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In this study, we construct a nonadditive polarizable model potential to describe the intermolecular
interactions between carbon tetrachloride, £®hsed on classical molecular dynamics techniques.
The potential parameters are refined to accurately describe the experimental thermodynamic and
structural properties of liquid C¢ht 298 K. We then carried out additional liquid GGImulations

at temperatures in the range of 250-323 K to examine the temperature dependence of the
thermodynamic properties. The computed liquid densities and the enthalpies of vaporization are in
excellent agreement with experimental values. The structures of liquid €@l be analyzed by
examining the radial distribution functions and angular distribution functions. It is found that the
liquid CCl, forms an interlocking structure and that a local orientational correlation is observed
between neighboring C€imolecules. We also investigate the G@juid/vapor interface using this
potential model. The density profile shows that the interface is not sharp at a microscopic level and
has a thickness of roughb A at 273 K. Theresults of angular distribution function calculations
suggest that CGlmolecules do not have a preferred orientation at the interface. The calculated
surface tension is 312 dyn/cm, in good agreement with the experimental value of 28 dyn/cm. This
model potential is also used to examine the interactions betweérais small(CCly), (n=1-6)
clusters. A tetrahedral configuration is found for the minimum structure of tH¢Q®,), cluster.

It is noticed that the polarization energy is the dominant component of the total interaction of these
ionic clusters, indicating the importance of including explicitly the polarization in the ionic
interactions. In the study of Cssolvation in liquid CC}, we observe a well-defined solvation shell
around the C§ with a coordination number of six Cginolecules. It is also found that Cénduces

a strong local orientational order in liquid GCRAccurateab initio electronic structure calculations
were also carried out on the GQlimer and the CYCCl,) cluster to compare to the results from

the molecular dynamics simulations. €95 American Institute of Physics.

I. INTRODUCTION cantly to the problem of nuclear waste remediation. There-

. . fore, much experimental and theoretical work has been
Computer simulations have proven to be useful tools for

examining condensed-phased systems including buIEeVOted to the understanding of its chemical and physical
liquids solids*® liquidivapor®® liquid/liquid > and  ProPerties’>and it is of fundamental importance to de-

liquid/solid*?*3interfaces. These studies are not only able to/elop a potential model that can describe the O6ferac-

characterize the static structures of these systems at a mggns properly, S0 one can Su.de ProCesses such as on trans-
lecular level, but also provide a method to describe dynamiport and chemical reactlops in this SOIVem' S

cal processes such as solvation and ion transport occurring in €' are sev eral available G@iteraction potentials in
these media. The accuracy of these simulations depends crifﬁe literaturé.”** Based on x-ray diffraction experiments,

cally on the potential models describing the interactions of Varten et al. have constructed Severgl Lennard-Jones type
the systems under investigation. A careless choice of the ifP0tential models for liquid CGI™ Their studies seemed to
teraction potentials can often lead to misleading conclusionsSt99est that the properties of liquid ¢Can be determined

Thus, it is essential to construct model potentials that Ca,mainly by the interactions between chlorine atoms. It is also
accurately describe the molecular interactions. shown that a local orientational order is exhibited in liquid

In this study, we will focus on developing a new poten- CCl,. Lowden and Chandler proposed a five-site fused hard
tial model for carbon tetrachloridéCCl). CCl,, being SPhere model for CGI*° Their structural results, obtained by
analogous to simple atomic liquids due to its high molecula$0IVing the RISM(reference interaction site mogiéntegral
symmetry, can serve as a simple model system for the undefduations, are in satisfactory agreement with the neutron
standing of more complex molecular liquids. G& also a scattering experiments. They found an interlocking structure
very important organic solvent, widely used in the processefor liquid CCl, and argued that there is a preferred local
of synthesis, purification, and cleaning. Moreover, O€lof ~ Orientational order between CCholecules. Later, using
great environmental interest. Due to its usage in the promolecular dynamics(MD) techniques, McDonald and

cesses of treating radioactive materials, it contributes significo-workers® constructed a five-site C€lpotential model
with both Lennard-Jones and Coulombic interaction terms to

dpermanent address: Department of Chemistry, Washington State Univeﬂ_10de| t_he |IQUId and the plaStIC CryStaI states of gCﬂhen’

sity. simulations reproduced reasonably well many structural and

Author to whom all correspondence should be addressed. thermodynamic properties of liquid CClHowever, they
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predicted a local orientational correlation different from thatll. POTENTIAL MODEL
of Lowden and Chandléf. In a Monte Carlo study con-
ducted by Adaret al,?® a different five-site Lennard-Jones

potential has been proposeq for GC.Wh'Ch gives liquid fixed at its experimental tetrahedral geométwyith a C—Cl
CCl, structures consistent with experimental results. In thig) . length of 1.77 A and a IEC—Cl bond angle of

In the following, we consider a rigid five-site interaction
model potential for carbon tetrachloride. The single £i€l

