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Computer simulation study of liquid CH 2F2 with a new effective pair
potential model

Pál Jedlovszkya),b) and Mihaly Mezei
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~Received 14 September 1998; accepted 5 November 1998!

A new effective pair potential model is proposed for computer simulations of liquid methylene
fluoride and used in Monte Carlo simulations on the isothermal-isobaric ensemble at two different
temperatures. The new model is able to reproduce the thermodynamic~internal energy, density, heat
capacity, vapor-liquid equilibrium! and structural~neutron diffraction data! properties of liquid
methylene fluoride with good accuracy. The structure of liquid methylene fluoride is analyzed in
detail on the basis of the present simulation at 153 K. It is found that, unlike in liquid water, the
preferential location of the nearest neighbors is in the direction of the face centers of the tetrahedron
of the central molecule. However, the four nearest neighbors do not surround the central molecule
in a highly tetrahedral arrangement: the obtained distribution of the tetrahedral angular order
parameter is rather similar to that in liquid argon. Preferential head-to-tail type orientation is found
for nearest neighbors, accompanied by a slight preference for antiparallel dipole–dipole
arrangement. The orientational correlation of the molecules is found to be rather long ranged,
extending over the first coordination shell. The observed preferential nearest neighbor arrangement
is resulted from the competition of steric and electrostatic interactions. No evidence for C–H••••F
type hydrogen bonding is found in liquid methylene fluoride. ©1999 American Institute of
Physics.@S0021-9606~99!51506-7#
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I. INTRODUCTION

Chlorofluorocarbon compounds, such as CHClF2 or
CCl2F2 has been widely used as refrigerants in the past
cades. However, due to their ability of forming chlorine ra
cals, these molecules have a destructive effect on the st
spheric ozone layer, and therefore their industrial use h
been limited by the Montreal Protocol of 1987. Due to th
thermodynamic properties hydrofluorocarbons are poss
environmentally friendly alternatives of chlorofluorocarb
refrigerants, and thus there is a rapidly increasing interes
modeling the thermodynamics of such compounds in de
For this purpose, numerous potential models have been
veloped and used in computer simulations.1–7

Besides their thermodynamic properties the liquid str
ture of these compounds is also very important from a th
retical point of view. The ability of the CH group of partic
pating in hydrogen bonds have been intensively studied
various systems.8–12 Due to their small molecular size an
the large electronegativity of the F atom, hydroflu
romethanes are very good candidates for studying the
sible formation of such C–H••••F hydrogen bonds. More
over, the CH2F2 molecule has the same C2v symmetry as
water, and thus its molecular geometry can even enable
thylene fluoride to form extensive tetrahedral water-like n
work. However, besides this possible ability of formin
weak hydrogen bonds, there are other factors which can
play important role in determining the molecular structure
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liquid CH2F2. The experimental gas-phase dipole moment
the CH2F2 molecule~1.98D, see Appendix D of Ref. 13! is
unusually large, and thus strong dipole–dipole interactio
can also be expected in the liquid phase. Steric interact
can also be very important in forming the liquid structur
since this interaction has been found to be the most imp
tant factor in determining the structure of various dipo
liquids.14 Beyond its theoretical importance, the competiti
of these three interactions in forming the liquid structure c
also be reflected in the thermodynamic behavior of meth
ene fluoride, and thus the understanding of the liquid str
ture can also be a great help in the investigation of suita
substitutes of chlorofluorocarbon compounds.

The aim of the present study is to analyze the interm
lecular structure of liquid methylene fluoride in detail wi
computer simulation and investigate the possible struc
determining role of the various~i.e., C–H••••F type hydro-
gen bonding, dipolar, and steric! interactions. For this pur-
pose, an existing potential model7 of liquid CH2F2 has been
modified in order to get a better reproduction of structura15

and thermodynamic16 properties of the liquid. The structur
obtained from the simulation has then been analyzed in te
of pair correlation functions, orientational correlation a
spatial distribution of the molecules. The obtained results
compared to that of other liquids of the C2v symmetry group,
such as water, a liquid where the structure is mainly de
mined by the hydrogen bonding interactions,17 H2S, in which
steric interactions are by far the most important ones,18 and
methylene chloride where the competition of dipolar a
steric interactions determines the liquid structure.19

n

1 © 1999 American Institute of Physics
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This paper is organized as follows. In Sec. II the appl
potential model is described, in Sec. III details of the Mon
Carlo simulations are given, whereas in Secs. IV and V
obtained thermodynamical and structural results are
cussed in detail. Finally, in Sec. VI some conclusions
drawn.

II. POTENTIAL MODEL

Despite its importance both from theoretical and ind
trial point of view, liquid methylene fluoride attracted rel
tively little interest until recently. To our knowledge, neith
computer simulations nor diffraction experiments have b
performed on this liquid before the mid-nineties. Howev
in 1997 development of two different effective pair pote
tials were reported.6,7 The Higashi-Takada~HT! model6 is
rigid, the intermolecular interactions are described by C
lombic and Lennard-Jones interactions between the ato
sites. The molecular geometry and the fractional char
used in this model have been determined byab initio calcu-
lations and the Lennard-Jones parameters have been fitt
the experimental vapor-liquid equilibrium properties. Ho
ever, the results obtained with this model in the liquid st
~e.g., internal energy, density, pair correlation functions, e!
have not been compared with experimental data. The Pot
Tildesley–Burgess–Rogers~PTBR! model7 describes the in-
termolecular interactions in a similar way, but, contrary
the HT model, the Lorentz–Berthelot combining rules of t
Lennard-Jones parameters have not been applied here fo
H–F atom pairs. The PTBR model is semiflexible: it us
rigid bond lengths and flexible harmonic bond angles. T
model can reproduce experimental thermodynamic pro
ties reasonably well. However, the total neutron diffracti
pair correlation function obtained with this model deviat
from the experimental curve15 in some points. Among thes
deviations, the most important one is that the PTBR mo
predicts the position of the first~negative! peak at about 0.2
Å smaller r values than the experimental finding. Since th
peak can be associated with the nearest H–F pairs, its a
rate description is essential for a reliable modeling of
short range intermolecular structure of the liquid. Therefo
we have modified the PTBR model slightly by applying t
Lorentz–Berthelot combining rule also for the H–
Lennard-Jones interactions in order to correct this deviat
We have further simplified the model by using rigid mo
ecules, setting the bond angles equal to their equilibri
values in the PTBR model. Thus the C–H and C–F bo
lengths and theH–C–H and F–C–Fbond angles have bee
set to 1.09, 1.36 Å, 113.61°, and 108.63° in this model,
spectively. Finally, the fractional charges have been sligh
modified in order to get a better reproduction of the inter
energy and density of the liquid at 153 and 221.5 K at atm
spheric pressure. The used fractional charges and Lenn
Jones parameters are summarized in Table I.

