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I. INTRODUCTION

It is widely known nowadays that the unique properties of
supercritical fluids (SCF), for example, adjustable solvation power
and dielectric permittivity, low viscosity and surface tension, high
diffusivity, etc., are closely related to their characteristic inhomo-
geneous structure.1�4 The peculiarity in the behavior of the
properties of these molecular systems is that they can be varied
continuously and markedly from gaslike to liquidlike values even
with a small change in pressure or temperature. Also, the existence
of density inhomogeneities in SCF affects significantly their
compressibility. As a result of this, large variations in their bulk
density can be obtained even with very small pressure changes,
causing thus corresponding changes in the solvation of different
categories of solutes in supercritical (SC) solvents.

The local solvation structure and especially the local density
augmentation4 (LDA) effects of several, mainly dilute, super-
critical solutions have been investigated by employing experi-
mental techniques,5�13 statistical mechanical theories14�19 and
molecular simulations.20�30 These studies have revealed impor-
tant information about the solvation in SCFs.

In two recent vibrational Raman spectroscopic studies,31,32

Kajiya et al. have tried to analyze the effect of the conformation of
solutes on their solvation structure in SCFs. More specifically,
they measured the vibrational Raman spectra of the CdC
stretching modes of the cis- and trans- isomers of 1,2 dichlor-
oethene (DCE) in SC CO2 at three isotherms (Tr = T/Tc=1.02,
1.06, 1.20) by varying the reduced density of the fluid Fr = F/Fc in

the range 0.06�1.57Fr and at a fixed solute fraction, whereTc andFc
are the critical temperature and density of CO2, respectively.
According to the reported spectra, as the fluid density increases
the location of the peak frequencies is shifted toward the low-
energy side. Further to this, the authors decomposed these peak
frequency shifts in attractive and repulsive components using
perturbed hard-sphere theory.33 Note also that the amounts of
the repulsive shifts are found to be almost equivalent for both
isomers, whereas those of the attractive shifts of the nonpolar
trans-isomer are significantly greater than those of the polar cis-
isomer at all densities and temperatures studied. Moreover, by
introducing a specific analysis of these attractive shifts, taking
also into account the relative orientations between the solute
and solvent CO2molecules, they pointed out that the anisotropic
solvation around the trans- isomers by the CO2 species could be
mainly responsible for the larger attractive shifts in this case.

In recent years, intensive experimental as well as theoretical
efforts have been made targeted in predicting detailed informa-
tion with regard to the intermolecular structure of more complex
solutions in condensed phases. To this point, it is generally
recognized that among the most powerful tools in predicting in
details the intermolecular structure of solutions in condensed
phases are the well-known molecular simulation techniques.
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ABSTRACT: Molecular dynamics simulation techniques have
been employed to investigate the solvation structure and dyna-
mics in dilute mixtures of cis- and trans-1,2-dichloroethene in
supercritical carbon dioxide. The calculations were performed
for state points along a near-critical isotherm (1.02 Tc) over a
wide range of densities, using new developed optimized poten-
tial models for both isomers. The similarities and differences in
the solvation structures around each isomer have been pre-
sented and discussed. The local density augmentation and
enhancement factors of CO2 around the isomers have been
found significantly larger than the corresponding values for pure
supercritical CO2. The dynamic local density reorganization has
been investigated and related to previously proposed relaxationmechanisms. The density dependence of the calculated self-diffusion
coefficients has revealed the existence of a plateau in the region of 0.7�1.1 Fc, where the local density augmentation exhibits the
maximum value. The reorientational dynamics of the CdC bond vector have been also studied, exhibiting significant differences
between the two isomers in the case of the second-order Legendre time correlation functions.
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Using these techniques several authors have provided impor-
tant information about the local density inhomogeneities (LDI)
in pure SCF,4,34�39 as well as in SC solutions.20�30 Further-
more, in our previous studies we have focused on the static
and dynamic behavior of aforementioned LDIs and residence
dynamics in pure SCFs,4,35�39 and the effect of intermolecular
interactions upon them.4

