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Abstract

Molecular dynamics simulation was used to study the local structure and the single-molecule dynamical properties of
HCI dissolved in liquid CCl ,. The intermolecular interactions between solute and solvent molecules were investigated and
an accurate effective potential model was proposed. The local structure of HCI in the solution is well described in terms of
the calculated relevant pair distribution functions. The linear and angular velocity, the torque and the center of mass total
force, as well as the first- and second-order reorientational autocorrelation functions (ACFs) have been obtained and
discussed. Finally, this study has shown that on the basis of the proposed potential the predicted rotational dynamics of the
solute molecule are in successful agreement with experimental infrared results reported in the past. © 1998 Elsevier Science

B.V.

1. Introduction

The dense phase of relative simple molecules
solved in non-polar solvents has been extensively
studied for many years. Much has been learned about
the dynamics of the solute molecules perturbed by
the non-polar solvents from experimental [1-5], the-
oretical [6,7], and computer simulation (CS) [8-11]
studies. More recently, there has been a renewed
interest in the investigation of such systems. The
reason for this is that many questions concerning the
properties of these systems remain to be answered.

Hydrogen chloride (HCI) is a representative het-
eronuclear, quite small diatomic molecule. It has
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relatively large dipole ( u) and quadropole (Q) mo-
ments as well as a moderate polarizability (a ). The
properties of the pure system in the gas and con-
dense phase have been the subject of a body of
experimental [12—-16] and computational [17—-22]
work, far too extensive to review in the present
study. Moreover, the solutions of HCI in non-polar
solvents have aroused wide interest and several spec-
troscopic studies have been reported. An interesting
feature that characterizes the infrared (IR) spectral
lineshapes of HCI in solutions, is that in addition to
the Q branch, the P and R branches are aso ob-
served. The appearance of these bands is clear evi-
dence that HCI in solution possesses the ahility to
execute relatively free rotational motion.

In recent years the dynamics of HCl in liquid
CCl, have been studied experimentally and a num-
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ber of spectroscopic studies have been reported by
severa groups. Thus, spectroscopic studies, such as
far-infrared (FIR) [23—-25], IR [4,26,27] and isotropic
Raman [28,29], have provided interesting informa
tion about this molecular system. In addition, some
theoretical efforts have been concentrated on the
analytical evaluation of the FIR and IR relevant
correlation functions and the corresponding absorp-
tion coefficients. Kolmykov and McConnel [30] have
proposed an extended J-diffusion model based on
the Zwanzig—Mori formalism [31,32]. In this treat-
ment inertial effects as well as a finite time of the
molecular collisions have been taken into account.
This generalized model has been applied to the
experimental FIR absorption of HCI in cyclohexane
[33], HCI in CCl, [23-25] and DCl in SF; [2]. The
authors pointed out that the model parameters ob-
tained are in accordance with the previous reports
[24,34]. In the case of IR spectra of HCl in CCl,,
Carlier and Turrell [35] proposed an interpretation
based on an analytical model of hindered rotation
motion of the solute within a cage of solvent
molecules. Although this model is developed in one
dimension and neglects long-range forces, it provides
results which are considered to be satisfactory com-
pared with the observed absorption profiles. Note
however that a more realistic model of this type in
three dimensions is not available in the literature.
More recently, some dynamical properties of HCI
dissolved in CCl, have been obtained from molecu-
lar dynamics (MD) simulations by Idrissi et a. [36].
In this MD study various site—site potential models
were used for the description of the intermolecular
interactions. The reorientational first-order autocorre-
lation function (RACF) C,(t) of HCI has been calcu-
lated and compared with the experimental ACF ob-
tained from the band shape analysis of the IR spec-
tra. The authors concluded that the employed interac-
tion potential models yield good agreement at both
short and long times with the experimental CFs.
However, at intermediate times the characteristic
minimum and submaximum observed in the experi-
mental CF are not reproduced. They made the as-
sumption that this observed feature ‘may well be
due to the induction effects between solute and
solvent molecules. These effects were not investi-
gated in this previous MD study.