The dimer potential energy surface of this model has t
distinct minima. The geometries corresponding to th
minima are shown in Fig. 1. The global minimum of th
energy surface is25.952 kJ/mol, corresponding to the dim
geometry labeled A in Fig. 1. In this arrangement, the m
ecules have three H–F atom pairs in close contact, sepa
Downloaded 22 May 2001 to 146.203.3.96. Redistribution subject to AI
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by 2.6 Å each, and thus it is favorable for the charge–cha
interactions. The angle between the dipole moment of
two molecules is 106°, indicating that quadrupolar forces c
play a more important role in the determination of this dim
arrangement than dipole–dipole interaction. The geome
labeled B corresponds to a local minimum of25.124 kJ/mol
of the dimer potential energy surface. This arrangeme
where the two dipole vectors are in antiparallel alignment
very similar to the usual minimum energy configuration
dimers of aprotic dipolar molecules, such as acetone, ac
nitrile, pyridine, etc.14 In this dimer, there are four H–F con
tacts at 2.7 Å, involving H atoms which are bifurcated b
tween the two F atoms of the other molecule. Although b
dimers have several H–F contacts, the correspond
C–H••••F angles are rather far from being linear, they a
about 112° in dimer A and 120° in dimer B. Since the
geometries are rather far from the typical linear hydrog
bonding angles, it can be concluded that the energy m
mum arrangements of the methylene fluoride dimer con
no or only very distorted C–H••••F hydrogen bonds.

III. COMPUTER SIMULATIONS

Two Monte Carlo simulations have been performed
the isothermal-isobaric ensemble with 512 CH2F2 molecules
at 105 Pa. The simulation temperatures were 153 and 22
K, the latter being the boiling temperature at this pressu
Cubic simulation box and standard periodic boundary con
tions have been used. The long-range part of the electros
interactions has been taken into account by the reaction
correction method,20,21and thus the interaction energy of tw
particles have been evaluated through the formula

FIG. 1. Configurations of the CH2F2 dimer corresponding to minima of the
dimer potential energy surface of the present model. A: global minim
configuration with interaction energy of25.95 kJ/mol. B: configuration
corresponding to a local minimum with interaction energy of25.12 kJ/mol.

TABLE I. Fractional charges and Lennard-Jones parameters of the
potential model.

q/e s/Å e/K

C 10.300 3.150 54.6
H 10.075 2.170 10.0
F 20.225 2.975 40.0
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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TABLE II. Thermodynamic properties of liquid methylene fluoride as obtained from simulations with diffe
potential models.

U/kJ mol21 ULJ /kJ mol21 UC /kJ mol21 r/g cm23 Cp /J mol21 K21

Present model 221.3260.12 211.3960.10 29.9360.10 1.40760.011 76.58
PTBR 153.0 K 220.0360.16 212.1760.09 211.0960.09 1.55260.010 84.77
HT 223.0760.13 213.9860.10 29.0960.07 1.39160.008 72.18

Experiment 222.03a 1.403b 81.82a

Present model 217.4060.20 29.2760.12 28.1360.10 1.19960.014 76.69
PTBR 221.5 K 214.8760.24 210.1560.13 29.3460.12 1.33260.013 95.23
HT 219.2060.19 211.6760.13 27.5460.10 1.21360.010 62.50

Experiment 18.03a 1.215c 82.57a

aObtained from the Tillner–Roth–Yokozeki equation of state~see Ref. 16!.
bReference 7.
cReference 23, value obtained with extrapolation.
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D 6G , ~1!

if the distance of theirC atoms were smaller thanRC

515 Å, and have been set to zero otherwise. In this eq
tion, indicesa and b run through the five atomic sites o
moleculei and j, respectively,r ia, j b is the distance of sitea
on moleculei and siteb on moleculej, P0 is the vacuum
permittivity, PRF is the dielectric constant of the continuu
beyond the interaction truncation distance ofRC ~in this
study its value has been set to infinity!, qa and qb are the
fractional charges on sitesa andb, respectively, andeab and
sab are the Lennard-Jones interaction parameters, wh
have been obtained fromea andeb and fromsa andsb by
the Lorentz–Berthelot combining rules@i.e., eab5(eaeb)1/2

and sab5(sa1sb)/2#. The energy of the Lennard-Jone
interaction of particles beyondRC have been estimated b
assuming that all of the partial pair correlation functions
equal to unity in this region.22

In the simulations, every 512 particle displacement s
have been followed by a volume change step. Systems h
been equilibrated by 5 million particle displacement ste
Thermodynamic properties and pair correlation functio
have been averaged over 20000 equilibrium configuratio
separated by 512 particle displacement steps each. In the
K simulation, 100 equilibrium configurations, separated
256 000 particle displacement steps each, have been s
for detailed structural analysis. For comparisons, simulati
with the HT and PTBR models have also been perform
under the same conditions.