To the best of our knowledge, computer simulation (CS)
studies devoted to the short-range solvation properties and
dynamics in the case of solutes existing as isomers in various
solvents, specifically at SC conditions, are very scarce in the
literature up to now. In connection to this kind of the above-
mentioned CS studies of liquid mixtures, it is interesting to
mention at this point our previous studies on this field, namely
a recent molecular dynamics (MD) treatment of our group
devoted to the study of liquid NMF simulated as a mixture of
the cis- and trans-NMF isomers.40 It should be stressed that our
main motivation to study this system as a mixture has relied on
the results reported in previous experimental studies of this fluid.
Concretely, among the results obtained it has been shown that
the different local structure around the cis- and trans-NMF
isomers is possibly responsible for the observation of different
diffusion coefficients at the neat liquid.40,41 On the other hand,
following the literature we may notice that Neutron or X-ray
diffraction as well as CS studies of cis- and trans-1,2-DCE isomers
in SC CO2, directed toward the structural properties of the fluid
at different conditions, are not available so far. Therefore, it is
very interesting to employ CS techniques to investigate proper-
ties of interest of this SC solution aiming to provide useful
information related to the effect of the solute isomerism upon
them. Thus, in view of this situation we decided here to explore
the solvation structure and corresponding dynamics of these two
isomers in SC CO2 by employing the MD simulation technique.
In general, the main purpose of the present treatment is to
provide further insight into the intermolecular local structure and
dynamics of the aforementioned SC solutions in dependence of
the fluid bulk density, based on a different methodology from the
vibrational Raman spectroscopic method used previously,31,32

namely on the employment of the MD atomistic simulation
technique. Note also that particular attention has been paid to the
interactions between each isomer solute and the solvent mol-
ecules as well as to examine the suggestionmade by the authors in
refs 31 and 32 with regard to the characteristic solvation structure
of each solute (cis- and trans-1,2-DCE) in the SC solution by the
CO2 solvent. Finally, due to the complete lack of theoretical or
experimental data regarding the dynamical properties of the
fluid, the corresponding translational and reorientational dy-
namics of both cis- and trans-DCE isomers were also investigated.
Further to this, the effects of of the solvation structure around
the cis- and trans-DCE species upon their dynamics were also
explored.

The rest of the paper is organized as follows: the computational
details of the performed simulations are presented in Section II.
The results obtained and the following discussion upon them is
presented in Section III. Finally, Section IV contains the general
conclusions and remarks drawn from the present study.

II. COMPUTATIONAL DETAILS

A. Force Field. It is clear that the performance of computer
simulations of molecular systems is strongly dependent, among
other fundamental issues, on the selection of the force field

employed to model accurately the interactions between the
system constituents like atoms, molecules, etc. However, the
majority of the existing force fields in the literature have been
parametrized to mainly describe liquid state properties and
their transferability in different fluid phases has not been widely
tested. Therefore the development of methods which ensure the
transferability of classical force fields in several fluid phases
becomes indispensable.
In the present treatment and because of the binary character of

the investigated SC mixtures, one needs to select and employ in
the calculations reliable force fields to describe the solvent�sol-
vent, solute�solute and solvent�solute intermolecular interac-
tions. To realize the target of this study, for the solvent�solvent,
namely CO2�CO2 site�site intermolecular interactions, we
decided to employ the elementary physical potential model
EPM2 proposed previously42a and used successfully in a number
of simulation studies of pure CO2 at several thermodynamic state
points.36,42 This well-known reliable site�site potential model
includes Lennard-Jones and electrostatic interactions by means
of localized partial charges on the atoms of the CO2 molecule.
The interaction parameters between unlike atoms obtained by
the geometric mean for both ε and σ.

UðrijÞ ¼ 4εij
σij
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Another objective in this part of the present treatment has
been the selection of the potential model used to describe the
solute�solute interactions, namely among the cis- or trans-1,2-
DCE solutes in the solutions. To the best of our knowledge, there
are no systematically constructed specific potential models for
these two isomer molecules up to now in the literature, except
the case of some generic force fields of OPLS type.43 However,
the OPLS force field description for DCE, overestimates the
dipole moment of the cis isomer by a value of 3.09 D compared
with the experimental one of 1.90 D.44 In addition, trial
MD simulations on the basis of such OPLS model have revealed
that the macroscopical thermodynamic properties obtained
differ significantly comparing with experiment. Specifically,
we found that it underestimates the pure liquid density of both
pure isomers by 1.3�1.6% in the case of cis isomer and by
2.3�2.7% for the trans one. Therefore, at this stage our first task
in our MD treatment has been to employ an accurate model for
the interactions among the solute molecules in the solutions.
Thus, a new rigid force field was developed for both DCE
isomers. The main aim of developing a new force field was to
reproduce the experimental dipole moment of cis-DCE and
accurately predict the available thermodynamic experimental
data.44�46 To do so, a combined method including quantum
chemical calculations and force field parameters optimization
was employed. The cis- and trans-DCE optimized geometries
were obtained by performing quantum chemical ab initio calcu-
lations at the MP2 level of theory and employing the cc-pVTZ
basis set. The atomic charge distributions were obtained by
performing single point energy calculations for the optimized
structures and employing the CHELPG47 method. All the
quantum chemical calculations were carried out using the
GAMESS48 package. Further to this, the resulting partial charges,
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which give a dipole moment for the cis-isomer of 2.24 D, were
scaled afterward to reproduce the experimental gas-phase dipole
moment of cis-DCE (1.9 D). The geometric characteristics,
as well as the final partial charges of cis and trans isomers
obtained, are presented in Table 1. Using these partial charges,
an optimization procedure39,49 of the van derWaals parameters ε
and σwas applied for pure cis- and trans-DCE. Since the EPM242