In view of this situation, we decided to continue

the work on this field by performing an extensive
MD study of this solution. In the framework of the
present study, the intermolecular interactions are
reinvestigated and a new potential model is pro-
posed. Particular attention has been paid to the
anisotropic interactions between the solute and the
highly symmetric solvent molecules. Moreover, the
intermolecular structure between the solute and its
surrounding solvents, as well as the molecular mo-
tion, has been studied in detail. Note also that the
main purpose of the present paper is to investigate
the dynamica properties of the molecules in the
solution with special emphasis on the rotationa dy-
namics of the solute molecules. For this purpose the
most important ACFs have been obtained and com-
pared with available experimental data. Finally, the
procedure and results of this MD study are presented
herein.

2. Potential model and simulation details

2.1. Potential model

Following the literature, we can see that both pure
substances have received much attention in MD sim-
ulation studies at liquid densities. In these studies the
most common proposed anisotropic pair potentials
were of the type site—site pair-wise additive, contain-
ing short-range Lennard-Jones (LJ) and long-range
Coulombic terms [17—22,37,38]

U(r”)=zz{4eij (?) —(?H
q; q;
* Amegr; } ' (1)

In Eqg. (1) the sums are over al pairs of interac-
tions sites ij located on different molecules. g, and
qg; denote the partial local charges and ry; is the
distance between two interaction sites.

It is also interesting to note that in two successful
MD simulation studies of liquid HCI the proposed
site—site potential model was of the type exp— 6
with electrostatic terms [19,22].
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As mentioned above, only one MD simulation
study of this solution has been reported up to date
[36]. In this treatment various potential models have
been employed for the CCl,—CCl,, HCI-HCI and
HCI-CCl , interactions in the system. However, the
predicted rotational dynamics are considered to be
not satisfactory compared with the experimental re-
sults. At this stage, we decided to construct a new
potential model for the description of the intermolec-
ular interactions between the various species in the
solution. This work was particularly extensive cover-
ing various types of potential models which were
tested by numerous MD runs. Thus, in the frame
work of this study, a new optimized effective poten-
tial model for this solution has been evaluated. The
model details are presented below and the various
model parameters are summarized in Table 1.

According to this model, for the CCl,—CCl, in-
teractions we have employed a 5-site LJ (12-6)
pair-wise additive potential, plus charge—charge
electrostatic terms. The charges coincide with the LJ
centers located at the nuclei of the five atoms of the
molecule. On the basis of this charge distribution the
calculated octopole moment of CCl, corresponds to
the value of 15 D A2 [20].

On the other hand, the HCI-HCI interactions
were represented by a 2-site LJ (12-6) model with
charge—charge electrostatic interactions. Here we
have adopted a local charge distribution for HCI
which has been previously used by Laaksonen and
Westlund [22] in their MD simulation study of this
liquid. The fractional charges are distributed by plac-
ing a positive charge g, = 0.4 e on the H atom, a
negative charge gy = —0.8 e on the Cl atom and
finally, athird positive charge g, = 0.4 e outside the
bond length d,_., and at a distance of 0.6 A from
the site of the CI atom. This model produces an
effective dipole moment for this molecule which is
dlightly enhanced compared to the experimental
value. Note that the reason for using an enhanced
dipole moment in modeling molecular liquids gener-
aly is to account for the mutual polarization of the
neighbor molecules.

Finally, for the most significant of the solute
dynamics HCI-CCI , interactions, among the various
intermolecular pair potentials that have been tested
here, we have chosen the one that, in connection
with the above described solvent—solvent and so-
lute—solute models, gives the best agreement with
experimental data from spectroscopic measurements.