@

a9
rij '

baper, they discussed some Iimitatiqns for using simple ir.]'109.47°. As in the usual pairwise potentials, there are fixed
teraction models a nd addressed the importance of the Cho'%‘?omic charges and Lennard-Jones potential parameters asso-
of the asymmetrical C—Cl potential parameters. More '€ iated with each atomic site. In addition, there are point po-
cently, Dzuffy and co-workef$ as well as DgBoIt s larizabilities assigned to each atom to account for the nonad-
Kollmgnz hgve deyeloped new sets of G@btential param- ditive polarization energy. The total interaction energy can be
eters in their studies of solvent effects. written as
Although there are several available G@iteraction po-
tentials that are able to reproduce reasonably well the ther-  Utor= U pairt Upol, (1)
modynamic and structural properties of ¢Clhese poten- \here the pairwise additive part of the potential is the sum of
tials are all pairwise additive in nature and neglect thejhe | ennard-Jones and Coulomb interactions,
important ingredient of many-body interactioh®:° It is N ;
well established that nonadditive interactions can make sig- _ gij\" [ Tij
e ed interact U= 3 [ad (72 (78] ]+
nificant contributions to the total interaction energy, and the P G rij rij
mcorp_orat|on_ .Of many-body mterac_:tlo_ns IS e_xpected 0 b%ere,ri- is the distance between atom sitandj, q is the
especially critical for the study of ionic and interface sys- )
. : 7~ atom charge, and and € are the Lennard-Jones parameters.
tems. Although CClis a nonpolar solvent, it has a very high The nonadditive polarization energy is giverPhy
molecular polarizability. This leads us to suspect that in order
to accurately describe C{imolecular interactions, the non- 1 0
additive polarizability has to be included explicitly. In the Upa=~3 EI i B 3
study of solvatochromism by DeBolt and Kollm&hthey 0 o o ]
found that a pairwise additive potential was not sufficient toWhereE is the electric field at site produced by the fixed
reproduce the spectral shift of the electronic transition ofcharges in the system,
carbonyl compounds in liquid C&lThey attributed this de- o qjlij
ficiency mostly to the lack of nonadditive effects in their  E; => 03 (4)
interaction potentials. A
In the present study, we will focus on constructing aa; is the induced dipole moment at atom sitand is defined

nonadditive polarizable C¢linteraction potential. Ideally, as
the development of such an interaction model would be _E

L . . i=akj, 5
based on an accuratd initio derived potential energy sur-
face. However, in order to properly describe the polarizatior¥vhere
effect of CC},, large basis sets and high level theories are
required. This approach is too computationally intensive to Ei=E’+> Tijm;- (6)
be undertaken at the present time. Therefore, we will use 7
classical molecular dynamics simulations to optimize the poin the aboveE; is the total electric field at atom « is the
tential parameters by fitting the computed thermodynamicpoint polarizability, andT;; is the dipole tensor
structural, and dynamical properties to the available experi- 1 (3rar.
mental results. This potential is then applied to model the Tij:—g( .Jz ”—1). @
CCl, liquid/vapor interface, and comparison between experi- ij Fij

mental and computed properties of the liquid/vapor interfacéuring the molecular dynamics simulations, an iterative pro-
is made to assure the validity of the potential. Finally, thecedure is used to solve E@). The convergence is achieved
potential is employed to examine the solvation properties ofvhen the deviations of the dipole moment from two sequen-
a single C$ cation in smal(CCl,),, (n=1-6) clusters and in tial iterations fall to within 0.01 D.
bulk liquid CCl,.

The paper is organized as follows. In Sec. Il, we briefly
describe the polarizable potential model used in this studyl.”' SIMULATION DETAILS
The computational details of the MD simulations are sum-  In constructing the nonadditive CCinteraction poten-
marized in Sec. lll. Properties of the bulk liquid GGire tials, classical molecular dynamics simulation techniques and
presented and discussed in Sec. IV. Comparisons of thesd initio calculations are used. The partial charges associated
computed properties to those of the experimental and previwith the carbon and chlorine atoms are determined via quan-
ous theoretical work are also made. The simulation results aum electronic structure calculations. Using theUSSIAN 92
the CC}, liquid/vapor interface are summarized in Sec. V. In program?® we performed a Hartree—Fock geometry optimi-
Secs. VI and VII, we report the solvation properties of thezation for CC} with the 6-34-G* basis set. The atom-
Cs' ion in small CC}, clusters and in liquid CGl The con-  centered point charges were determined via fits to the elec-
clusions are presented in Sec. VIII. trostatic potentials obtained from the calculated £@ve
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TABLE |. Potential parameters for CCand CS used in the MD simula- vapor CCly vapor
tions. o ande are the Lennard-Jones parameterss the atomic charge, and
a is the atomic polarizability.
Atom type o A) e (kcal/mo)) q(e) a (RS
C 3.41 0.10 —0.1616 0.878
et
Cl 3.45 0.26 0.0404 1.910 .
cst 3.83P 0.10° 1.0000 2.440 N I B

2Reference 29.
PReference 45.

