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We present an all-atom force field model for liquid carbon tetrachloride for use in molecular 
dynamics simulations. The model is rigid with tetrahedral symmetry and the molecular interac- 
tions are represented in terms of site-site Lennard- Jones potential energy functions. With the 
molecular dynamics method we are able to accurately predict physical quantities of CC1, 
including shear viscosity, the excess Helmholtz energy and the surface tension. 

Keywords: Carbon tetrachloride; molecular dynamics; viscosity; surface tension. 

1. INTRODUCTION 

Computer simulation studies have gained increasing importance within 
many areas of current research [l]. The molecular dynamics method is 
being applied standardly for simulations of molecular liquids and fluids. In 
many cases these fluids are modelled by simple pair-wise additive potential 
energy functions. The advantages of simple interaction functions are mani- 
fold: the ease of implementation, the rapid evaluation on general purpose 
hardware, the relatively modest number of parameters and the possibility to 
generalize to macromolecules and large molecular systems. Although each 
interaction function has its intrinsic limitations in describing molecular 
systems, its correct parametrization is of fundamental importance for an 
accurate representation of the system. 
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2 I .  G. TIRONI e t a / .  

In a recently performed MD simulation of carbon tetrachloride, some 
shortcomings of the CCI, force field used emerged [2]. The CCI, model 
considered in the calculation was a one-site united atom model [3]. During 
the course of a constant pressure simulation it  was noticed that the solvent 
had a tendency to expand to low density (gas). The subsequent inspection of 
the phase diagram of a Lennard-Jones fluid showed that a united atom 
force field is not able to fulfil the thermodynamic constraints (density, heat 
of vaporization, pressure, temperature) implicit in the state points of liquid 
CC1,. Therefore it  was decided to investigate a model force field for CCI, 
using an all-atom description. 

Several all -atom CCI, interaction functions have been proposed in the 
literature so far C4-71. Chang rtal .  [7] have reported a polarizable force 
field which includes partial charges on five interaction sites. Although 
polarizability is of major concern in polar molecules and contributes signifi- 
cantly to the interaction energy, we refrain from using polarizable atoms in 
this specific case. The introduction of polarizability induces an increment in 
the computational effort of at least a factor of two. Further, using polariza- 
bility in simulations consisting of a macromolecule solvated by a small- 
molecule liquid, such as carbon tetrachloride, would necessitate the 
incorporation of polarizability also for the atoms of the macromolecule. 
Also, due to the tetrahedral symmetry of the CCI,, molecule, the first non- 
vanishing term in the electrostatic multipole expansion is the octopole 
moment. An octopole -octopole interaction scales with r -  ’ which compares 
to induced dipole induced dipole (polarizability) that scales with r p 6  (e.g. 
Lennard- Jones dispersion term). Therefore, the inclusion of electrostatic 
terms will have a minor influence on the energy of the system and as a 
first approximation can be accounted for by the normal Lennard-Jones 
term. 

The purpose of this study is to present a pair-wise additive force fields 
for liquid carbon- tetrachloride and to extend the calculation of properties 
to thermodynamic relevant quantities which have been neglected so far in 
the literature [3-71. The force field has been designed to allow for a simula- 
tion of a general macromolecule in a CCI, solvent environment. Thus, the 
intermolecular potential energy is of the general GROMOS87 form [S]. 
The parameters were fitted to the experimental heat of vaporization and 
density. With the optiinal parameter set. a series of classical molecular 
dynamics simulations were performed to validate the force field. 
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LIQUID CARBON TETRACHLORIDE 3 