IV. THERMODYNAMIC RESULTS

A. Liquid properties

The most important thermodynamic properties of liqu
CH2F2 at 153 and 221.5 K are summarized in Table II
obtained from the present simulations. For comparisons
sults obtained with the PTBR and HT models as well
experimental data are also shown. As is apparent, the P
model underestimates the magnitude of theU potential en-
ay 2001 to 146.203.3.96. Redistribution subject to AI
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ergy by about 9% and 17% at 153 and 221.5 K, respectiv
Moreover, it overestimates the density of the liquid at bo
temperatures by 10%. The results obtained with the
model are considerably better, this model can reproduce
liquid density very well, within 1%, whereas it results
about 5%–6% lower potential energy than the experime
data at both temperatures. The best agreement with t
experimental data is obtained with the present model, wh
can reproduce the potential energy and the density of
liquid within 3.5% and about 1%, respectively, at both te
peratures. TheCp heat capacity of the system has also be
calculated from the different simulations and compared w
experimental data in Table II. The kinetic part of the he
capacity have been estimated as 3/R, whereas its configura
tional part have been calculated from the fluctuation of
enthalpy,22 and thus it could be determined with conside
ably lower accuracy than the energy or the density. At 153
the best result is obtained with the PTBR model, which
produced the experimental value within 4%. However,
221.5 K it deviates from the experimental data by abo
15%. The present model reproduces the experimental v
within 6–7 % at both temperatures, whereas in reproduc
the heat capacity of the system the HT model proved to
the least accurate among the three models tested here.

In order to investigate the relative importance of t
Coulombic and dispersion interactions in the energetics
liquid CH2F2, we have also calculated the separate contri
tions of the Lennard-Jones and Coulombic terms (ULJ and
UC, respectively! to the total potential energy of the system
These values are also included in Table II. Although suc
separation of the different energy terms is rather arbitrary
the case of an effective potential model, the fact that
Coulombic and Lennard-Jones terms are of similar mag
tude at both temperatures with all the three different poten
models indicates that the energetics of liquid CH2F2 is not
dominated simply by one kind of interaction.

For investigating the possible presence of hydrog
bonds, we have determined the distribution of theUi j pair
interaction energies. The distributions obtained at 153
221.5 K are shown in Fig. 2. Both curves have a well-defin
shoulder at25 kJ/mol, on the attractive side of the ma
trivial peak of the noninteracting molecular pairs. The pre
ence of this shoulder is a clear sign of the association of
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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molecules. This association can be weak C–H••••F type hy-
drogen bonding, association involving more than one H
contacts~e.g., dimer A of Fig. 1!, or simply dipolar associa
tion, such as dimer B of Fig. 1 or any kind of head-to-t
type arrangement. Similar shoulder appears on theP(Ui j )
distribution of liquid formic acid as a result of the C–H••••O
type hydrogen bonds11 and on that of liquid acetone24 and
acetonitrile25 due to the dipolar association of the molecule
However, the integration of the obtained shoulder up to22.5
kJ/mol reveals that the molecules have about six stron
associated neighbors at both temperatures. This value is
siderably larger than the largest possible number of hydro
bonded neighbors, which suggests that C–H••••F type hy-
drogen bonding cannot be the dominant form of the mole
lar association in liquid methylene fluoride.

B. Vapor-liquid equilibrium

The vapor-liquid equilibrium properties of liquid meth
ylene fluoride have been investigated using the Gibbs
semble Monte Carlo method26 with cavity-biased particle
insertion.27 In these simulations, the temperature and
overall density of the two systems have been fixed~i.e., the
sum of the two cell’s volume and the sum of the number
particles in the two cells remained constant during the sim
lation!. Simulations have been performed at seven differ
temperatures, namely at 175, 200, 225, 250, 275, 300,
325 K. The two cubic simulation boxes have contained 5
molecules altogether. Molecule transfers have been
tempted after every pair of displacement steps, and volu
exchange steps have been performed after every 500
placement attempt pairs. Particle insertions have been
into cavities of radius fluctuating around 3 Å, with the e
ception of the 325 K run. In the 325 K simulation, there w
no need for cavity biasing because of the relatively low d
sity of the liquid phase at this temperature. The maxim
translation and rotation of a particle in the displacement st
have been 0.3 Å and 15°, respectively, and the maxim
change of the box volume in one step has been 400 Å.3 In the
equilibration phase of the simulations 5 million, in the pr
duction phase 10 million pairs of particle displacement st
have been performed.

The obtained coexisting densities of the liquid and va
phase are shown in Fig. 3 as a function of the temperat

FIG. 2. Distribution of theUi j pair interaction energy of the methylen
fluoride molecules at two different temperatures as obtained from sim
tions with the present potential model.
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For comparison, the phase diagram obtained with
Tillner–Roth–Yokozeki equation of state16 is also plotted
here. The obtained agreement with the equation of s
curve is rather satisfactory, it is generally somewhat be
than that of the original PTBR model~see Fig. 2 of Ref. 7!.
The present model reproduces very well the experime
curve at temperatures below 275 K, whereas the PT
model works somewhat better around 300 K for the liqu
phase. However, as far as the vapor density is concerned
two models work with about the same level of accura
resulting in increasing deviation from the experimental cu
with increasing temperature.