. . . . . . FIG. 1. A schematic representation of the simulation box for the,CClI
functions. Neither the inclusion of correlation nor extensionsjquidivapor interface. The liquid phase of G@ in the middle of the box.

of the basis set led to appreciable differences in these valueshe z axis is chosen to be perpendicular to the interface.
The atomic site polarizabilities for carbon and chlorine are
taken from the work of Applequisit al,?° which reproduced
the experimental CGlmolecular polarizability to within  Here, N is the number of molecules in the systemis the
1% Thus only the four Lennard-Jones parametersc,  density,r, is the potential cutoff, andi(r) is the intermo-
€cc Ocicl» and gy remain to be determined, with the as- lecular Lennard-Jones interactions. Since the electrostatic in-
sumption that the cross interactions between C and Cl angbraction only makes a small contribution to the total poten-
between the ion and C and ClI follow the Lorentz-Berthelottial energy, no long-range correction is considered. At all
combining rule$ with temperatures, 100 ps trajectories are carried out to equilibrate
Ot Oy the sy;tem, followed by at least 200 ps of data collection for
Uk':(T (8)  analysis.
In order to further test the validity of this C£model
and potential, additional simulations are carried out to study the
€= (een) ™. ) CCl, liquid/vapor interface. Initially, we took a box of 265
CCl, molecules that had been equilibrated for 100 ps at 273
To optimize these Lennard-Jones parameters, we carried olt from previous bulk CCJ simulations, and put it into the
a series of classical molecular dynamics simulations of liquidniddle of a simulation cell whose linear dimensions are
CCl, at 298 K. During the parameter optimizations, we cal-34.89x34.89x84.89 A (see Fig. 1 This creates two CGl
culate the structural and thermodynamic properties of bulliquid—vapor interfaces that are chosen to be perpendicular
CCl, including radial distribution functions, densities, and to thez axis. The whole system is then equilibrated for 100
enthalpies of vaporization and compare to experiments. Thps at a constant volume and temperatU%&/T ensembl¢
final potential parameters are obtained when the potentiakith periodic boundary conditions applied in all three direc-
model adequately reproduces the experimental properties ¢ibns. The interactions are truncated at a molecular center-of-
liquid CCl,. In Table I, the optimized potential parameters mass separation of 15 A. The data collected for later analysis

are presented. are obtained from a 200 ps MD trajectory after initial equili-
The actual MD simulations for bulk liquid Cgtonsist  bration.
of 265 CCJ, molecules in a cubic simulation cell with a We also carried out MD simulations to study the solva-

linear dimension roughly equal to 35 A. Periodic boundarytion properties of C§ interacting with small CGl clusters
conditions are applied in all three directions. The simulationsand in bulk liquid CC}. For ion—cluster simulations, the
are carried out in an isobaric—isotherngslPT) ensemble at steepest descent and simulated annealing methods are used
1 atm and at several temperatures: 250, 273, 298, 313 arnd obtain the minimal energy structureis@aK and classical
328 K, with time steps for heat bath coupling and pressurenolecular dynamics simulations in an NVE ensemble are
relaxation of 0.1 and 0.2 ps, respectivéiyfhe initial veloci-  carried out to determine the binding enthalpies at higher tem-
ties assigned for each atom are chosen from a Maxwellperatures. The ionic solution simulation involves a single
Boltzmann distribution corresponding to the desired simulaCs™ and 265 CGJ molecules embedded in a cubic simulation
tion temperature. TheHAKE algorithnt? is used during the box of roughly 35 A. The entire simulation is carried out at a
entire simulation to constrain all the bond lengths in order taconstant pressure of 1 atm and a temperature of 298 KT

fix the CCJ, internal geometry. In all MD simulations, a time ensemblgwith temperature and pressure coupling constants
step of 2 fs is used. A potential cutoff of 15 A is chosen toof 0.1 and 0.2 ps, respectively. Periodic boundary conditions
reduce computational effort. The long-range correction forare employed, and a time step of 2 fs is used in solving the
Lennard-Jones interactionB,,,, is estimated by assuming equations of motion. As in the bulk CCkimulations, the
uniform radial distribution function§RDF9 after potential SHAKE procedure is adopted to fix all bond lengths at their

cutoff®? equilibrium value. The nonbonded interactions are truncated
N " at a molecular separation of 15 A. The statistical analysis is
Ecorr:_p f u(r)4mradr. (100  performed from data collected over 280 ps, following a 100

2 Jr, ps simulation of equilibration.
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741 s valid for a temperature range of 250—328 K. We have exam-
- , , . , ined various energy components and found that the polariza-
240 260 280 300 320 340 tion energy is small compared to other nonbonded interac-
Temp(K) tions. It is thus expected that the effective two-body potential