2. MOLECULAR INTERACTION FUNCTION AND 
SIMULATIONS 

The interaction function for a pair of atoms a and b belonging to two 
distinct molecules i and j is of the form 

i = l  j i i a = l b = l  \ ‘iajb ‘iajb 1 

in which riaj,, is the distance between sites ia and jb. The Lennard-Jones 
parameters C, , (ab )  and C,(ab) for a f b  are obtained as the geometrical 
mean of the parameters C,,(ua) and C12(bb) and of C6(cia) and C,(bb). The 
interaction between two molecules is only computed if their centre of mass 
distance is less than R,,, = 1.4[nm]. Internal degrees of freedom were not 
treated and each molecule was constrained to adopt a fixed geometry 
(Tab. I) by using the SHAKE method [9] with a relative precision of 
In view of the tetrahedral symmetry imposed on the CCl, molecule no partial 
charges were taken into account. A cubic box of 3.259 [nm] length with 
216 CCl, molecules served as simulation system. Simulations were performed 
in the NVT and NPT ensemble using the Berendsen thermostat and manos- 
tat [lo]. The coupling constant for the heat bath was set to 0.1 [ps]. A 
relaxation time of 0.2 [ps] with a compressibility of 1.041. [mZN-’] 
was used for the pressure bath. The mass of CC1,was taken as 153.82 [u]. 
the trajectories were integrated using a time step of 2 [fs]. All simulations 
were carried out with the GROMOS87 MD program [R]. 

Starting from the van der Waals parameters given in [ 111 the potential 
energy surface was explored by performing trial simulations in the NVT 
ensemble at a temperature of 293 [K] and at an experimental density of 

TABLE I 
function and geometry of the rigid carbon tetrachloride model 

Parameters of the Lennard-Jones 6-12 potential energy 

2.6309 
4.4727 
7.604 
0.1760 
0.2874 

109.47 

7.600 
9.8507 

12.768 
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4 1. G .  TIRONI ef ol. 

1595 The target value for the potential energy was the experimen- 
tal heat of vaporization, - 32.4 [kJmol- '1 [lZ]. For each parameter set, the 
configuration was energy minimized before performing a 50 [ps] molecular 
dynamics simulation. The refined Lennard- Jones parameter values and the 
geometry of the CCI, molecule are listed in Table I. 

3. PHYSICAL PROPERTIES OF CCI, FROM COMPUTER 
SIMULATION 

3.1. Radial Distribution Functions 

Structural properties can be obtained by calculating the different pair radial 
distribution functions. The pair correlation functions g ( r )  as computed 
from a 50 [ps] NPT simulation are shown in Figure 1. The pair correlation 
functions derived from experimental data [13] are shown as dashed curves. 
It is interesting to note the differences in agreement between the calculated 
y(r) and the one derived from experiment for the Cl-Cl and the C-C1 pairs. 
While in the case of the CI-CI pair correlation function the disagreement is 
within an acceptable range, the C-Cl curve is too far off from the one 
derived from experiment. Although the positions of the peaks compare well 
for MD and experiment in both cases, the discrepancies in the minima and 
maxima of Figure 1 b are unacceptably large. This cannot be explained in 
terms of usual statistical errors. The computation of pair distribution func- 
tions from a MD trajectory is a trivial task and the precision is the same for 
all types of atom pairs. This is not true for the experimentally determined 
pair distribution functions. The neutron or X-ray diffraction data has to be 
deconvoluted using isotope substitution in order to obtain the different pair 
correlation functions. Since the agreement between experiment and MD is 
satisfactory for the CI-C1 pair, and the chlorine-chlorine pair contributes 
more than 70% to the structure factor, there is only little room to bring the 
molecular dynamics results closer to the experimentally derived functions 
for the C-Cl case. 

3.2. Translational and Rotational Diffusion 

The translational self-diffusion coefficient D and the rotational correlation 
times and 72 were calculated from a NPT trajectory over 50 [ps] and are 
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LIQUID CARBON TETRACHLORIDE 5 

1.6 1 

::: 0.2 i 
0.0 
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 

FIGURE 1 Radial distributions functions for the chlorine-chlorine and the carbon-chlorine 
pairs calculated from a 50 [ps] M D  simulation of 261 CCI, molecules and as  derived from 
experiment. 

given in Table 11. Considering the diffusion coefficient, the mobility of the 
CCl, molecule is overestimated compared to the experimental value. The 
neglect of polarization interaction could serve as an explanation for the 
underestimated molecular attraction. However, comparing with the diffu- 
sion coefficient of the polarizable force field of Chang rt al. [7], which is 
reported to be 1.8 [lo-' m2s-'], this argument loses its weight. 