force field was used for CO2, the same functional form and
unlike site combination rules were used for the rigid DCE force
field. This procedure is based on the minimization over of the
dimensionless quantity

Fðε, σÞ ¼ 1
N ∑

N

i¼ 1

Fsimi ðε, σÞ � Fexpi

Fexpi

 !2

ð2Þ

where N is the number of state points, Fiexp is the experimental
density of the state i, and Fi

sim(ε,σ) is the simulated density of the
state i using the parameters set (ε,σ) for all different atom types.
Experimental data points at normal pressure were taken from
references.44�46 From this procedure, the ε and σ parameters of
C, H, and Cl atoms of cis- and trans-DCE were obtained. These
parameters are also presented in Table 1. For the force field
evaluation and optimization MD runs carried out in the
NPT ensemble, Nose�Hoover50a,b thermostat and Parrinello�
Rahman barostat50c were used with relaxation times 0.2 and 2 ps,
respectively. In all simulations, 1000 DCE molecules were used
in a cubic box with periodic boundary conditions. The Leapfrog
algorithm was employed to solve the equations of motion with
time step 1 fs for 1 ns. The potential cutoff was 15 Å in all cases.
Long range corrections beyond potential cutoff were applied for
both energy and pressure of the simulated system. The Particle

Mesh method was used to handle long-range electrostatic inter-
actions correction. The constructed force field was furthermore
verified by simulating two thermodynamic state points of each
isomer. The experimental and simulated results obtained from
these runs are presented in Table 2. From the data in Table 2, it
seems clearly that the force field obtained for both isomers
reproduces quite accurately the experimental results44�46 for both
pure liquid cis- and trans-DCE isomers.
B. MD Simulations. As mentioned in Introduction, molecular

dynamics simulations were performed to investigate the dilute
solutions of the cis- and trans-DCE isomers diluted in super-
critical CO2. The simulated systems were consisted of 10 DCE
molecules and 990 CO2 molecules corresponding to a mole
fraction of DCE 1%, as in the experimental study of Kajiya
and Saitow.31 The simulations of both systems were carried out
at thermodynamic conditions corresponding to the previously
experimentally investigated SC state points of the fluid mixtures.
Concretely, the simulations of both systems were carried out at a
constant temperature 1.02 Tc (Tc is the critical temperature of
CO2, 304.1 K)

4 and several densities in the range 0.2� 2Fc (Fc is
the critical density of the pure CO2, 0.4676 g/cm3).4 At this
point, it should be mentioned that the reduced density values of
the simulated dilute mixtures have been expressed in terms of the
experimental critical density value. The main reason for this is
the accurate prediction of the critical point of the CO2 fluid on
the basis of the aforementioned force field used in our treatment,
a result that has been already pointed out in previous studies.42a

Note however that the prediction of the critical point of a fluid
in the framework of simulation is very sensitive to the com-
putational technique used (e.g., Gibbs Ensemble or Histogram
ReweightingMonte Carlo,MD, etc.)42 and is strongly affected by
the finite size effects close to the critical point.42b,c

Each mixture system was equilibrated for 100 ps and subse-
quently a 2 ns run was performed to calculate the properties
of interest. The leapfrog algorithm was employed to integrate
the equations of motion using a time step of 1 fs. Also, the
Nose�Hoover50a,b thermostat was used to constrain the tem-
perature of the simulated systems with a relaxation time of 2 ps.
All the MD runs were performed with the GROMACS package.51

The comparison of experimental pure CO2 and simulated dilute
SC DCE/CO2 mixtures pressure is presented in Figure 1. From
Figure 1, it seems clearly that the simulated pressure of the dilute
mixtures is very close to the experimental pressure of pure CO2,
except the prediction at high densities where we observe an
increase in the simulated pressure that might be attributed to
the somewhat higher molecular volume occupied by DCE mol-
ecules in the mixture compared to the corresponding substituted
CO2 species. Obviously this fact specifically at liquid densities
leads to an analogue increase of the intermolecular forces among
solute and first neighboring solvents with consequences to the
system pressure.