may reproduce many properties of bulk liquid GCHow-
FIG. 2. Temperature dependence of the thermodynamics properties of liquidy,ar we are not only interested in the bulk g@ut also in
CCl,. (a) Comparison of the calculaté(illed circles and the experimental h ' . . Iti | d |
(squares liquid densities as a function of temperatute) Comparison of the processes_, occurring in GClt is our goal to e_Ve OP a
the calculatedfilled circles and the experimentalsquares enthalpies of ~model potential that can account for GGhteractions in
vaporization as a function of temperature. many different environments. In order to achieve this end, it
is necessary to take into account the polarizable component
of the CC}, interactions. For example, it is suggested that in
IV. LIQUID CCIl, PROPERTIES order to accurately describe the spectral shift of the carbonyl
group in CC}, the inclusion of polarization is essential.
Although the potential parameters are derived for bulk
) _ ) liquid CCl,, we also feel it is important to examine the gas
‘As mentioned in Sec. Ill, the potential parameters arépnase properties of the C@limer. In Fig. 3, we present the
optimized by fitting the computed properties to the experi-optimal configuration and the gas phase interaction energy as
mental values at a temperature of 298 K. We feel that this; function of the C—C separation for the GGlimer. We
mod_el potential i_s_not only valid at this specific temperature ¢5,nd that the CGlmolecules are oriented in such a way as
but is also sufficient for a reasonable temperature ranggg minimize the repulsive Cl—Cl interactions. The minimum
Thus,.we. performed a series of computer simulations of bulkyteraction energy for the dimer is abot®.9 kcal/mol with
CCl, liquid at temperatures of 250, 273, 313, and 328 K. The; c_c separation of 4.60 A. These are in reasonable accord
predicted temperature dependence of selected thermodyith the results of our MP2/aug-cc-pVDZ calculations,
namic properties is shown in Fig. 2. The computed liquid\yhich yield a counterpoiséCP)-corrected binding energy of
densities as a function of temperature are depicted in Fig._3 3 keal/mol (uncorrected value of 4.17 kcal/macind a
2(a), along with the experimental liquid densities. It is clear c_c equilibrium distance of 4.63 A. Zero-point vibrational
from Fig. 2 that the calculated densities are in good agreegorrections, which have not been included for this species,

ment with the experimental results with the largest deviationyre expected to further decrease this computed binding en-
of 3% for the entire temperature range. From the computegyqy py at least 0.4-0.5 kcal/mol.

simulations, one can also calculate the enthalpy of vaporiza-
tion, AH,,{T), based on the following relationship:

AHued T) = = Epo T) = Ecor ) +RT, (11) The structure of liquid CGlcan be characterized in
whereE,(T) is the total intermolecular potential energy of terms of the atomic radial distribution functiongg(r),
liquid CCl, at temperaturd. Figure Zb) displays the com- which give the probabilities of finding an atom of typeat a
puted enthalpies of vaporization of liquid GClwhich are distancer away from a center atom of tyge In Figs. 4a)—
within 1% of experimental valué$as clearly demonstrated 4(c), we show the computed C—C, C—Cl, and CI-Cl radial
in Fig. 2. The results from Fig. 2 suggest that although thedistribution functions as a function of temperature. In gen-
CCl, interaction potential is developed at 298 K, it is alsoeral, the features of these atomic radial distribution func-

A. Temperature dependence of thermodynamic
properties

B. Structural properties of liquid CClI 4,
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rA) FIG. 5. The function&HY(k) [shown in(a)] andkHX(k) [shown in(b)] for
liquid CCl,. The solid line with filled squares is from the MD simulation at

FIG. 4. The atomic radial distribution functions as a function of temperaturezg8 K and the experimental resulfsircles were obtained by Narten at

from bulk CCl, simulations. Plot$a)—(c) correspond to the C—C, C—Cl, and 293 K.
CI-Cl radial distribution functions respectively, for=250 (solid line), 298
(dashed ling and 323 K(dotted ling.

o sinkr
Sk =47p | loan(r) -1 T rar, 12

tions, respectively, are consistent with those reported in thgherer is the liquid density. The signal intensities in the
literature with different CQ' interaction potentials. By ex- X-ray and neutron Scattering experime[ﬂ%‘,(k) andHé(k)'
amining these figures, it is found that the overall shape of th@s a function of the wave vectdr, are simply weighted
radial distribution functions remain the same for all temperacombinations of the partial structure factdre

tures, suggesting that not many structural changes occur. ASN
the temperature increases, the peak positions of the RDA3q(K)=0.025¢c(k)+0.255¢(k) +0.73S¢ci(k), (13

shift toward larger distances, correlating with decreasing lig- =~
uid densities at higher temperatures. Note that at the san{éd(k)_o'OOSCC(kHo'125CC'(k)+0'8880'C'(k)' (14)

tlme,.the amplitudes of the peaks in the radial distributionyye show in Figs. &) and 5b) the computecdkHY(k) and
funct|ons are sc_)mewhat broadened due to larger therrn@(IHﬁ(k) for liquid CCl, at 298 K, along with the experimen-
fluctuations at higher temperatures. Integrating over the firsly| curves obtained by Narten at 293°KThe agreement
peak ofgcc(r) gives about 12 neighboring carbon atoms inpetween the simulations and experiments is, in general, sat-
the first coordination shell of a central carbon atom. ThiSisfactory. The discrepancy between experiment and our cal-
observation implies that liquid Cglresembles a closed- cylations at smalk is most likely due to the finite size of the
packed, monatomic liquid, as suggested in previousimulations, since it is well known that long-range oscilla-
studies’™* It is also clear from Fig. @) that there is a tions ofg(r) dominate the behavior @(k) at smallk.
long-range oscillation located well beyond 14 A fgg(r). There is an unresolved issue in the literature concerning
Compared to those @fc(r), the correlations oficc(r) and  the local orientational structure between C@holecules.
dcic(r) have a much shorter range. The first two peak posit owden and Chandléf, Egelstaff et al,*® and McDonald
tions ofgecy(r) andgeic(r) are in excellent agreement with and co-workers have all proposed different configurations
the experimentally deduced values of 4.9 and 7.2 A forfor the preferred orientation between GQholecules(see
dce(r), and of 3.8 and 6.2 A fogge(r).> Fig. 1 in Ref. 2). The disagreement can be explained by
In order to compare directly to the results from neutronexamining the probability distribution of the angle between
scattering and x-ray experiments, we Fourier transform théhe intramolecular C—Cl bond and the vector connecting the
radial distribution functions into atomic partial structure fac- carbon atom to another carbon atom. Figure 6 depicts such
tors, S,,(k), according t8 angular distribution function€?(6,r), as a function of the
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P(0,r)