Table 1
Potential model and parameter values for the HCI-CCl, solution
Type of interaction Site € T q
(K) A (e
ccl ,—Ccl, LJ+ Coulomb C 51.2 4.60 +0.552
Cl 102.4 3.50 —-0.138
fe_o = 1766 A
HCI-HCI LJ + Coulomb H 194 2,50 +0.400
cl 1734 3.35 —0.800
B +0.400
fy_o=L1270A  rq_q=0600A Fy_q=1870A
ccl, HCI A p c
site site (ev) A) (ev A%)
CCl,—HCI exp — 6 + Coulomb Cl cl 8550.2 0.2801 67.529
C Cl 7972.7 0.3177 115.004
Cl H 3297.3 0.2195 10.67
C H 11661.2 0.2504 17.089
charges as before

The cross LJ interaction parameters are obtained using the Lorentz—Berthelot mixing rules.
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This is a site—site pair-wise additive potentia of the
type exp — 6 with charge—charge electrostatic inter-
actions

M oF
ij ij
i ;
+ZZ4MOr”. (2)

The short-range interaction sites are located on
the atoms of the molecules. The exact positions of
the fractional charges on the HCI and CCl, molecules
are described above.

2.2. Technical details

The MD simulations were carried out in micro-
canonical ensemble (NVE) with 2 solute molecules
dissolved in 254 CCl, solvents in a cubic box with
periodic boundary conditions. In order to check the
reliability of the predicted results, we have per-
formed some supplementary MD runs with 4 solutes
in 496 solvent molecules. It should, however, be
noted that no significant differences in the results
have been observed. The direct Ewald summation
method was used to treat the long-range Coulombic
interactions. The system was simulated at 293K and
corresponding density for which experimental data
from spectroscopic studies are available. The
molecules are treated as rigid rotators. The geometri-
cal characteristics of the molecules are given in
Table 1 and the permanent multipole moments and
polarizabilities of the molecules are summarized in
Table 2.

The orientation of the molecules have been for-
mulated using a quaternion interpretation which of-

Table 2
Multipole moments and polarizabilities of HCl and CCl, used in
the present study

Molecule m Q 0 a vy
(D) DA (DAY (A% (A%

HCl 1.29(1.01) 3.83(3.74) 3.2(24-45) 260 0.311

ccl, 0 0 15 112 0

The numbers in parentheses denote Exp./Theor. values from
appendix D of Ref. [39].

fers the possibility the equations of motions to be
free of singularities. The translational and rotational
equations of motions are solved using leapfrog algo-
rithms. In order to achieve the best stability of the
results, we have tested several integration time steps
At. By comparing the predicted results we were able
to conclude that a time step of 2 X 10~ *°s insures
stability of the calculated energy and momentum.
Each MD run was started from a FCC structure and
the number of equilibration time steps was between
30000 and 50000. In order to obtain accurate statis-
tics the production runs were extended approxi-
mately to 300 ps and some of them to 500 ps. It was
necessary due to the smal number of the HCI
molecules in the sample.

Finally, the calculated macroscopical properties
are selected in Table 3.

3. Results and discussion

3.1. Macroscopical properties

Table 3 contains the simulated mean potential
energy U and pressure P as well as the trandational
diffusion coefficients of the molecules in the solu-
tion. The system was equilibrated at 290K and the
fluctuation of the temperature was + 3K. The num-
bers in parentheses denote experimental data of the
pure liquid CCl ,. From the data in this table we may
conclude that the agreement between MD results and
the corresponding experimental values of these ther-
modynamic properties is quite satisfactory at this
thermodynamic point. Unfortunately, experimental
values for the self-diffusion coefficients of HCI in
CCl, are not available in the literature. Therefore, a
direct comparison between the predicted MD diffu-
sion coefficients and experiment is not possible.
However, by taking into account the sizes and
weights of the solute and solvent molecules, we can
see that the obtained diffusion values are realistic
compared to the corresponding experimental diffu-
sion coefficients of other similar molecular liquids.