3.3. Free Energy 

The excess Helmholtz energy is the change in free energy for transferring a 
sample of CCl, from the liquid to the gas phase under constant volume. In 
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6 1. G .  TlRONl et a/.  

TABLE I1 Physical properties of the CCI, force field at 293[K] cal- 
culated from different molecular dynamics simulations (MD) and data 
obtained from experiment (Exp.). The surface tension has been cal- 
culated from the mean value quoted in Table I11 plus the tail correc- 
tion. "'AH = - E  + RT and quantum corrections have been 
neglected PO' 

M D  E.xp. 

density rkgm - '1 
heat of vaporization"' [kJmol- '1 
diffusion coefficient [10-9m2s-1] 
rotational correlation times [PSI 
T I  

r2 
excess Helmholtz energy [kJmol- '1 

surface tension [10-3Nm-1] 
shear viscosity rcp i  

1601 1595.0[1s1 
32.45 32.401'21 

1.8 I .  1 5[161 

5.1 4.5" 61 

2.0 1.8 
15.8 16.3"61 
0.88 0.961"61 

28.8 26.8['61 

the thermodynamic integration formalism this quanity can be calculated by 
MD using Equation (2) 

A A  = I:(%) di.. 
A 

The potential energy function U is now a function of a new parameter A, 
which forces the system from a thermodynamic state at A = 1 (liquid) to an 
other state at i. = 0 (gas) in the course of a simulation. The functional form 
of U is 

Changing i, from 1 to 0 in a 200 [ps] NVT simulation gives ensemble 
averaged ( a U / S i ) ,  values which can be integrated to yield the excess 
Helmholtz energy. To test for the reversibility of the calculation (and thus 
the accuracy), a reversed simulation was peformed were 1 was changed back 
from 0 to 1. The Helmholtz energy obtained from these two paths differed 
by 0.4 [kJmol-'1, indicating a small hysteresis. The mean of the two values 
is given in Table 11. We note that the Helmholtz energy is not just equal to 
the heat of vaporization of the system but that there is in fact an entropic 
contribution which lowers the potential energy value by about 50%. 
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LIQUID CARBON TETRACHLORIDE 7 

3.4. Shear Viscosity 

The shear viscosity q was calculated during a 1 ns equilibrium simulation in 
the NVT ensemble using 

where I/ is the volume of the box, T the temperature and k, Boltzmann's 
constant. The off-diagonal elements pap  of the pressure tensor were com- 
puted using the molecular definition of the virial. 

In Equation (5 ) ,  Rij denotes the centre of mass distance between mole- 
cules i and j .  Mi and Vi are the molecular mass and the centre of mass 
velocity respectively and u, denotes the CI unit vector. Expression (4) is 
plotted in Figure 2, for the three components xy ,  xz and J'Z. The individual 
components start diverging after a few tens of ps, despite the fact that these 
lines were obtained as averages over half a million points. It is a problem 
inherent to computing pressure quantities that the fluctuations are quite 
large and the statistics bad. The mean value for q over the three slopes is 
given in Table 11. The MD result underestimates the shear viscosity com- 
pared to the experimental value. 

3.5. Surface Tension 

The surface tension is obtained by direct simulation of the corresponding 
liquid-vapour coexistence region. For this purpose a special box containing 
512 molecules was constructed by increasing the length of a normal simula- 
tion box in the z-direction. In this way a free volume zone is created next to 
the slice containing the particles in the centre of the box. The cell dimen- 
sions in the x-and y directions were held fixed at L,= L,  =4.3453 
[nm].The length in the z-direction was varied from L,  = 8 to 43 [nm] in 
order to check for size dependencies in the computed surface tension 
(Tab. 111). After an equilibration period of 50 [ps] in the NVT ensemble 
each system was simulated for another 200 [ps] in the NVE ensemble. 
From this last simulation the diagonal elements of the pressure tensor were 
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FIGURE2 Shear viscosity components times time as  a function of time calculated using 
off-diagonal elements of the pressure tensor according to Equation (4) from a 1 [ns] MD 
simulation of 216 CCI, molecules. 