Density (g/cm’)

Z(A)

0 30 60 90 120 150 180
0 (degree) FIG. 7. The computed density profiléilled circles from the CC}, liquid/
vapor interface simulation at 273 K. The solid line is the best fit to(E@).
FIG. 6. The probability distributions for an angle between the intramolecu-

lar C—Cl bond and the vector connecting two C'’s as a function of the C-C

distance. The symbols correspond to C—C distances of @iahond$, 5—-6 . . . _5
(dark circles, 67 circles, 7—8(dark squares and 8—9 Affilled triangles. 1 NiS leads to a diffusion constant (f.8-0.2)x10 cr/s,

The solid curve is the sine function that describes a uniform angular distriin  reasonable agreement with the experimental result of
bution. 1.3x10°° cn/s at 293 K4
Comparing the computed thermodynamic, structural,

and dynamical properties from MD simulations to those of
C-C distance. Due to the broad features of the angular dighe experiments suggests that the present, @ldel poten-
tribution functions, it is implausible to consider only one tial gives a good description of the GGhteractions in bulk
type of configuration dominating the local orientation. How- liquid.
ever, it is clear that when the C—C distance is less than 5 A,
the interlocking configuration suggested by Lowden anq/
Chandlef® is the most important as indicated by the peaks at"
67° and 163° in the angular distribution functions, in contrastA. Density profile

to the prediction of McDonalet al?* based on energic ar- In Fig. 7, we present the computed G@ensity profile
guments. _V_\/her_1 the C—C distance incre_ases _to about the firag a functio,n of thez coordinate from CG| liquid/vapor
peak position in theg(l;c(r.), other_ conflg_urat|ons.start 0 simulations at 273 K. As clearly indicated in Fig. 7, two
show S|gr!|f|ca}nt contributions while th? mterlqcklng SUC- \well-defined stable interfaces exist, which are symmetric
ture remains important. As the C—C distance increases, the .4 the center of mass of the whole system. There is a
angular distribution functions approach the sine function that}egion of bulklike CCJ having a size of 30 A betvvéen these
descrllbes a unllform (Inrlgntatlon, indicating the vanishing of\vo interfaces with a liquid density of 1.63 g/&which is

an orientationa correlation. very close to the bulk density at 273 K. The density profile

can be fit by a hyperbolic tangent functional f&r#

CCl, LIQUID/VAPOR INTERFACE

C. Dynamical properties p(2)= 1% (pL+pv)— & (pL—ptanti(z—2zo)/d], (17)

We can calculate the self-diffusion coefficient of I|qU|d WherepL andpv are the ||qu|d and vapor densities7 respec-
CCl, by monitoring the mean square displacemént(t)), tively, z, is the position of the Gibb's dividing surface, add

as a function of time estimates the thickness of the interface. The best-fit curve is
1 also shown in Fig. 7. An estimate of the interfacial width of
(rz(t)>= N 2 [ri(t)— ri(0)|2, (15 5.0 A is obtained from this fit. This indicates that the liquid—

: vapor interface is not microscopically smooth. The so-called
wherer;(t) is the position of moleculé at timet, andN is ~ “10-90" thickness,t, of a hyperbolic tangent is related do
the number of molecules in the system. We have calculately t=2.197d, yielding a value ot of 11.0 A. Interestingly,
the mean square displacement from the MD simulation aby examining Fig. 7 more closely, we find that there seems to
298 K in a NVT ensemble, which forms a straight line as abe oscillations of the density profile. There is a long-existing
function of time(data not shown The diffusion constant can debate over the reality of this oscillatory behavibiRe-
be deduced from these results by taking the limiting value ofently, Evans and co-workers predicted that the oscillation of

the slope the density profile is closely related to the spatial correlation
(rz(t)) o_f the mqlecular radial distribution functions based on den-

D=lim —~ (16) sity functional theory® Due to the long-range correlation of
toe O Occ(r), we would have to use much larger simulation sys-
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TABLE Il. Thermodynamic properties for polarizable GGit 298 K and

1 atm.
This work Experiment

p, glen® 1.59+0.02 1.58
AH,p, kcal/mol 7.770.07 7.74
Surface tension, dyn/cm 3P 28
Diffusion, 10°° cn/s 1.8+0.2 1.3
Dimer energy, kcal/mol -29

C—C dimer distance, A 4.6

®AH ap=~EporEcort RT, Epo=—7.02 kcal/mol,E,,=—0.13 kcal/mol.
bReference 42.
‘Reference 14.