Obviously, it cannot be expected that an effective pa
wise additive potential model reproduces accurately the
existing liquid and vapor phase densities over a broad t
perature range. The parameters of the present model
been optimized to the thermodynamic properties~including
the density! of liquid methylene fluoride at 153 and 221.5 K
and thus it is not surprising that it can reproduce this par
the phase diagram with the best accuracy. However, in s
of the increasing deviation form the experimental curve
the high temperature region, the present model reprodu
the experimental critical point (Tc

exp5351.3 K, rc
exp

50.424 g/cm3) rather accurately. The critical temperatu
and density of the model (Tc

model5333 K, rc
model

50.427 g/cm3), estimated by fitting a fourth-order polyno
mial to the simulated points above 250 K, agree with t
experimental data within 5% and within 1%, respective
which is considerably better than what has been obtai
with the PTBR model.7 This surprisingly good reproduction
of the critical point by the present model is a conseque
that ~i! the model can reproduce the curvature of the exp
mental phase diagram, even if the actual density values
deviating from it at high temperature, and~ii ! the deviation
of the simulated liquid and vapor densities from the expe
mental curve in this region are roughly equal.

a-

FIG. 3. Vapor-liquid equilibrium densities of liquid methylene fluoride as
function of the temperature. The solid curve is obtained from the Tillne
Roth–Yokozeki equation of state~see Ref. 16!, the asterisk is the experi
mental critical point, dots are the results of the cavity biased Gibbs ense
Monte Carlo simulations with the present model, and the triangle is
estimated critical point of the model.
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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V. STRUCTURAL RESULTS

A. Pair correlation functions

Besides the thermodynamic results the present pote
model should also be tested against experimental struc
data of liquid CH2F2. To our knowledge, only one diffraction
experiment has been performed on this liquid so fa15

namely, a neutron diffraction measurement at 153 K o
sample containing light hydrogen atoms. The obtainedG(r )
total pair correlation function can directly be compared w
simulation results asG(r ) is a linear combination of the six
gi j (r ) partial pair correlation functions with the weights

wi j 5
~22d i j !xixjbibj

~( i 51
3 xibi !

2 . ~2!

Herexi is the mole fraction of atom typei in the sample~i.e.,
xC50.2 andxH5xF50.4), d i j is the Kronecker delta func
tion andbi is the coherent neutron scattering amplitude
the i type nucleus. TheG(r ) function obtained from the 153
K simulation is compared with the experimental data in F
4. The total pair correlation functions obtained from t
simulations with the HT and the original PTBR model a
also shown here. It is evident that the present modificatio
the PTBR model improved the reproduction of the expe
mental structural data considerably. The approximately 0.
difference in the position of the first minimum between t
experimental data and the PTBR results is now correc
This minimum is of a great structural importance, since
comes from the close-contact H–F pairs, and thus it cont
information on nearest neighbor arrangement and on the
sible presence of hydrogen bonds in the system. The
provement of the position of this minimum is a direct co
sequence of the application of the Lorentz–Berthelot r
also for the H–F pairs. The overall reproduction of the e
perimentalG(r ) function with the present model is fairl
good, the only feature which is not reproduced well is t
shoulder of the main peak at about 3.5 Å. However, even
this region, the model shows considerable improvement o
the PTBR model as the position of the first shoulder is n
correctly reproduced and the amplitude of the obtained p

FIG. 4. Comparison of the experimental total neutron diffraction pair c
relation function of liquid CH2F2 with that obtained from simulations with
different potential models at 153 K.
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at this position is also reduced. The obtainedG(r ) does not
differ considerably from that of the HT model. The goo
reproduction of the experimental neutron diffraction resu
and thermodynamic data supports the reliability of the f
lowing detailed structural analysis.

The obtained sixgi j (r ) partial pair correlation functions
are summarized in Fig. 5. The shape of the obtained fu
tions are rather similar to that of liquid methylene chloride
general~see Fig. 4. of Ref. 19!, indicating strong similarities
in the structure of the two liquids. However, there are a
some differences between the two structures, among w
the most important one is indicated by the first peak of
two gHX(r ) functions~being X the halogen atom!. Namely,
the first peak of the presentgHF(r ) function is much sharpe
and the following minimum is considerably deeper than t
of gHCl(r ) in liquid CH2Cl2. Moreover, the position of this
peak and minimum~being at 2.55 and 3.55 Å, respectively!
appear at about 0.5 Å lowerr values here than in liquid
methylene chloride, whereas the closest possible approac
the H and the halogen atom is about 2 Å in both liquids.
Although this sharp rise of the first peak ofgHF(r ) on the
low r side could be a sign of the presence of weak C–H••••F
type hydrogen bonds, the descending part of the pea
much less sharp, here the function drops from about 1.3
0.7 in a 1 Åwide interval in contrast to the lowr side rise
from 0 to 1.3 within 0.5 Å. Moreover, the integration of th
peak up the following minimum yields a H–F coordinatio
number of 4.4, which is definitely too large to be consiste
with a regular hydrogen bonding scheme.

-

FIG. 5. Partial pair correlation functions of liquid methylene fluoride
obtained from the present simulation~solid lines!. The contribution of the
first one, two, three, four and thirteen neighbors are also shown.
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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The position of the first peak of thegCF(r ) function, that
is also a sign of the same nearest neighbor interaction,
pears at 3.35 Å. This distance is about 0.3 Å smaller than
sum of the C–H bond length and the average close-con
H••••F distance@the first peak position ofgHF(r )#, indicating
that the C–H••••F angle of the close contact H–F pairs
considerably bent. The average value of this angle is e
mated to be about 130° by the cosine rule.

The obtainedgHH(r ) function is rather similar to that o
liquid methylene chloride.19 Although the closest possibl
H–H contact is about 1.8 Å, the position of the first pe
appears only at 4.25 Å. This very slow rise of the first pe
of gHH(r ), similarly to the case of liquid CH2Cl2, indicates
the competition of the steric and electrostatic interactions
determining the liquid structure. Namely, the close contac
the small H atoms is preferable for the steric interactio
whereas it is clearly disfavorable to the electrostatic inter
tions due to the Coulombic repulsion. The shape of this p
suggests that nearest neighbors with both close H–H con
as well as with rather distant H atoms can be found in liq
methylene fluoride.