The root-mean-square (rms) force { F2Y"? and
torque {T2)"? acting on the solute due to its sur-
rounding solvent molecules are calculated and the
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Table 3
MD results for the solution HCI-CCI , (mole fraction of HCI: 0.008)
Number of molecules HCI in CCl , Vin T U P Dya
Dccl4
(cm®) (K) (k3/moal) (kbar) (10-° m?/9) (10-° m?/9)
2:254 96.5 290 —32.335 —0.033 391 1.44
(-32.220) (0.0001) 3.682 (1.40)

Depicted are the molar volume V;,, and the equilibrium properties: temperature, T; potential energy, U,; pressure, P; and the calculated
trandlational diffusion coefficients of both species. The numbers in parentheses are the experimental data of pure liquid CCl , [40-42].

#From [36].

obtained results are displayed in Table 4. Results for
these properties have been also reported in the previ-
ous MD study of this solution. Moreover, these
properties have been estimated from the second and
fourth moments of the IR spectral profile [27]. This
estimation was based on theoretical expressions,
whose derivations involve a number of approxima
tions [26]. Thus, the experimentally estimated value
for the rms force and torque on the solute is 2.97 X
10™ cm~2 and 371 cm™ 1, respectively, at this tem-
perature. It should be noted that due to the experi-
mental errors the rms torque can, in principle, be
determined from the bandshapes with an accuracy of
~ 15% or better [43]. Although one finds that the
simulated rms torques deviate by at least one order
of magnitude from the experimental values, the data
in Table 4 show that the agreement between the rms
torque from this work and from experiment is re-
markably good.

3.2. Intermolecular structure

The intermolecular structure of the simulated sys-
tem is presented in the form of the pair correlation

Table 4

functions (PCFs). Due to the dilution of HCl in CCl ,
the PCFs of interest are the following:

(i) the COM functions between HCI (a) and CCl,

(b) and between CCl , molecules, namely G, ,(r),

G,_,(r), and

(i) the four atom-atom PCFs G4 cin(r)

GH(a)—C(b)(r)' GCI(a)—CI(b)(r)
and Gg;,_cn(F) between the atoms of the solute
and the atoms of the solvent. All these functions
have been calculated and their characteristic extrema
as well as the obtained average coordination num-
bers are summarized in Table 5. These functions are
also displayed in Fig. 1a—c.

Unfortunately, information regarding the structure
of HCI in liquid CCl, from X-ray and neutron
diffraction experiments is not available in the litera-
ture. The only available results are those reported in
the previous MD simulation. Therefore, at this state
no more definitive answer to this problem can be
given, and discussion is limited to a comparison of
our results with those obtained on the basis of the
model 111 used in [36].

As we can see in Fig. 1a, the first peak of the
solute—solvent COM PCF G,_,(r) is located at

Correlation times 7, (ps) of the linear velocity u, angular velocity o, center of mass total force F, torque T, P, and P, Legendre
polynomias ACFs and the rms force and torque of the HCI molecule

(T2)? (F2)? 7 7, TE Tr TP, TP,
(em™) (101 cm~2)
This work 480.8 151 0.056 0.144 0.001 0.001 0.190 0.086
MD [36] 742.0 1.62 0.055 0.034 0.0036 0.0024 0.218
Exp. [27,43] 371.0 2.97 - - - - 0.189
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Table 5

Positions and heights of the first maximum and minimum in the
calculated PCFs (r (A) G(r)) and the coordination numbers ob-
tained for the first shell around the solute molecule

G(r) I. maximum |. minimum Coord. number
posit. ampl. posit. ampl. |. max. I. min.
A) A)

COM(a) 460 226 6.80 0586 2185(3.7)* 863
—COMb)

COM(b) 560 2266 80 0592 3.23 13.17
—COM

Cl(a)-C(b) 4.60 2258 6.80 0593 2.185(3.8)2 8.637
H-C(b) 440 179 7.00 0723 1916(4.2?% 9.18
Cl(a)-Cl(b) 360 1.883 500 0.876 292 12.95
H-Cl(b) 480 1.208 7.00 0.906 11.15 36.0
Plateau onthe 3.00 0.947 — - 1.42 -
Gy _ciny(r) 360 0.934 — - 3.43 -

#The number in parentheses denote the coordination numbers up
to the shoulders.