into several slabs along the direction. For each atom of
typea in each slab, the number of atoms of typéhat are in
a spherical shell of thicknegdr that is a distance away
from the central atona is recorded, regardless of tlzepo-
sition of theb atoms. Thez-dependent radial distribution
functions are simply defined as the number of neighbors di-
vided by the total number of atoms of typen the slab and
the average number of atorbsnside the spherical cell in the
bulk liquid. In other words, we use the bulk radial distribu-
tion functions as the references to thedependent radial
distribution functions. Figures(8—9(c) depict the computed
radial distribution functions for C—C, C—Cl, and CI-Cl as a
function of thez coordinate, respectivelfwhere the smalk
indicates the interfacial region and the laméndicates the
bulk region. The peak positions of these radial distribution
functions are almost independent of theoordinates, sug-
gesting that the local structures of G@emain unchanged
from the bulk to the interface. However, we do observe a
decrease in the peak height of the radial distribution func-
tions as the CGlapproaches the surface. This is entirely due
FIG. 8. Snapshots of the instantaneous structure of thg @ftiid/vapor to the departure of Cgmolecules into the vapor side of the
inte;fa(-:e. Thz dark color corresponds tl(J) carbuonuatoms ar?d chlorinepatoms I?H_ter,face,' In prlnglple, the m","gthde of the molecular radial
the surface, and the light color corresponds to chlorine atoms in the bulidlistribution functions at the interface should be half that of
plots () and (b) show typical structures of the side and the top of the the bulk radial distribution functions for a planar interface.
interface, respectively. This is demonstrated by thg,,(r,z) centered around the
Gibb’s dividing surface ar=26 A.

. ) ) o ) It is well known that for molecules with directional in-

tems in order to resolve this point, which is not the maing 4 tions, the interface may induce an orientational order at

concern in this study. Howevgr, it will be i_nte_resting ir_1 thethe liquid/vapor surfac® as observed in the case of theH
future to perform a systematic study on liquid/vapor 'nter'liquid/vapor interfacé:3* For the case of CGl due to the

faces to investigate the oscillatory nature of the density prohigh molecular symmetry, we expect to see little, if any
f|!e. In Fig. 8, we Sh,OW snap_shots taken frqm the top and th%rientational order at the interface. By examining the prob-
side of the Cq'llquu.j/vapo.r interface. prously, there are ability distributions for the angle between the intramolecular
thermal fluctuations in the interface positions and the surfac@ _ | hond and the interfacial normal directimaxis) as a

is not sharp at a molecular level. A summary of the thermos nction ofz in Fig. 10, we found that the data points all fall
dynamic properties of polarizable G3s presented in Table ,, e gine curve that describes a uniform distribution of
Il Itis clear that the present model gives a good description, . jar distribution regardless of taecoordinate. These re-
of the _CCL interactions both in the bulk and at the liquid/ sults suggest that CCHoes not have a preferred orienta-
vapor interface. tional order at the interface, as expected.

B. Structure C. Surface tension

The structural changes between €@l the bulk and at To further test the present interaction model, we calcu-
the interface can be characterized by the atomic radial distrilate the surface tension, which is defined as the difference
bution functionsg,,(r,z), as a function of the coordinate between the pressure components in the direction parallel
of the CCl, molecule. Thus, the simulation cell is divided and perpendicular to the interf&ce3-4
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FIG. 9. The atomic radial distribution functions as a function of zheo-
ordinate of the liquid slabs from the CQlquid/vapor simulations. Ir{a)—

(c), we present the computed C—C, C-ClI, and CI-CI radial distribution

1

_ Pxxt Pyy
Y73

2 - pzz) Lz- (18)

In the abovep,, (a=X, Yy, or z) is the aa element of the
pressure tensor arig, is the linear dimension of the simula-
tion cell in thez direction. According to the virial equation,
the ab element of the pressure tensor is

N N’ N’

1
> MivigVipgt 5 > X Fijalijp]. (19

i=1 i'=1j'=1

1
paB:v

whereN and N’ are the numbers of molecules and atoms,
respectively,V is the total volume of the system, is the
mass of moleculé, andy,, is the center-of-mass velocity of
moleculei. In the above expressioF; '« is the @ compo-
nent of the force exerted on atorh of moleculei due to
atomj’ of moleculej, andr;; 4 is the g component of the
vector connecting the center of mass of moleculesd j.
This formula is proven valid only for pairwise additive po-
tentials. Although the polarizable potential is nonadditive in
nature, due to the mathematical requirement of a vanishing
derivative of the potential with respect to the induced dipole
moment at equilibriund? the polarizable potential effectively
becomes pairwise additive after E§) is satisfied. Thus, Eq.
(19 should still be applicable in this case. From a 200 ps
MD trajectory, the calculated surface tension ist21dyn/
cm, in good agreement with the experimental value of 28
dyn/cm??

VI. IONIC CLUSTERS, Cs*(CCl,), (1=1-6)

Considerable theoretical and computational effort has

functions, respectively. The solid curves from the top to the bottom corred€€n focused on the study of aqueous solvation; in contrast,
spond to the liquid slab centeredzt39, 36, 33, 20, 27, and 24 A, respec- relatively little work has been done on nonaqueous solvents,

tively.

