyy(w),

Ty() = Uy * Lip) (o) -

Iy and Iy are the scattered intensities with e s
larisation parallel and perpendicular to the incorm=s
beam polarisation respectively.

3. Experimental

The shape of the CHCl; Poley absorption ban
obtained using three kinds of instrumentation: 4

(1) A fast scanning Fourier-transform spectrome s -
DIGILAB FTS-14. The region covered was 15— 127
em~1, The liquid was placed between quartz winie
prepared in a special way to avoid spurious interf=s -"‘
The TPX and polyethylene windows are not suitz=
for chloroform as they strongly absorb this substz Av; ;
The resolution was 2 cm~! and the path length 0 % =

(2) A series of carcinotrons which produce mo=:
chromatic waves. The region covered was 2—13 co

(3) Klystrons which produce frequencies below
1cm—1

The Raman spectra were recorded on a Cary-=_
spectrometer.*An Ar" ion laser operating at 514 =
and at powers of 100 mW was the excitation source
The slid width was 1 cm—1,

The chloroform used was a Merck product “7or
spectroscopy”’. Small amounts of ethyl alcohol (p=e
ent as a stabiliser) were removed by distillation over
molecular sieves.

4. Results

The profiles of the absorption band for thres 1=
peratures are shown in fig. 1. The data for room ==
perature are in good agreement with the profiles o
Chantry {17] but they differ from the results o7
Goulon et al. {18] and Rosenthal et al. [19]. :

We have checked the microscopic sum role for v
band [20]: i

iy (n"+2)2N .':-:‘
Of"‘(")d" 6clEy-9nV

£ =8.85 X 10712 F m, n is the refractive inde:: (==

!
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rig. 1. Far-infrared absorption band of CHCl3 at three tem-
ceratures., 0, & and o are the carcinotron data at 21, —~20 and
-50°C, respectively.

‘et

- 1.45), N the number of molecules in the volume V, I

~ -he moment of inertia (for CHCl;, /= 254 X 1040

zcm?).

] At room temperature the integral of the experi-

- mental band is 0.142 in SI units. The value of the rhs
of eq. (5) is 0.096. So the theoretical value is =70%
of the experimental one. If the shape of molecule is
zaken into consideration the coefficient [(n2 +2)/3]2

. in (5) should be replaced by [1 +D(n? — 1)]2, where
D stands for the depolarisation factor which for CHCl
isequal to 0.46. In such a case the rhs of (5) is 0.121
which is 85% of experimental value. It is also worth
mentioning that the integral of the experimental band
ior pure chloroform agrees very well with that ob-
tained for 10% v/v solution in decalin (0.0147 SI units)
[21]. In calculating the AVCF from the absorption
vrofile we have neglected induced absorption.

" The Raman C—H stretch band was measured at two

volarisations. We checked the value of the rotational
second moment

Ma(@)=S wzlmt(w) dw/S 1o (w)dw 6)
t0 be 12% higher than the theoretical value (MEP (2)

rot
=308 cm—2, MIT (2) = 274 cm~2) which may result
from the scattering by induced collisions, mentioned in
earlier work [22].

The AVCFs obtained from FIR spectra are shown
in fig. 2. The AVCF from the Raman band is shown in
fig. 3. The Raman AVCF oscillates more than that from
the FIR but the time at which the AVCF starts to be
negative is the same for both, i.e. 0.23 ps. In the case
of the FIR there is clearly no temperature dependence
of that time (fig. 2). This behaviour is the same as that
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Fig. 2. Angular velocity correlation functions of CHCl; ob-
tained from FIR absorption spectra.

found for CgHy in experimental work [9] and for HCI
in computer simulations {23]. This zero-crossing time
is a measure of the “time between collisions” 7. Its
value is higher than that obtained by Moradi-Araghi
and Schwartz [24]. They obtained a value of 0.13 ps
for 7g¢, which in their paper is a parameter affecting
the efficiency of relaxation by vibrational dephasing.
They used Rotschild’s [25] general expression for the
isotropic correlation function with 7y as a parameter.

room temp,
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AVCF
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0 1
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Fig. 3. Angular velocity correlation function of CHCl4-ob-
tained from-Raman band shape.
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§. Computer simulation of the molecular dynamics in
CHCl,

The details of this extensive computer simulation
(at 293 K, 1 bar) will be published elsewhere [26]. In
this paper we will briefly describe the algorithm and
computational procedures and illustrate the angular
velocity autocorrelation function produced by the
simulation.