The gCC(r ) pair correlation function shows all the fea
tures of a closely packed system. Similarly to liquid argo
the ratio of the second and first peak position~being at 7.85
and 4.15 Å, respectively! is about 1.9, the ratio of the firs
minimum and first peak position~the former being at 5.85 Å!
is 1.4, and the coordination number of the first peak up to
following minimum is about 13. The integration ofgHH(r )
up to its first minimum andgCH(r ), gCF(r ), andgFF(r ) up to
their minimum following the splitted first peak yields simila
values, indicating 11, 14, 14, and 10.5 molecules in the fi
coordination shell, respectively.

In order to investigate the relative arrangement of
nearest neighbor molecules in more detail we have also
culated the contribution of the first 1, 2, 3, 4, and 13 nea
neighbors to the six partial pair correlation functions. The
contributions are also shown on Fig. 5. The distance of
neighbor molecules have been defined by their C–C
tance. As is apparent, the contribution of the neighbors
different distances are rather similar to each other, and
these neighbors, unlike in strongly hydrogen bonding liqu
~e.g., HF28!, are equivalent. With the exception ofgCC(r ), all
contributions have two distinct peaks, the positions of wh
change negligibly with the C–C separation of the neigh
molecules. The positions of these peaks agree also well
the positions of the first and second peak of the full par
pair correlation function for C–H, C–F, H–F, and F–F ato
pairs. The reason for this splitting is simply the fact tha
molecular pair gives more than one contribution to these
correlations. However, the picture is not so simple in
case of the H–H correlation, where this splitting of the ne
est neighbors contribution can also be a sign of the existe
of different nearest neighbor orientations. Here the nea
neighbors contribution has a peak around 3 Å, the region
the slow rise of the first peak ofgHH(r ). This peak is formed
by neighbors in close H–H contact. To demonstrate this,
have recalculated the contributions of the first nearest ne
bors togi j (r ), however, now the neighbors have been sor
according to the distance of their closest contact atom p
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instead of their C–C separation. The comparison of the
kind of nearest neighbor contributions are shown in Fig
for H–H and H–F correlations.~For the other four atom
pairs, the two kind of contributions do not differ conside
ably.! Now the first peak of the H–H contribution becom
much sharper and appears at about 1 Å lower r values than
for the nearest C–C distance defined neighbors. Clearly
peak at 2.2 Å is coming from the molecular pairs with clo
H–H contact. Since no such peak appears on the contribu
of the next~i.e., second, third, etc.! closest contact-defined
neighbors, the relative importance of this kind of H–H co
tact neighbors is relatively small—a molecule has less t
one such neighbor in average. The presence of this kin
close H–H contact neighbors have also been found in liq
methylene chloride,19 even to a larger extent than here.

When comparing the contributions of the nearest nei
bors defined by their close contact and by their C–C dista
to gHF(r ), again a much sharper first peak is found for t
close contact pairs. This sharp peak comes from the c
H–F contact molecular pairs, whereas the second peak
gion of the function, covering partly ther range of the sec-
ond peak ofgHF(r ), is mainly resulting from the noncontac
ing H–F pairs of these molecules.

B. Spatial distribution of the neighbors

The distribution of the neighboring molecules in th
space around a central particle can be characterized by
cosine distribution of theu angle formed by two neighbor
around the central molecule. Theu angle is often referred a
‘‘bond angle,’’ although it is obviously not related to an
chemical bonding. TheP(cosu) distribution of liquid meth-
ylene fluoride is shown in Fig. 7 as resulted from the pres
simulation. In this analysis neighbors closer than 4.2 a
5.85 Å ~according to their C–C distance! have been taken
into account. These values correspond to the C–C coord
tion numbers of 4 and 13~i.e., the entire first coordination
shell!, respectively. The obtained distributions have th
main peak around 0.5 and a second peak at negative cu
values. This kind ofP(cosu) distribution is typical of close-
packed systems.19,29 The peak around 0.5~corresponding to
theu angle of 60°! clearly refers to close packed units of th
structure, in which the three neighboring particles form

FIG. 6. Contribution of the first nearest neighbors to the H–H and H–F p
correlation function. Solid line: neighbor distance is defined by their clos
contact atom pairs. Dashed line: neighbor distance is defined by their C
separation.
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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equilateral triangle. The secondary peak of the distributio
20.5, corresponding to theu value of about 120°, is also th
sign of this close-packed structure. The shift of the two pe
towards larger values with increasing number of neighb

FIG. 7. Cosine distribution of theu angle formed by two neighbor mol
ecules around the central molecule.
Downloaded 22 May 2001 to 146.203.3.96. Redistribution subject to AI
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taken into account refers simply to the fact that more dist
neighbors can be located in similar directions from the c
tral molecule than the closest ones~i.e., behind each other!.
The obtained distribution is markedly different from that
tetrahedrally packed systems, such as liquid water,30 in
which the main broad peak comes at about20.25, the cosine
value corresponding to the tetrahedral angle, and at 0.5
a small second peak appears due to the off-network m
ecules.

The preferential location of the neighbor molecul
around the central one has been investigated by projec
the position of the C atom of the neighbor molecules to
XY, XZ, andYZ planes of the central molecule-fixed coord
nate frame. In defining this local coordinate frame the
atom of the central molecule has been chosen as the or
the X axis corresponds to the main symmetry axis of t
molecule~being the F atoms on its positive side!, and theXY
and XZ planes are the planes formed by itsF–C–F and
H–C–H atoms, respectively. The projection densities of t
neighboring C atoms, which are closer to the origin than
Å ~this C–C distance corresponds to the coordination nu
ing

s of
ors

ext.
FIG. 8. Densities of the projections of the C atoms of the neighbor
molecules~a! to theXY, ~b! to theXZ, and~c! to theYZ plane of the local
coordinate frame defined by the central molecule. The projected position
the atoms of the central molecule are also shown for clarity. Neighb
being closer~according to their C–C separation! than 3.8 Å have been taken
into account. For the definition of the local coordinate frame, see the t
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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ber value of 1!, are shown in Fig. 8. For clarity, the projecte
position of the atoms of the central molecule are also sho
As is evident from theXY andXZ projections, the neighbo
molecules, such as in the case of the energy minimum dim
~see Fig. 1!, are located towards the face centers of the
rahedron of the central molecule. This preferential locat
of the neighbors is rather similar to that of other clos
packed liquids of tetrahedral molecules, such as CH2Cl2
~Ref. 19! and CCl4,