0.01 T T T T T

P(0,z)

0 30 60 90 120 150 180
0 (degree)

FIG. 10. Probability distributions for the angle between thaxis and the

intramolecular C—Cl bond. The data points correspond to the liquid slab

centered ar=24 (squarey 27 (dark circle$, and 30 A(crosses The solid

curve is the sine function that describes a uniform angular distribution.

with the exception of the work by Jorgensen, Klein, and
co-workers**#4The motivation for our work on ionic solva-
tion in CCl, and its derivativesi.e., CHCL and CHCI,) is to
examine the detailed solvation properties of ionic clusters
and ionic solutions of CG| and to compare them with the
corresponding results obtained for the ion—water clusters and
aqueous ionic solution studiésWe begin these studies by
examining the minimum energy structure of ©8Cl,),, the
binding enthalpy, as well as the solution properties of the
solvated C$. The potential parameters for the Csation are
taken from our earlier work on the Csolvation in aqueous
solution?® and the cross interactions between Cs—C and
Cs—Cl are obtained via the Lorentz—Berthelot combining
rule. These studies will serve as the basic foundation for our
future work on the mechanism of ion transport between the
interface(i.e., the water—carbon tetrachloride interface

We can identify the lowest-energy structures of the ionic
clusters Cs(CCl,), using combined simulated annealing and
the steepest descent methods. The structures are shown in
Fig. 11. For the C§(CCl,), ionic cluster, the minimized
structure has a triangular geometry. For thé (@Cl,); clus-
ter, the three carbon atoms form an equilateral triangle which
the CS sits above, resulting in a pyramid structure. The
minimized structure of C§CCl,), consists of the four CGl
molecules forming a tetrahedron around the® C#lso
clearly shown in Fig. 11 is that Csinduces a well-ordered
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FIG. 11. The lowest-energy structures of ionic clusters at (KCs"CCl,,
(b) Cs'(CCly),, (6) CS"(CClys, (d) Cs'(CCly,, (6) Cs'(CClys, ()
Cs"(CClyg.

FIG. 12. The computed radial distribution functions for'€€ (solid line
with filled circle§ and C$ —Cl (solid line with filled squaresfrom the MD
simulation of a single Csin liquid CCl, at 298 K. Snapshots of Cawith
CCl, molecules in the first solvation shell are also shown.

level of theory and were applied to a computed equilibrium
binding energyCP correcteflof —7.24 kcal/mol.(The equi-
librium binding energy uncorrected for BSSE was3.01
kcal/mol) A complete study of the CgIdimer and
Cs'(CCl,) interactions viaab initio electronic structure cal-
culations will be reported in a forthcoming pag#r.

From Table Ill, we observe that the GsCCl, interac-
tions are significantly smaller than those of the"Ckl,O

local orientation in the surrounding CCinolecules. Each
CCl, molecule is found to have three chlorine atoms facing
the Cs with almost equal distance. The other chlorine atom
is pointing away from C§ with the angle between Cs-C
and C-Cl being 180°. The minimized structures of
Cs'(CCl,)s and Cs(CCly)g indicate that the Csion is di-
rectly coordinated with four C¢Imolecules in the gas phase

and that the additional C¢molecules begin to form a sec- interactions. This is likely due to a strong ion—dipole inter-

ond solvation shell. action in the C$-H,O system, which is absent in the

We also performed a series of MD simulations .On.theseCs*—CCI4 interaction. If we decompose the GsCCl, inter-
clusters near 300 K to determine the successive binding en-

thalpies. The results are given in Table IIl. To our knowl- action into various components, it is found that the polariza-

. tion energies make the dominant contributions to the total
edge, there are no experimental measurements of the succes:

sive binding enthalpy for C¥CCl,), clusters. The calculated inding energies in these ionic clusters. This indicates that
enthalpy of binding of-7.5 kcal/‘:nnol and thé average Cs—C although CCJ is a nonpolar molecule, the large polarizability
distance between 3.8 a.nd 3.9 A for the*@3Cl,) are in of CCl, can play an important role in determining the
good agreement with our MP2/aug-cc-pVDZ results-af.0 lon—CCl, interactions.

kcal/mol (AH at 300 K and 3.95 A(equilibrium distancg

respectively. Theab initio enthalpy corrections were ob- VII. IONIC SOLUTION

tained from frequencies calculated at the MP2/aug-cc-pvVDZ We have also examined the solvation properties of the

Cs" ion in liquid CCl,. The structure of Csin CCl, can be
conveniently described by the ion—GGhdial distribution

TABLE lll. Structural and thermodynamic properties of'Os liquid CCl, functions and the angular distribution functions. The dynami'

t 298 K. . o . ;
a cal behavior of the Csion is characterized by the velocity
MD simulation autocorrelation function®.
losc(®) 3.90 A. Structure
Ics—ci(A) 3.45 . . S . .
Cs—C coordination No. 6.3 The ion—CC] radial distribution functions are displayed

AH,, (kcal/mo) —36.8 in Fig. 12. These radial distribution functions possess well-
F— PR RRADRT— characterized maxima and minima, indicating the presence
e solvation energy of Csin liquid CCl, is calculated as the difference
between the total potential energy of the*€€Cl, system and that of a of local structural order of CQIaround Cs. The rather

pure CC} system. We have included the Born correctier6.1 kcal/mo) sharp first peak of thg(:sc(r) SUggeSts that the Cpmm'
for a Cs"—CCl, potential cutoff of 15 A. ecules form a well-defined solvation shell surrounding Cs
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TABLE IV. Calculated average potential energies and the corresponding 0.036
enthalpies of bindingkcal/mo) of Cs"—(CCl,), clusters at 300 K using
molecular dynamics simulation techniqie.