shorter distance than the first peak of the solvent—
solvent G,_,(r) function. This is in agreement with
the size/shape of the two-component molecules in
the solution. Note also that these functions are found
to be in good agreement with those reported in the
previous MD study. In addition, concerning the
HCI-CCl, PCF we observe a small shoulder on the
right-hand side of the first peak. This feature reflects
clearly the anisotropic shape of the HCl molecule
and suggests the existence of a loca structure be-
tween the solute and the nearest solvent molecules.
The coordination humber up to the first minima in
G,_,(r) is about 8 or 9 CCl, molecules. However,
the number of the nearest solvent molecules around
the solute molecule is about 2, or maximal 4. These
coordination numbers have been obtained by inte-
grating the solute—solvent PCF up to the first peak
(4.60A) and up to the observed shoulder (5.1A),
respectively.

In order to study the local structure around the
solute molecule in detail, it is necessary to examine
the site—site PCFs between the solute and the solvent
atoms. These functions are presented in Fig. 1b and
c. As expected, due to position of the Cl atom
relative to the COM of the HCl molecule, the Cl(a)—
C PCF is very similar to the above discussed COM—
COM HCI-CCI, PCF. On the other hand, the H—C
PCF shows some interesting features. For example,

the first peak in this function is located at a shorter
distance than the first peak in the corresponding
function obtained on the basis of the potential mod-
els in [36]. Note aso that the unbalanced shape of
the first peak in the H—C function from this work
differs significantly from the data of the previous
MD study. The first coordination shell of the H
atom, whose radius is equal to 7A (first minimum),
contains ~ 9 CCl, molecules. However, the average
number of the nearest molecules to the H atom,
calculated up to the first maximum (4. 4A) is ~2,
and up to the intermediate point (5. 15A) between
first maximum and minimum, is ~ 4. Findly, the
overall features of the H-C and Cl(a)-C functions
reveal the existence of a structured cavity around
each HCl molecule. Of course, this result may be
explained in terms of the potential model employed
in the present study.

The lower limit of this cavity is formed from the
Cl(b) atoms nearest to the HCI. At this state, infor-
mation regarding this average local structure may be
obtained from the behavior of the atom—atom Cl(a)—
Cl(b) and H-CI(b) PCFs, presented in Fig. 1c. The
Cl(a)-ClI(b) function is sharper peaked than the
other PCFs of the system. This sharp peak is located
at a significantly shorter distance (3. 88A) than the
first peak in the other functions. Moreover, the coor-
dination number up to the first minimum in this
function is ~ 13 and up to the first maximumis ~ 3
Cl(b) atoms. This number indicates that on average a
maximum of 3 CI(b) atoms attach to the Cl(a) atom
of each HCl molecule.

In contrast to the ClI(a)-Cl(b) PCF, the H—CI(b)
PCF shows a more complicated behavior. From Fig.
1c and Table 5 we can see that this function shows a
characteristic short-range local structure around the
H atom. This behavior is quite different compared
with corresponding results reported in the work of
Idrissi et a. As we can see from this figure, the
H-Cl(b) correlation exhibits a broad plateau be-
tween 2.7 and 3.6A followed by a broad peak
located at 4.8A. Integration of the first peak of this
function up to the minimum (7A) and up to the
maximum (4.9A) yields 36 and 11 Cl(b) neighbor
atoms, respectively. This result is in accordance with
the average number of CCl, molecules (~ 9) around
the H atom obtained up to the minimum of the H—-C
PCF (see Table 5).
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Additional insight into the short local structure For example, the appearance of the first peak in the
between H and the Cl(b) atoms can be gained by Cl(a)-Cl(b) PCF at greater distance than the posi-
examining the observed shoulder in this function. tion of the shoulder in the H-CI(b) function indi-