29 and is again in a clear contrast wit
liquid water,31 where neighbors are located in the directi
of the vertices~i.e., H atoms or lone pairs! instead of the face
centers of the tetrahedron of the central molecule. TheYZ
projection shows that neighbors prefer to locate above
below the central molecule in planes parallel to itsF–C–F
plane, and also in theH–C–Hplane of the central molecule
The former location would possibly involve antiparalle
whereas the latter head-to-tail type dipole–dipole arran
ment. This point is discussed further in the following sectio

As it has already seen from the analysis of theP(cosu)
distribution, the preferential location of the neighbors in t
direction of the face centers of the tetrahedron of the cen
molecule does not mean that the nearest neighbors are
rounding the central molecule tetrahedrally. In order to de
onstrate this, we have calculated the distribution of theSg

tetrahedral angular order parameter as defined by Chau
Hardwick:32

Sg5
3

32(
i 51

3

(
j 5 i 11

4 S cosc i j 1
1

3D 2

. ~3!

Here indicesi and j run through the four nearest neighbo
andc i j is the angle of the vectors pointing from the cent
particle towards thei th andj th neighbors~the position of the
molecules have again been represented here by the pos
of their C atoms!. The Sg order parameter is falling in the
range of 0<Sg<1, and its value is decreasing with increa
ing tetrahedrality of the arrangement of the four near
neighbor molecules.

The obtainedP(Sg) distribution is shown in Fig. 9. Fo
comparison, this distribution has also been calculated for
uid argon~using Lennard-Jones potential33! and for SPC34

water. These distributions are also plotted in Fig. 9. As
evident, the present distribution is rather similar to that
liquid argon, it is only slightly shifted towards smaller valu

FIG. 9. Distribution of theSg tetrahedral angular order parameter of the fo
nearest neighbors in liquid methylene fluoride~solid line!. For comparison,
its distribution in liquid argon~long dashes! and SPC water~short dashes!
are also shown.
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~i.e., more tetrahedral arrangements!. The mean value of the
P(Sg) distribution is resulted in 0.156 and 0.139 for liqu
Ar and CH2F2, respectively. By contrast, the distribution fo
SPC water shows clearly higher tetrahedricity than the ot
two liquids, with ^Sg&50.099.

C. Relative orientation of the nearest neighbor
molecules

1. Angular distributions

Similarly to the analysis of the nearest neighbor con
butions to the partial pair correlation functions, we have a
followed two different ways in the analysis of the prefere
tial relative orientation of the nearest neighbor molecules
they have been selected either by C–C or H–F separa
Thus Figs. 10~a! and 10~b! show the cosine distribution o
the dipole–dipole anglea and the angleb formed by the
F–C–Fplanes for molecular pairs of C–C separation sma
than 3.8, 4.2, and 5.85 Å~corresponding to the C–C coord
nation numbers of 1, 4, and 13, respectively!. It turns out that
the dipole moments of the nearest neighbors have a s
preference for antiparallel and a strong preference for pa
lel alignment. The former preference, which is consist
with the B-type energy minimum dimer arrangement~see
Fig. 1!, vanishes rapidly, and it is not present when the fi
four neighbors are taken into account. On the other hand,
preference of the parallel alignment is valid for a mu
longer distance range, it is extended to the entire first co
dination shell. Contrary to the dipole vectors, the relat
orientation of theF–C–Fplanes of the molecules are on
correlated for the nearest C–C neighbors. These neigh
prefer parallelF–C–F alignment, again in agreement wit

FIG. 10. ~a! Cosine distribution of the dipole–dipole anglea and~b! the b
angle formed by theF–C–Fplanes of the neighboring methylene fluorid
molecules. Neighbors closer than 3.8 Å~solid lines!, 4.2 Å ~dashed lines!
and 5.85 Å~dots! have been taken into account. Distances refer to C
separation. The used maximum C–C distances correspond to 1, 4 an
neighbors in average, respectively.
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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the B-type energy minimum dimer configuration. Taking t
four nearest neighbors into account already a consider
weaker preference can be found, whereas the distribu
obtained for all the first coordination shell molecules is
most completely uniform. The two distributions do not sho
any particular preference for the A-type~global! energy
minimum dimer arrangement. Such a preference would
volve a peak at about20.28 on theP(cosa) and at 0 on the
P(cosb) distribution, however, these features are complet
absent even on the distributions given by the closest ne
bors.

The obtained dipole–dipole cosine distributio
P(cosa) are rather unusual for aprotic dipolar liquids. Liq
uids belonging to this group usually prefer antiparallel ne
est neighbor dipole arrangement14,18,19,24,25,35~although in the
case of CH2Cl2 a slight parallel preference has also be
observed19!. The antiparallel dipole–dipole orientation us
ally characterizes neighbors arranged in parallel pla
above each other. Such an arrangement, which is typica
aprotic dipolar liquids,14,18,19,24,35is usually favored both by
steric and electrostatic interactions. On the other hand, a
neighbor dipole–dipole angles are usually preferred in
drogen bonded liquids of small molecules~e.g., water,20,36

methanol,37 or HF38!. Since these molecules can rotate free
around the hydrogen bonds, this arrangement usually d
not involve any preference for the plane–pla
arrangement.11 In a nonhydrogen bonding liquid, the prefe
ence for the parallel orientation of the neighbor dipole m
ments indicates head-to-tail type arrangement. Thus, the
served slight and short ranged preference for antipara
dipole–dipole and parallel plane–plane orientations can
respond to neighbors of orientation typical of aprotic dipo
liquids ~such as dimer B in Fig. 1!, whereas the strong pref
erence of parallel alignment of the neighboring dipoles in
cate either the presence of hydrogen bonding or simple h
to-tail nearest neighbor arrangement. The fact that
correlation extends to the entire first coordination shell of
neighbors in average, in agreement with our previous fi
ings, suggests the predominance of the latter orientation
orientational correlations due to hydrogen bonding are u
ally short ranged covering only the hydrogen bonded nei
bors themselves.20,28,30,36