Table 1. New Optimized Force Field Parameters for the
cis- and trans-DCE Isomers

cis trans

εC [kJ/mol] 0.2860

εH 0.1311

εCl 1.2591

σC [Å] 3.3810

σH 2.3980

σCl 3.3960

qC [|e|] �0.0632 �0.0632

qH 0.1225 0.1492

qCl �0.0593 �0.0860

bond C�C [Å] 1.334 1.332

bond C�H 0.954 0.946

bond C�Cl 1.707 1.716

angle C�C�H [deg] 120.16 123.16

angle C�C�Cl 124.35 121.24

Table 2. Experimental and simulated densities for pure liquid cis- and trans-DCE, using the new developed potential model and
the OPLS. All simulated densities uncertainty is less than 0.01 g/cm3. Calculated potential energies of the systems are also
presented for both potential models

system T [K] Fexp [g/cm3] FsimThisWork [g/cm3] FsimOPLS [g/cm3] Usim
ThisWork [KJ/mol] Usim

OPLS [KJ/mol]

cis 293.15 1.2880 1.2781 1.2713 �25.4750 �27.7616

313.15 1.2550 1.2363 1.2343 �24.3228 �26.6477

trans 293.15 1.2568 1.2571 1.2278 �24.5143 �24.5219

313.15 1.2194 1.2156 1.1863 �23.3898 �23.3825
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III. RESULTS AND DISCUSSION

A. Solvation Structure�Local Density Augmentation. The
local structure around the cis- and trans-DCE isomer solutes
in CO2 has been studied in terms of the calculated center of
mass (COM) and atom�atom pair radial distribution functions
(PRDFs). In Figure 2, the density dependence of the DCE-CO2

COM and some representative atom atom PRDF are depicted.
The COM DCE-CO2 PRDF for both the cis and trans isomers
are very similar and exhibit the same density dependence. At
higher densities the first minimum of these PRDF, that defines
the first coordination shell, is more pronounced, clearly indicat-
ing the size of the first solvation shell around cis- and trans-DCE.
The first solvation shell at the highest density investigated (2Fc)
is located at 6.6 Å for both isomers. The density dependence
of the COM-COM PRDF is very similar to the ones observed
for a wide range of pure supercritical fluids.4,35�37 The shape and
density dependence of the DCE-CO2 atom�atom PRDF is also
very similar. In Figure 2b, the most characteristic atom�atom
DCE-CO2 PRDF for both the cis and trans isomers are depicted
at a low and a high density (0.3 Fc and 2 Fc, respectively)
indicating the resemblances between the local structures
around the cis and trans DCE isomers. In the H-O(CO2) PRDF
a shoulder is located at about 2.9 Å at the highest density
investigated, signifying the existence of a weak hydrogen bonding
interaction between the DCE isomers and CO2 solvent at higher
densities. This shoulder is slightly higher for the cis isomer. On
the other hand, the second peak at about 5.6 Å is slightly higher
for trans isomer. At lower densities, this shoulder becomes
less pronounced, indicating that these interactions become very
weak. In the H-C(CO2) PRDFs, we observe similar behavior, but
in this case the shoulder at about 2.9 Å is a peak rather a shoulder.
These observations indicate that the probability to find a solvent
atom around H atoms of DCE at distances about 2.9 Å is slightly
higher for cis isomer, while at distance about 5.6 Å is higher
for trans isomer. This might attributed to the fact that, due to
the molecular symmetry and the higher radius of Cl atoms, the
two H atoms of cis isomer are more exposed to the solvent than
those of the trans isomer. Similar is the behavior of Cl-C(CO2)
and Cl-O(CO2) PRDFs. In the C(DCE)-O(CO2) PRDF,

we observe a shoulder at 3.7 and 3.8 Å for the cis and trans
isomer respectively with no significant differences for both
isomers. These observations further support the existence of
weak DCE-CO2 complexes at high densities.
To investigate the orientation of the CO2 molecules around