L L L L L
0.2 0.4 0.6 0.8 r [nm] 1.0

12 -

08 |-

04

0.0

04 . .
0.2 06 0.8 rnmj 1

Fig. 1. Center of mass and site-site pair distribution functions G(r) (a=HCI, b= CCl,): (@ ———=G,_,(r), -+ -+ =G,_,(r); ()
I GH(a)—C(b)(r); e e = GCI(a)—C(r); and (C) —_—= GH_C|(b)(r), e e = Gcl(a)_u(b)(r).
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Fig. 2. A snapshot of the HCI cavity surrounded by the CCl,
solvent molecules. The six Cl(b) atoms nearest to the HCI are
shown with dashed line.

cates that, a small number of Cl(b) atoms are closer
to the H atom than to the Cl(a) end of the HCI
molecule. The number of Cl(b) atoms up to the
right-hand limit of this shoulder (3.64A) is ~ 3.

Consequently, by taking into account the results
of the procedure applied above, one may conclude
that a relatively small number of Cl(b) atoms are in
contact with the HCl molecule and correspond to
what we call the solute cavity. It is found that on
average the HCI cavity is formed by a maximum of
six Cl(b) atoms. This finding may be correlated with
previous X-ray scattering results of liquid CCl , [44].
In this experimental study Narten et al. proposed a
successful lattice model of the average structure of
this liquid. According to this model the arrangement
of the molecules produces cavities which are approx-
imately octahedral with six Cl atoms at the corners.
In Fig. 2, a snapshot of the HCI cavity from the
present study is shown. By inspecting this figure we
see clearly that the observed HCl cavity is con-
structed by six Cl(b) atoms which are indicated with
dashed bond lines between them and the two atoms
of HCl. We also observe that this cavity is very
irregular at a microscopic scale.

3.3. Dynamicical properties

In studying the dynamical properties of the
molecular system, it is convenient to calculate and

analyze the appropriate time correlation functions
(TCFs).

3.3.1. Trandational motion

We first studied the single-molecule trangl atioanal
motion of the two components in the solution. The
appropriate TCFs are the COM linear velocity auto-
correlation functions (VACFs) C&(t) and CP(t).
These ACFs are illustrated in Fig. 3a and the calcu-
lated correlation time corresponding to the VACF of
the HCI moleculesis given in Table 4. The curvesin
this figure show the following qualitative behavior.
The VACF of the CCI, molecules first goes through
a shallow negative minimum (in less than 0.45 ps)
and then converges to zero after ~ 1.5 ps. On the
other hand, the VACF of the solute molecules goes
rapidly to zero (in less than 0.2 ps) and shows a deep
anticorrelation region with a minimum of —0.2 at
0.3 ps. Obviousdly, the deep negative region in the
VACF of HCI lower the value of the integral of this
VACF. This denotes the greatness of the perturbation
of the HCl trandational motion due to the cage
solvent molecules. Note also that the recoil on the
cage walls is reflecting in the negative value of the
VACF Ci(t) around 0.3 ps. This time interval may
be characterized as the mean time of flight of the
HCI between collisions with the cage walls.

In order to obtain some information about the
force field acting on the COM of the solute and
solvent molecules constructed from the surrounding
molecules, we have calculated the COM total force
auto-correlation functions (FACFs) C.(t). Fig. 3b
shows these results from which it is easy to see that
the C2(t) decays faster than the C2(t). It is interest-
ing to note furthermore that the HCl C(t) decays
faster than the corresponding linear velocity ACF.
This means that the total force acting on the HCI
from the solvent molecules changes in direction at a
relatively short time interval more frequently than
the solute linear velocity.

3.3.2. Rotational motion

To shed some light on the rotational dynamics of
the HCl and CCl , molecules in the solution, we have
calculated the most important ACFs of the torque
C.(1), the angular velocity C_(t) and the first- and
second-order Legendre reorientational ACFs C, (L
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=1, 2) of the unit vector along the molecular axis of
HCl:

Cy(1) =(0(0) - G (1) ), (3

1 2
Co(t) = 5 @0,(0) -GV - 1). (4)