0.03
n AE AHP
1 —6.8+0.5 —-7.5+0.5 0.024
2 —12.1+1.0 -13.3+1.0
3 -16.651.4 —18.4+1.4 =
& ~23.2:1.4 ~25.3+1.4 T oos
5° —28.3+1.4 —30.6+1.4
6° —34.2+14 —36.6+1.4

0.012

&The simulations were carried out with a 100 ps equilibration period follow-

ing 1000 ps for averaging.

PAH=AE-nRT. 0.006
“These simulations were carried out at 260, 230, and 200 K for clusters with

n=4, 5 and 6, respectively, because these clusters evaporate above these p
temperatures. 0'A

0 (degree)

Integrating out to the first minimum igc,{r) gives a coor-
dination number of six CQImoIecuIes in the first solvation FIG. 13. Probability distributions for the angle between the intramolecular
C—-Cl bond and the vector pointing from C to the'dsn as a function of

shell of Cg! as compared to the coordination of eight Waterthe Cs —C distance. The data points correspond t6-03 distances from
molecules around Csin the water solutions. The difference 0-4 (filed circles, 4—5 (diamonds, 5-6 (circles, and 6—7 A (filled
comes from the fact that Cgls a much bigger molecule sduares respectively. Also shown is a sine curve.

than HO; energetically it is unfavorable to pack as many

CCl, molecules around Csdue to steric effects. Snapshots

of the structures of Cswith its first solvation shell of CG| distance becomes larger, the angular distribution curve be-

are shown in Fig. 12. The _solva'uon energy of'da liquid haves as a normal sine function, indicating that the orienta-
CCl, is calculated as the difference between the total POtens -1 order has been smeared out

tial energy of the C5—CCl, system and that of a pure GClI

system. This yields a solvation energy of36.5 kcal/mol,

which is much smaller than the solvation energy-676.5

kcal/mol for CS in water. This is partially due to the fact C. Dynamical properties

tha+t the C_§—H20. interaction_ is much stronger than .the The solvation dynamics of Csin liquid CCl, can be
Cs’—CCl, interaction as mentioned previously, and partially ¢ yenjently described in terms of the velocity autocorrela-

due to the larger coordination number of®iwith respectto 5 functionsC (), which is defined 4&
CCl, in the first solvation shell of the Csion. The solvation e

N tmax

properties of C§ in bulk CCl, at 298 K are summarized in . 11
Table IV. Co(N=(VOV(D)=—— 2 > Vi(t+1Vi(1).
N tmax i=1t=0
(20)
B. Orientation In the above);(t) is the velocity of theth Cs" ion at time

The static orientation of Cglmolecules surrounding t. N is the number of CSions in the system, arih, s the
Cs' is examined via the angular distribution function as atotal number of time steps. The velocity autocorrelation
function of C—C§ distance and is shown in Fig. 13. The function is usually normalized by

angle is defined between the intramolecular C—Cl bond and (V(OWV(7))
the vector connecting the Csand the carbon atom. When Co(7)= 7. (22)
the C—Cs distance is smaller than the first peak position of (V(0)V(0))

desdr), the computed angular distribution functions show |, Fig. 14, we show the normalized velocity autocorrelation
dramatic deviations from the sine curve that describes a uniynction of C< in liquid CCl, as a function of time. The
form distribution. Two peaks centered at 70° and 178° argsmputed curve does not follow a normal exponential decay.
observed for a C—Csdistance of less than 4 A, while the The oscillatory behavior o€, (t) may come from the mo-
probability of finding CCJ in another orientation is almost i of Cs™ inside the first solvation shell of CgIThe dif-

vanished. Integrating over the area under these two peak§sion constant can be evaluated by integrating the velocity
gives a ratio of magnitude of roughly 3:1. This implies that 5 tocorrelation function

each CCJ molecule has three of its chlorine atoms facing

Cs", while the fourth chlorine atom sits on the opposite side 1 ta

of the central carbon atom away from Cis an almost linear D=3 lim focw( 7)d7, (22
arrangement. The above result suggests that iBduces a

strong local orientational order in liquid CGlwhich is con-  yielding an estimate of the diffusion constant of 280 °
sistent with the study of the ionic clusters. As the CXCs cn¥/s for Cs' in liquid CCl, at 298 K.

t—oo
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1 T T T polarization energies are found to be the dominant compo-
nents, indicating the importance of explicitly including the
osk N molecular polarizability in modeling the ion—solvent interac-
tions. In bulk liquid CC}, Cs" is shown to induce a strong
local orientational correlation in the surrounding ¢@lol-
o6 ] ecules. The atomic radial distributions and the velocity auto-
P correlation functions suggest that GGholecules form a
T ooaf . well-defined solvation shell around the Cion.
@)
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