The algorithm was developed from one written by
Singer et al. and made available to us by SERC CCP5.
The original was modified by Ferrario and Evans [26]
to include charge—charge interaction and a force cut-
off criterion based on the intermolecular centre-of-mass
distance. The translational equations of motion are
now solved with a third-order predictor algorithm
and the rotational ones using as coordinates the an-
gular momentum and the three unit vectors of the
principal moment of inertia frame.

In the absence of reliable experimental (e.g. di-
electric virial) information on the pair potential of
CHCl3 we built up.a model potential energy of 5 X 5
atom—atom Lennard-Jones type with partial charges
at the atomic sites:

for H-HH  0=2.754&, e/k= 134K;
For CI-Cl1 0¢=3.50A, €/k=1750K;
for C—C 0=3204, ¢/k= 510K,

with cross terms evaluated with the usual empirical
formulae

(e/k)pp = [(e/k)p(elR) 112,

oap=3(0p *0p) .

The o parameter for C1—Cl interactions was optimised
to 3.50 A. This is different from the equivalent param-
eter in a parallel CH,Cl, simulation [26], 3.35 A.
Otherwise the same set of Lennard-Jones parameters
was used in both simulations. The value of o influ-
ences the intersection point of the AVCF with the
time axis. For o= 3.15 A the AVCF starts to be neg-
ative at 0.27 ps.

These Lennard-Jones parameters are based almost
exactly on values available in the literature for other,
simpler, liquids such as Cl,. The fractional charges
were taken directly from a simple calculation by del
Re [27], aimed at reproducing the experimental di-
pole moment.

With these parameters, satisfactory thermodynass
ic characteristics were obtained with 108 molecules
after ~2500 time steps of 0.005 ps each. These im=u
steps were rejected and the next 5000 or so used ==
build up a wide variety of dynamical and static 19;;.-;'
librium) information. Input state point was 293 K =
bar. Some of the major conclusions of this simulats
are:
() the rotational diffusion of CHCl; (in conrast
to CH, Cl, {26]) is very nearly isotropic;

(ii) the Kirkwood factor is nearly unity;

(idi) the liquid is nevertheless highly structured
(from the atom—atom pair distribution functions )

(iv) using small sub-spheres the autocorrelation
functions and cross-correlation functions of orienzz-
tion and rotational velocity are almost identical;

(v) the transient statistics of linear and angula-
momentum are non-gaussian;

(vi) there are subtle effects of rotation/translazics
coupling which defy conventional analytical analves
and which show up in the mixed autocorrelation =
tions

(J2(0) v2(2))/(J2(0)) W2(0)) ,

where v is the centre-of-mass linear velocity.

The AVCF obtained from computer simulatior i«
drawn in fig. 4 and it compares well with the expsr-
mental AVCFs of the far-infrared analysis, but not =
well with the AVCF from the Raman analysis. This
confirms the validity of both the FIR [28] and sirms
lation probes of liquid-state molecular dynamics as
used in this paper. The situation is clearly poised fos
an effort at quantifying the pair interaction potenti
by accurate measurements of B, , the second dielects

B
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Fig. 4. Angular velocity correlation function of CHCl3 ¢z~
tained by computer simulation,
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virial coefficient [29]. An improvement of our knowl-
edge in this area is fundamental to further progress be-
cause algorithms such as TETRA now allow us to go
directly from a given intermolecular potential to a wide
varety of spectra.

6. Discussion

As can be seen from figs. 2, 3 and 4, the shape of
:he AVCF in the time region 0—30 ps seems to be well
determined. The results of two experiments and an in-
dependent computer simulation agree within this time
regime. For longer times the agreement starts to get
worse.

We have stressed at the beginning of this paper that
the far-infrared absorption profile contains “too much”
information for it all to be properly assimilated. We
have to neglect some processes when explaining the
data using correlation function language and this could
lead to errors in the shape of the correlation functions
we obtain. However, it does seem that we have for the
first time the important confirmation that induced ab-
sorption in CHCly is not an important source of uncer-
1ainty in the pure liquid at 293 K, 1 bar, This follows
from the fact that the computer simulation does not
deal in polarisability, and cannot describe the process
of collision induction, Despite this, the AVCF obtained
in two totally independent ways, each with its assump-
tions, agree in the important respects of axis cut-time,
depth of overshoot and long-tail characteristics.

In the Raman technique there is always a doubt
whether we can separate vibrational and rotational re-
laxation, and this doubt persists.
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