TABLE 111 Calculated surface tension coefficients y (without 
tail correction) at 293 [K] for different z box-dimensions L2. 
The length of the simulation cell in the I-and y-directions was 
kept constant at 4.3453 [nm] 

8.69 1 
10.863 
14.484 
21.727 
43.453 
mean 

0.5 21.6 
0.4 23.9 
0.3 22.2 
0.2 23.8 
0.1 24.0 

23. I 
~ 

used to calculate the surface tension according to (6) 
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LIQUID CARBON TETRACHLORIDE 9 

Surface tensions were determined at 293 [K] for box-size ratios LJL, 
ranging from 0.1 to 0.5 and for 3 temperatures at a LJLZ ratio of 0.2. For 
different L, box lengths the values of the surface tension are distributed 
evenly around 23.10-3 [Nm-'I ( see Tab.111). Thus, there is no trend 
which would indicate a size dependence in the zz-component of the press- 
ure tensor. There is a systematic error in the so calculated values for the 
surface tension arising from using a finite cut-off radius. One can account 
for that by using a long range correction to the surface tension [14]. For a 
LJ interaction the correction is 

in which p ,  and pv are the (number) densities of the liquid and the gas 
phase respectively, D denotes the thickness of the interface and C,(ab) are 
the LJ parameters given in Table I. The three parameters pL, pv and D can 
be obtained by fitting the density profile p,(z) to 

where zo is the position of the interface. In Figure 3 the density profiles are 
shown for 293 and 393 [K]. The circles and triangles denote the MD 
results, the solid and dashed lines are the fitted curves. The fitted para- 
meters for three different temperatures are given in Table IV. The surface 
tension decreases with temperature which trend is reproduced by the MD 
calculation. The model gives slightly higher values for the surface tension 
than experiment. 

4. DISCUSSION AND CONCLUSIONS 

An all-atom force field for liquid carbon tetrachloride has been refined to 
reproduce the experimental heat of vaporization and density at room tem- 
perature. Various quantities have been obtained from classical molecular 
dynamics simulations. The radial distribution functions describing the 
structure of liquid CCl, are only partially consistent with the ones derived 
from neutron and X-ray diffraction measurements. The diffusion coefficient 
and the shear viscosity indicate that the model slightly overestimates the 
translational mobility of the CC1, molecule. The rotational mobility is well 
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10 1. G. TIRONI et al. 

[nml 

FIGURE 3 Density profiles across a box of size 4.3453.4.3453.21.727 [nm'] containing 512 
CCI, molecules. The filled circles ( T  = 293 [K]) and open triangles ( T  = 393 [K]) are values 
obtained from 200 [ps] MD simulations. The solid and the dashed lines are fitted curves 
obtained using Eq. (8). 

TABLE I V  MDsimulation resultsfor thedensitiesoftheliquid 
and gas phase. the thickness of the interface D, the tail correction 
to the surface tension ygai, and the total surface tension y for 
3 different temperatures at an L,IL; ratio of0.2. The correspond- 
ing experimental values for the surface tensions are also given. a)  
Linear extrapolation from values at lower temperature 

2 9 3 [ K ]  3 4 3 [ K ]  3 9 3 [ K ]  

P L  [kgm-'] 1584 1495 1390 
P V  [kgm-'1 1 7 17 
D [nm] 0.32 0.39 0.53 
Jldl l  [10-3Nm-L] 5.7 4.9 3.9 
i [lO-'Nm-'] 29.5 21.7 17.8 
Exp. [ 10 ~ 'Nm ~ '1 26.8 20.3 15.0'") 
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LIQUID CARBON TETRACHLORIDE I I  

reproduced. The calculated surface tension compares well with experimental 
data and shows the right temperature dependence. We conclude that the 
model is fit to adequately describe liquid carbon tetrachloride in a classical 
molecular dynamics simulation. 
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