In investigating the relative orientation of the close H–
contact neighbors, we have also calculated the cosine d
butions of their C–H••••F angleg and the angle of their
F–C–Fplanes. The results are shown in Fig. 11. Here
have taken into account neighbors having a H••••F contact
closer than 3.55 Å, the position of the first minimum of t
gHF(r ) partial pair correlation function. The two cosine di
tributions have then been recalculated with the combi
criterion of the H••••F contact being closer than 3.55 Å an
the corresponding C••••F distance smaller than 4.0 Å. How
ever, the latter criterion does not have considerable effec
the results obtained with and without this additional criteri
are almost equivalent. The obtained cosine distribution of
C–H••••F angles is remarkably different from the simil
distribution of hydrogen bonded liquids. The preferential
rangement of the hydrogen bond is always linear, even
weak hydrogen bonds like in the case of supercritical wat39
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or the C–H••••O type hydrogen bonds present in liquid fo
mic acid,11 when only the strength of this preference b
comes weaker than for strong hydrogen bonds. However,
present distribution has its peak at about20.5, correspond-
ing to a C–H••••F angle of 120 °, which agrees well with th
value of 130 ° estimated from the positions of the first pe
of gHF(r ) andgCF(r ) ~see Sec. V A!. Since in this analysis
every C–H••••F angle corresponding to close contact H–
pairs have been taken into account, a pair of molecules co
have contributed to the distribution with more than one an
~i.e., two molecules may have more than one close con
H–F pairs!. In order to demonstrate that the observed beh
ior of the P(cosg) distribution is not simply a feature intro
duced by these multiple contributions of some molecu
pairs, we have recalculated the present distribution tak
only the nearest H–F pairs into account for neighbors
multiple H–F contact. However, as shown in Fig. 11, t
obtained distribution is rather similar to that of every clo
contact H–F pairs, its maximum being at almost the sa
position. It means that the observed preference of
C–H••••F angle for being about 120° is rather general, it
followed by the closest contact H–F pairs as well as by m
distant ones belonging still to the first peak region ofgHF(r ).
The observed behavior of the obtainedP(cosg) distributions
excludes extensive C–H••••F type hydrogen bonding
whereas it is consistent with the presence of neighbors h
ing more than one close H–F contacts, such as in any kin
head-to-tail type arrangements, which appears to be
dominant structural element of liquid methylene fluoride.
is also evident from Fig. 11. that the alignment of theF–C–F
planes of these close H–F contact molecular pairs do
prefer any particular angle, the corresponding cosine dis
bution is uniform, indicating that these close H–F conta
head-to-tail type neighbours can freely rotate around th
dipolar axes.

FIG. 11. Cosine distribution of angles characterizing the relative orienta
of close H–F contact molecular pairs. H–F pairs closer than 3.55 Å
regarded to be close contact. Solid line: C–H••••F angle, taking every close
H–F contact into account. Dots: C–H••••F angle, taking only the closes
H–F pair into account for molecular pairs having more than one close H
contact. Dashed line: angle formed by the twoF–C–Fplanes.
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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2. Spherical harmonic coefficient analysis

The orientational correlation of the molecules can fu
be characterized by theg(r ,v1 ,v2 ,v) orientational pair cor-
relation function, wherev i5(f i ,q i ,x i) are the Euler angles
describing the orientation of thei th molecule (i 51 or 2!,
andv5(q,f) are the angular polar coordinates of the ce
ter of the second molecule in a space-fixed coordinate fra
in which the center of the first molecule defines the orig
Fixing the z axis of this frame along the vector joining th
two molecular centersv can be eliminated. In this coordinat
frame the orientational pair correlation function can be
panded in a series as13,40

g~r ,v1 ,v2!5 (
l 1l 2l

(
n1n2

gl 1l 2l ,n1n2
~r !F l 1l 2l ,n1n2

~v1 ,v2!,

~4!

where the ranges of the indices are restricted tol 1>0, l 2

>0 and l 11 l 2> l>u l 12 l 2u, the gl 1l 2l ,n1n2
(r ) functions are

the coefficients of the expansion, and the orientation dep
dentF l 1l 2l ,n1n2

(v1 ,v2) function have the form

F l 1l 2l ,n1n2
~v1 ,v2!5 (

m52min~ l 1 ,l 2!

min~ l 1 ,l 2!

C~ l 1l 2l ,mmI 0!

3Dmn1

l 1 * ~v1!DmI n2

l 2 * ~v2!. ~5!

Here C( l 1l 2l ,mmI 0) are the Clebsch–Gordan coefficien
Dmn

l (v) is the generalized spherical harmonic of ord
mnl,13 mI 52m and asterisks denote complex conjugate
should be noted thatg(r ,v1 ,v2) is strictly a function of
only six independent variables, since instead off1 and f2

only Df5f22f1 is independent. Using the sum rules
the Clebsch–Gordan coefficients and the orthogonality pr
erties of theDmn

l (v) spherical harmonics13 Eq. ~4! can be
inverted and the coefficients of the expansion can be
tained as

gl 1l 2l ,n1n2
~r !5~2l 111!~2l 211!gcc~r !

3^F l 1l 2l ,n1n2
* ~v1 ,v2!& r . ~6!