The angular velocity and the torque ACFs of the
HCI and CCl, molecules are shown in Fig. 3c and d,
respectively. The corresponding correlation times are
selected in Table 4. In the case of the torque ACFs
the results show the following behavior. The time
dependence of the torque ACF of the CCl , exhibits a
negative minimum with a depth of about —3.80
around 0.26 ps and then approaches zero after ~ 0.6
ps. As we can see, this function follows a different
course compared to the torque ACF of HCI. In fact,
the ACF of HCI decreases very fast up to 0.05 ps

1.0 ,,,,3
C0*
08+
06 -
04

0.2+

0.0

04 ° T B
"+

0.2} C

0.0 S,

-0.2 . . . . . .
0.0 0.2 0.4 0.6

d.B tl[ps] 1.0

G *,

and exhibits a minimum of —0.2 around 0.09 ps.
This function relaxes to zero at very short time of 0.2
ps. Note also that this correlation decreases faster
than the total force ACF of HCI.

More insight into the nature of the rotationa
motion of the HCI molecule may be obtained from
the angular velocity ACFs C_(t) of HCI. In fact, the
function C_(t) is not directly accessible by optical
spectroscopy or magnetic resonance. For this reason
a direct comparison with experiment is not possible.
However, results about this ACF from computer
simulations of model liquids are generaly very usu-
ful in statistical mechanical theories. From Fig. 3c,
the C_(t) ACF of CCl, exhibits a very slight nega-
tive minimum located at 0.5 ps. This function relaxes
to zero at relatively long times and exhibits a behav-
ior typical of molecules with low torque whose

L A —

o
08| ..
04} ]
02t

0.0

02}
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06 L s
0.0 0.2 0.4 0.6
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+
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04 P .
0.0 0.2 0.4 06
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Fig. 3. Time autocorrelation functions obtained from this MD study (+ + + = CCl ,; OO0 = HCD).
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rotational motion is weakly damped. In contrast to
the CCl, ACF, the C (t) of the HCI molecule does
not exhibit a negative portion. This ACF decreases
very fast up to 0.1 ps and after this time relaxes very
slowly to zero. A similar behavior for this ACF has
been obtained in a previous MD study of pure liquid
HCl at 300K. It means that on the average the

G. Chatziset al. / Chemical Physics 228 (1998) 241-253

angular velocity of the HCI molecule does not de-
scribe large aterations of its directions. A simple
qualitative explanation of this can be given in terms
of the dynamical behavior of the solute—solvent cav-
ity. The HCI molecule is encaged by relatively heavy
neighbors. Thus, the solute performs some rotational
motion during the time domain it takes the system

1.0 T T T T
Ci® |

0.8f

0.6

0.0 I . | L

1.0 ¥
cu r -+ b
0.8

06 [

a -
| g L=2
“opgoood

00 1 1 1 1

o
nnnnn

L

gooPPE00anpgoooooooonong,

0.1 02 03

++

++
+++++++1}*
T+ 4
s
iyl

H0ogooog

0.0 0.1

0.2

0.3 0.4 0.5
t [ps]
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solute-surrounding solvents to relax. In this time
interval collisions between the solute and the cavity
walls occur and interrupt the rotational motion. The
period between successive wall-to-wall collision
seems to be relatively short for an almost free rota-
tion of HCI. Thisisin accordance with the short time
behavior of the AVACF up to 0.1 ps. Therefore, we
may conclude that the HCI rotates freely through a
much smaller angle than 90° up to this time. After
this time the AVACF reflects some collective rota-
tional diffusion of HCI. This characteristic librational
type motion of the HCI molecule in CCl, gives rise
to a shoulder in the reorientation correlation func-
tions C (1) (L = 1,2) [45-47]. This feature has been
observed in the calculated C,(t) and C,(t) RACFs
from the present MD study.