the cis- and trans-DCE isomers, distance and angle distributions
characterizing the orientation of CO2-DCE pairs inside the first
solvation shell of each isomer were calculated. Thus the distribu-
tions of: the distance between the COM of the CdC bond of
each isomer and the carbon of CO2 (r), the angle between the CdC
axis and the vector r(θ), the angle between the bond axis of CO2 and
the vector r(j), the angle between the CdC axis and the CO2 axis
(ψ), the angle between the vector perpendicular to the plane of DCE
and the vector r(ξ), the angle between the vector perpendicular to the
plane of DCE and the CO2 axis (ζ) were obtained for CO2-DCE
pairs inside the first solvation shell of both isomers. The results
obtained for the densities of 0.7 Fc and 2.0 Fc are depicted in Figure 3.
From these results it becomes clear that themean orientation of CO2

molecules within the first coordination shell of each isomer is very
similar. To further investigate the structure of the first coordination
shell, the distributions of the distance between theCOMof eachDCE
molecule and the COM of its first coordination shell were calculated
for the densities 0.7Fc and 2.0Fc and they are presented in Figure 4.
These distributions have been found to be very similar for both
isomers at the investigated state points. They exhibit a peak at 1.4 Å,
indicating that the structural arrangement of CO2 molecules around

Figure 2. Calculated cis-, trans-DCE-CO2 COM-COM and atom�
atom PRDF for several representative thermodynamic state points.

Figure 1. Simulated and experimental pressures of the dilute super-
critical mixtures cis,trans-DCE-CO2. Simulated values have been ob-
tained using the new developed potential models (solid line for the
experimental results).

http://pubs.acs.org/action/showImage?doi=10.1021/jp204202p&iName=master.img-001.jpg&w=240&h=350
http://pubs.acs.org/action/showImage?doi=10.1021/jp204202p&iName=master.img-002.jpg&w=240&h=171
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the DCE solutes in their first coordination shell is not spherical. At
density 2.0 Fc, a shoulder appears close to 2.4 Å. The existence of
two peaks in the distributions at high density signifies that as the
density increases, the deviation of the shell symmetry from a
spherical one becomes larger. Therefore, a second favorable and
more asymmetric shell structure appears at high densities, where
the distance of the shell’s COM from the DCE COM is even
larger than in the case of the most favorable structure at low
densities. To obtain more detailed information about the local
structure around the DCE isomers, the spatial distributions
functions (SDF) around them were calculated. In Figure 5a
contour plots of SDF, corresponding to a plane perpendicular
to the DCE molecule, are presented for both isomers. These

plots, although exhibit some small differences between the two
isomers, are in general quite similar. In Figure 5b another contour
plot of the SDF corresponding to the DCE plane is presented. In
this case, differences between the plots corresponding to the two
isomers appear at short distances. The distribution of the nearest
solvent molecules (green area) around CdC bond is of different
symmetry for the cis and trans isomer. The distribution symme-
try is the samewith the isomersmolecular symmetry. These small
differences are also reflected in the different shapes of the DCE-
CO2COM-COMandH-O(CO2) site�site PRDF corresponding
to each isomer at short distances (Figure 2). At longer distances
in the first coordination shell the probabilities of finding a solvent
molecule around each isomer are very similar (light blue area).
These observations are very significant, since the differences in

the attractive shift components of the Raman CdC stretching
mode of cis- and trans-DCE had been attributed to the anisotropic
solvation around each isomer in a recent experimental study.32The
findings of the present study indicate that the orientation of CO2

molecules around cis- and trans-DCE inside the first coordination
shell is quite similar, but on the other hand, the nearest solvent
molecules distribution is quite different for the two isomers.
In the present study, the local density augmentation of CO2

around cis- and trans-DCE was also estimated by calculating the
average effective local density, Feff,l, of CO2 around each isomer.
The use of effective local densities to investigate local density
inhomogeneities in supercritical fluids has been extensively
discussed and justified in previous publications.5,33,35�37 The
calculation of the effective local densities was based upon the
calculation of the average coordination number Nc correspond-
ing to the first minimum of the DCE-CO2 COM-COM PRDF

NcðF, RcÞ ¼ 4πF
Z Rc

0
gcomðrÞr2 dr ð3Þ

In this equation, gcom(r) is the COM PRDF, and F is the bulk
number density of the fluid. The cutoff distance Rc is determined
as the position of the first minimum of the corresponding gcom is
observed at a high reference density Fref and, in this specific case,
has the value of Rc is 6.62 Å for both systems. The employed
reference density, Fref, corresponds typically to a high liquid-like
density and has been set equal to 2Fc. The effective local density,
Feff,l, corresponding to each bulk density has been calculated
using the relation