Heregcc(r ) is the center–center pair correlation function a
the bracketŝ¯& r denote ensemble averaging over the o
entation of all molecular pairs separated by the center-ce
distance ofr. It should be noted that Eq.~6! differs from the
formula of Gray and Gubbins13 by a factor of @(2l
11)/4p#1/2, and thusg000,00(r )5gcc(r ) here. The explicit
form of several leading terms of this expansion are giv
elsewhere.28,36

Some of the obtainedgl 1l 2l ,n1n2
(r ) coefficients of this

spherical harmonic expansion ofg(r ,v1 ,v2) are summa-
rized in Fig. 12 as obtained from the present simulation. T
g000,00(r ) function is identical with the center of mass-cen
of mass pair correlation function and thus it is rather sim
to gCC(r ). Indeed, the position of all the minima an
maxima of g000,00(r ) agrees within 0.2 Å with that of
gCC(r ), and the integration of the first peak ofg000,00(r ) up
to the first minimum gives also a coordination number of 1
The analysis of the higher order coefficients, which repres
real orientational correlation, can confirm our above findin
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on the preferential orientation of the molecules. The shap
the obtained coefficients is rather similar to that of liqu
CH2Cl2 ~see Fig. 9. of Ref. 19!, indicating that the orienta-
tional correlation of the molecules are rather similar in t
two liquids. The main negative peak ofg110,00(r ) below 4 Å
is a clear indication of the preferential head-to-tail arran
ment of the neighbours of this distance, since this coeffici
is proportional to2^cosa&r beinga the dipole–dipole angle
of the two molecules.

Information on the strength of the orientational corre
tion of the molecules can be obtained from the amplitude
the peaks and minima of thegl 1l 2l ,n1n2

(r ) coefficients. When
comparing these amplitudes with those in liquid H2S,18

CH2Cl2,
19 and water,36 i.e., a weakly dipolar, a strongly di

polar and a hydrogen bonding representative of the C2v sym-
metry group, it turns out that the short-range orientatio
order in liquid CH2F2 is about as strong as in liquid wate
and considerably stronger than in CH2Cl2.

41 The obtained
gl 1l 2l ,n1n2

(r ) coefficients show noticeable oscillations up
10 Å, indicating that the orientational correlation of the mo
ecules is extended up to the end of the second coordina

FIG. 12. Several coefficients of the spherical harmonic expansion@Eq. ~4!#
of the orientational pair correlation function of liquid methylene fluoride
obtained from the present simulation.
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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shell, and thus it involves about 60 neighbors. This relativ
long range of the existence of orientational correlatio
which has also been observed in liquid methylene chlorid19

is in a clear contrast with strongly hydrogen bonded liqui
where orientational correlation is usually extended only
the few hydrogen bonded neighbors and vanishes bey
them.28,30,36This fact underlines again that the relative o
entation of the neighboring molecules in liquid methyle
fluoride is determined mainly by dipole–dipole and not
hydrogen bonding interactions.

VI. CONCLUSIONS

In this work, the structure of liquid methylene fluorid
has been analyzed in detail on the basis of Monte C
simulation results. For this purpose, we have modified
Potter–Tildesley–Burgess–Rogers potential model. The
model is able to reproduce the important thermodynamic
rameters~internal energy, density, heat capacity!, the vapor-
liquid equilibrium, and the experimental structure of the s
tem with considerably better accuracy than the previ
models. As is usual in computer simulation studies, this g
reproduction of a set of different physical properties can g
one some confidence in the results of the following deta
analysis. Obviously, the model could also have been te
against several other physical properties~e.g., diffusion co-
efficient, dielectric constant, free energy, etc.!. A possible
good reproduction of these quantities would give further s
port of the reliability of this model. Work in this direction i
currently in progress.

It has turned out from the analysis of the nearest nei
bor structure that although nearest neighbors are loc
preferentially towards the face centers of the tetrahedron
the central molecule, there is no particular tetrahedral ord
ing present in liquid methylene fluoride. The molecules fo
closely packed structure, such as in simple liquids like arg

It has been found that the most preferred alignmen
the nearest neighbors is a head-to-tail type arrangement.
preferential orientation is clearly a consequence of entro
effects, since this arrangement does not correspond to
local minimum on the dimer potential energy surface of
potential model. On the other hand, no preference has b
found in the liquid phase for the dimer structure correspo
ing to the global minimum of this surface. Slight preferen
has been observed for the other minimum energy dimer
rangement, in which theF–C–Fplanes of the molecules ar
parallel and their dipole vectors form an angle of 180°. Sim
lar orientational preferences have been found in liq
CH2Cl2,

19 however, there the relative importance of t
head-to-tail type arrangements were found to be consider
smaller, whereas that of the antiparallel dipole–dipole ori
tation fare greater than here. Similarly to liquid methyle
chloride, close H–H contact neighbors have also been
served here, although in a much smaller extent. This kind
arrangement is clearly preferred by steric and disfavored
electrostatic interactions, and thus the relative importanc
such neighbors is larger when the size of the halogen at
is larger and the dipole moment of the molecules is sma

In analyzing the nearest neighbor structure no evide
has been found for C–H••••F type hydrogen bonding be
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tween the molecules. Obviously, it is hard to distinguish b
tween head-to-tail type nearest neighbor arrangements
close H–F contacts and weak hydrogen bonds with disto
geometry on the basis of a classical simulation. Howev
several observations, such as the large coordination num
of the first peak ofgHF(r ); the position of this peak being
only at 2.55 Å@by contrast, in liquid HF the position of the
hydrogen bonding peak ofgHF(r ) appears at about 1.5
Å28,38#; the most probable C–H••••F angle of close contac
H–F pairs being about 120 ° rather than linear; and the
that the range of the existing orientational correlation of
molecules is rather large extending even to the second c
dination shell suggest that strong dipole–dipole rather t
exceptionally weak hydrogen bonding interactions are do
nating in liquid methylene fluoride.
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