Another point of great interest in the present
treatment is to check on how well our proposed
intermolecular potential predicts the experimentally
accessible reorientational dynamics of HCI in CCl,.
As mentioned in Section 1, the reorientational dy-
namics of HCl in CCl, have been investigated by IR
and FIR spectroscopic techniques in the past. Fol-
lowing the procedure described in Ref. [48] and by
neglecting possible contribution of the induced dipole
moments in the total dipole moment of the sample,
we have calculated the corresponding to the IR band
RACF C(t) of HCI in the solution. Before proceed-
ing further, we would like to discuss the available
experimental results reported in two previous IR
studies [3,27] of this solution at similar thermody-
namic state. In fact, we first observe that the C(t)
ACFs of HCl and DCI in CCl, reported in Ref. [3]
are similar with the C,(t) ACFs of DCl and HCI in
CCl, reported in Ref. [27], respectively. At this
stage, it is appropriate to point out that the origin of
the observed discrepancy is due to a typographical
error in the caption to fig. 4 in Ref. [27]. Concretely,
the identification of the ACFs for HCl and DCI in
the caption to this figure were interchanged [49].
Conseguently, it becomes evident from the above
discussion that we must compare our MD C,(t) ACF
of HCl in CCl, with the corresponding function of
HCI from [3], or with the ACF of DCI from [27]. It
has been done in Fig. 4a from which we observe a
quite satisfactory agreement between the experimen-
tal and simulated first-order RACFs. Moreover, from
the Table 4 we see that the calculated MD 7, corre-

lation time (0.19 ps) is in quite good agreement with
the experimental one. This finding reveals the accu-
racy of our proposed potential model to describe the
intermolecular forces in this molecular system and to
predict successfully the rotational dynamics of the
solute molecule in details. In addition, one may
conclude that the origin of the observed submaxi-
mum in the experimental IR C,(t) RACF may be
clearly attributed to the damped librational mode of
HCI and not to the induction effects between solute
and solvent molecules.

Finally, Fig. 4b shows the two RACFs and the
inset their corresponding semilogarithmic plots. As
expected, the C,(t) function decays faster than the
C,(t). However, both functions relax very slowly to
zero showing a collective reorientational behavior.
As in the case of the C,(t) ACF, the C,(t) function
exhibits a free rotator behavior at times up to 0.09
ps. Also, this function shows a dlight minimum
following by a submaximum at almost the same time
position as in the C,(t) function.

4. Summary and conclusions

In the present paper, a molecular dynamics simu-
lation study of the HCI/CC, solution has been
performed in order to investigate the local inter-
molecular structure and the dynamics of the solute
molecule in this molecular system. The results ob-
tained may be summarized as follows:

In the framework of this treatment a new opti-
mized effective potential model for this solution is
proposed. Specia attention has been paid to the
solute—solvent interactions. It is found that these
interactions may be approximated by a site—site exp
— 6, plus electrostatic terms, pair-additive potential
model.

The thermodynamic results obtained are found to
be in quite satisfactory agreement with experiment.
The self-diffusion coefficients of the component
molecules in the solution were calculated and the
results obtained were found to be realistic. Also, the
rms torque and force acting on the solute molecule
have been obtained. We found that the rms torque
from this study is reasonable compared to the experi-
mental one.
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The loca intermolecular structure of HCI in this
liquid has been obtained and analyzed in terms of the
COM—-COM and of the site—site pair distribution
functions. The analysis of these functions reveals the
existence of a structured cavity around the solute
molecule constructed by a maximum of six Cl atoms
from the CCl, solvent molecules nearest to the HCI.

The trandlational and rotational dynamics of the
solute molecule have been extensively studied in
terms of the most appropriate ACFs. The simulated
and experimental C,(t) RACFs, obtained from the
band lineshape of the IR vibration—rotation spectra,
have been compared. The comparison shows that the
minimum and submaximum of the experimental
RACEF is quantitatively reproduced. Generaly, the
potential model proposed here yields quite good
agreement at both short and long times between
experimental and MD C,(t) RACFs. On the other
hand, the C,(t) RACF is not available in the litera-
ture. Consequently, a direct comparison of the simu-
lated function with experiment is impossible at the
present time. However, the time dependence of this
correlation shows the expected behavior compared to
the first-order RACF. Findly, it seems reliable that
the employed potential model offers the possibility
to study this solution further. Work on other interest-
ing properties of this system is in progress.
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