Feff , lðF,RcÞ ¼ NcðF,RcÞ
NcðFref ,RcÞ Fref ð4Þ

By calculating the effective local densities, the excess local density of
CO2 around both isomers was estimated by calculating the local
density augmentation (LDA), ΔFeff,l/Fc = (Feff,l � F)/Fc, and the
local density enhancement (LDE), Feff,l/F, factors. The calculated
LDA and LDE values for the first solvation shell of both isomers,
together with the density dependence of the coordination num-
bers are depicted in Figure 6. Note that the lines in this figure
represent the fitted Weibull (in the case of the LDA) function

ΔFeff , l=Fc ¼ a
c� 1
c
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b

þ c� 1
c

� �1=c
" #c

exp � F� F0
b

þ c� 1
c

� �1=c
" #c

þ c� 1
c
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:
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ð5Þ

Figure 4. Calculated distributions of the distance between the COM of
DCE (cis, trans) and the COM of the first solvation shell of each DCE
isomer.

Figure 3. Calculated distance and angle distributions for cis-DCE-CO2

and trans-DCE-CO2 pairs. The symbols used are (a) r = distance between
the center of the CdC bond and the COM of CO2; (b) θ = angle
between the CdC axis and the vector r, defined previously; (c)j = angle
between the bond axis of CO2 and the vector r; (d) ψ = angle between
the CdC axis and the CO2 axis; (e) ξ = angle between the vector
perpendicular to the plane of DCE and the vector r; and (f) ζ = angle
between the vector perpendicular to the plane of DCE and the CO2 axis.

http://pubs.acs.org/action/showImage?doi=10.1021/jp204202p&iName=master.img-003.png&w=240&h=183
http://pubs.acs.org/action/showImage?doi=10.1021/jp204202p&iName=master.img-004.jpg&w=240&h=190
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and the sigmoidal Boltzmann (in the case of LDE)

Feff , l=F ¼ 1 þ a0 � 1

1 þ exp
F� F00
b0

� �
0
BBB@

1
CCCA ð6Þ

Note that these functional forms, according to our previous
findings4,35�37 have been found very accurate in reproducing the
shape of these curves. The parameters of the fitting functions in
each case are presented in Table 3. Thus, according to the results
obtained the LDA and LDE values of CO2 around cis- and trans-
DCE are very similar and the LDA values are maximized close
to 0.75Fc exhibiting maximum values of 0.268Fc and 0.270Fc,
respectively. These values are significantly larger for the obtained
maximum LDA value of pure CO2 (0.09Fc), obtained in previous
studies of the authors.36 This result comes in agreement with
previously reported reviews, that in the case of attractive solutes
immersed in SC solvents, the average local density of the solvent
around the solute is significantly larger than the corresponding
value for the pure solvent.1,5

B. Local Density Reorganization. Additional insight into the
LDA effects in the dilute solutions of cis- and trans-DCE in SC
CO2may be provided by the investigation of the time dependent
distribution of the local density of CO2 around each isomer. The
local density reorganization times, τΔFl , of CO2 were therefore
obtained for both solutions, by integrating the calculated local
density time correlation functions (TCF) CΔFl (t), where ΔFl(t)
is the local-density deviation, relative to the mean local one, and
is defined as ΔFl(t) = Fl(t) � ÆFlæ

CΔF, lðtÞ ¼ ÆΔFlð0Þ 3ΔFlðtÞæ
ÆjΔFlð0Þj2æ

ð7Þ

Figure 5. Contour plots of the spatial distribution functions of CO2 around DCE, corresponding to the DCE plane and the perpendicular one for both
cis and trans isomers Results obtained for two densities (F/Fc = 2.0 and 0.7) are presented.

Figure 6. Calculated DCE-CO2 coordination numbers, LDA and LDE
values for the first solvation shell of both isomers.

Table 3. Fitted Parameters of the Weibull and Sigmoidal
Boltzmann Functions Used to Model the Local Density
Augmentation and Enhancement around of cis- and trans-
DCE, Respectively

Weibull parameters cis-DCE-CO2 trans-DCE-CO2

α 0.268 0.270

b/Fc 1.041 1.037

c 2.311 2.262

F0/Fc 0.754 0.754

sigmoidal Boltzmann parameters cis-DCE-CO2 trans-DCE-CO2

a0 1.552 1.566

b0/Fc 0.275 0.279

F0
0
/Fc 0.917 0.910

http://pubs.acs.org/action/showImage?doi=10.1021/jp204202p&iName=master.img-005.jpg&w=300&h=156
http://pubs.acs.org/action/showImage?doi=10.1021/jp204202p&iName=master.img-006.jpg&w=240&h=351


12104 dx.doi.org/10.1021/jp204202p |J. Phys. Chem. B 2011, 115, 12098–12107

The Journal of Physical Chemistry B ARTICLE

In the present treatment, the instantaneous local density Fl(t)
was calculated using eq 4 at each time t. The correlation time,
τΔFl , was determined by the following relation:

τΔFl ¼
Z ∞

0
CΔFlðtÞ dt ð8Þ

In Figure 7, the bulk density dependence of the obtained local
density reorganization times τΔFl of CO2 in the first solvation
shell of cis- and trans-DCE are presented. In general, the
calculated values of τΔFl are very similar for both isomers and
only in the density range where the LDA is maximized these
values are slightly larger in the case of trans-DCE. Moreover in
Figure 8, a representative 3-dimensional plot depicting the
dependence of the calculated τΔFl values on the cutoff distance
of the local region and on the bulk density of the system is
presented for both systems. According to the results obtained,
the τΔFl values depend not only on the density of the fluid, but
also on the length scale of the region taken into account in the
calculations. By extending the cutoff distance around each solute
molecule, the reorganization time exhibits maximum values in
the density range where the LDA values are maximized. How-
ever, this behavior is not apparent at shorter intermolecular
distances. At short distances, the number of solvent molecules
that are inside the cutoff of the local region decreases. Depending
on density, there are 3�15 solvent molecules around DCE
molecules at distance less than 6.6 Å�, that defines the first
coordination shell. At distance less than 5 Å� there are 1�5
solvent molecules, while at distance less than 4 Å�, there are on
average 0.2�1.2 solvent molecules. All these results support
previous findings that at more extended length scales, the long-
range density fluctuations and related collective effects affect
differently the local density reorganization mechanisms than
at shorter intermolecular distances, where probably direct inter-
molecular interactions seem to have a more important con-
tribution.35�37,39,52 The same behavior has been observed also
for pure benzene and hexafluorobenzene.39 Similar conclusions
have been reported also for other systems in our previous
publications,35�37 indicating that this behavior is a universal one.
C. Translational�Reorientational Dynamics. The transla-

tional and reorientational dynamics of the cis- and trans-DCE
molecules has also been examined. The average mean square

displacement of both isomer molecules has been computed and
used in the Einstein relation to determine the average transla-
tional diffusion coefficient

D ¼ 1
6

lim
t f ∞

1
t
Æj rBið0Þ � rBiðtÞj2æ ð9Þ

The bulk density dependence of the calculated diffusion coeffi-
cients of cis- and trans-DCE is presented in Figure 9, exhibiting a
very similar behavior. A plateau for the diffusion coefficients in
the density region where the LDA and the local density reorga-
nization time are maximized may be observed in this Figure.

Figure 7. Bulk density dependence of the obtained local density
reorganization times τΔFl of CO2 in the first solvation shell cis- and
trans-DCE.

Figure 8. Dependence of the calculated τΔFl values on the cutoff
distance of the local region and the bulk density of the system.

Figure 9. Bulk density dependence of the calculated diffusion coeffi-
cients of cis- and trans-DCE.
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A similar behavior has been reported for several dynamic proper-
ties of solutes in supercritical solvents.1,38,53

The reorientational dynamics for the CdC intramolecular
vectors of cis- and trans-DCE have been also investigated by
means of the Legendre reorientational TCFs

Cl ðtÞ ¼ ÆPl ðuFð0Þ 3 uFðtÞÞæ, l ¼ 1, 2 ð10Þ
In this equation uB is a unit vector along the CdC vectors of
cis- and trans-DCE and Pl is a Legendre polynomial (P1(x) =
x,P2(x) = 1/2(3x2 � 1)). The corresponding reorientational
times τl (l = 1, 2) are defined as follows:

τl ¼
Z ∞

0
Cl ðtÞ 3 dt ð11Þ

The calculated first and second order Legendre reorientational
TCFs for the CdC vectors of cis- and trans-DCE and for some
representative state points are depicted in Figure 10. It may be
clearly observed that at low densities the first order Legendre
TCFs C1(t) exhibit negative parts and this behavior is similar
to the free rotor one. This negative part starts to disappear when
increasing the density of the solvent and it is not present at higher
liquid-like densities, signifying the strong density effects on these
dynamics. The calculated reorientational C1(t) and C2(t) TCFs
for cis- and trans-DCE exhibit also differences, indicating that
the reorientational dynamics of the cis- and trans-DCE isomers
are not the same. In Figure 11 the density dependence of the
calculated reorientational correlation times, τ1 and τ2, is pre-
sented. While the density dependence and the obtained τ1 values
for cis- and trans-DCE are similar, on the other hand the obtained
τ2 values and their density dependence are very different. This is
not surprising since the two isomers have different molecular
symmetry that implies different moment of inertia tensor. Since
the both isomers have similar solvation environment, the forces
that act on the DCE molecules from the surrounding solvent
molecules is expected to be similar. The difference in the
reorientation TCFs and consequently in correlation times, might
be attributed to the different moment of inertia of DCE isomers.
Such an observation is very interesting, since previous studies
have revealed that first order reorientational dynamics are
more sensitive to the local environment around a molecule.36,38

Figure 10. Calculated first and second order Legendre reorientational
TCFs for the CdC vectors of cis- and trans-DCE for some representative
state points.

Figure 11. Density dependence of the calculated first and second order reorientational correlation times, τ1 and τ2, for the CdCvectors of cis- and trans-
DCE.
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Taking into account that the local environments around both
isomers have been found to be very similar, the similarities in the
behavior of τ1 is in agreement with the findings of those works.
However the different behavior of the calculated τ2 values and
the C2(t) Legendre reorientational TCFs, indicates that this
behavior could affect the shape and position of the Raman and
Rayleigh CdC stretching peaks. It is well-known that the Raman
and Rayleigh spectral TCFs are related to the changes in the
polarizability tensor anisotropy and molecular reorientation,
which is expressed in terms of the second order Legendre
reorientational TCFs C2(t). More specifically, they are deter-
mined by the correlations of permanent polarizability, interaction
induced contributions to the polarizability, orientational correla-
tions of the molecular polarizability anisotropies and cancellation
effects resulting by the many-body terms in the cross and
collision-induced components of the spectral TCFs.54�61 There-
fore these mechanisms together with the fact that the distribution
of the nearest solvent molecules around the CdC bond is of
different symmetry, could result different Raman spectral shifts in
these dilute supercritical solutions. However, a more detailed
study of these mechanisms and how they affect the Raman and
Rayleigh spectral shifts is necessary to have a clearer picture
about these complicated interaction-induced effects and it is one
of our future goals.

IV. GENERAL CONCLUSIONS

In the present treatment, molecular dynamics simulations
have been carried out to predict the solvation structure and
related properties in dilute solutions of cis- and trans-DCE in
supercritical CO2. New potential models have been developed
for both isomers, employing ab initio quantum chemical calcula-
tions and optimization techniques. The local intermolecular
structure around both isomers was studied in terms of the atom�
atom PRDFs, angle and distance distributions, as well as spatial
distribution functions. The results obtained reveal similar struc-
tural arrangements of the CO2 solvent molecules in the first
solvation shell of each isomer. However, the calculated SDFs
have revealed that the distribution of the nearest solvent mol-
ecules around the CdC bond is of different symmetry for cis and
trans isomers. At longer distances in the first coordination shell
the probability to find a solvent molecule around the cis- and
trans-DCE molecules is very similar.

The local density augmentation and enhancement factors
of the CO2 solvent around each solute were also calculated and
their values are much larger in comparison with the correspond-
ing pure CO2 ones. However, the differences between the two
solutes were found to be very small. The time dependent local
density reorganization around both solutes has been also inves-
tigated and it is found that the calculated local density reorganiza-
tion times τΔFl depend not only on the density of the fluid but also
on the length scale of the region taken into account in the
calculations. By increasing the cutoff distance around each solute
molecule, the reorganization time exhibits maximum values in
the density range where the local density augmentation values are
maximized.

The self-diffusion coefficients of each isomer were also cal-
culated revealing the existence of a plateau in the density region,
where the LDA and the local density reorganization time are
maximized. A similar behavior has been observed for several
dynamic properties of solutes in supercritical solvents.1,38,53

Finally, the reorientational dynamics for the CdC intramolecular

vectors of cis- and trans-DCE have been also investigated by
means of the first- and second-order Legendre reorientational
TCFs and the corresponding correlation times. According to the
results obtained, the density dependence of the τ1 values for cis-
and trans-DCE exhibit small differences to each other and with
density, but the calculated τ2 values and their density dependence
are significantly different. The calculated reorientational C1(t)
and C2(t) TCFs for cis- and trans-DCE exhibit also differences,
indicating that the reorientational dynamics of the cis- and trans-
DCE isomers in supercritical CO2 are different.
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