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The new refrigerant R152a (CH,—CHF,) is modelled as a fluid of homo-
nuclear two-centre Lennard-Jones molecules with a point dipole along the axis.
This 2CLJD potential has four parameters which were determined by using
results of previous and new molecular dynamics simulations for 2CLJD mol-
ecules of elongation L* = 0-505 and different reduced dipole moments u*. For
each of these dipole moments zero pressure liquid densities at two temperatures
were taken to determine the Lennard-Jones parameters ¢ and ¢ from a fit to
experimental saturated liquid densities. A subsequent comparison of calculated
second virial coefficients with experimental values led to the conclusion that
p*? = 8 in combination with ¢/k = 119-0K and o = 3.845A is a reasonable
choice. Further simulations with those parameters, all performed with vecto-
rized codes on a CYBER 205, gave reasonable predictions of the thermodyna-
mic properties. As the reduced dipole moment p*? = 8 corresponds to 2-73D
compared to the experimental value of 227 D, the effect of rotating the dipole
vector out of the molecular axis was also investigated. It is found that for a
dipole vector forming some angle with the molecular axis a smaller value of the
dipole moment is required to produce similar thermodynamic properties as for
the case when the dipole is along the axis. Spherical harmonic expansion coeffi-
cients g,,.,, of the pair correlation function are given for the model with and
without the dipole and also for three different orientations of the dipole vector
with respect to the molecular axis.

1. Introduction

For over 20 years it has been conjectured that some of the halocarbons which
are used extensively as spray driving and foam blowing gases, as solvents and as
refrigerants, may rise into the upper atmosphere without being decomposed. These
conjectures gained substance when it was realized some years ago that there is a
depletion of the ozone layer that could be attributed to the chlorine contained in
fully halogenated chlorofluorocarbons. Possible substitutes for the common refriger-
ants could be halocarbons which contain as little chlorine as possible but some
hydrogen atoms which facilitate their decomposition. Candidates of interest are
R152a (CH;—CHF,), R142b (CH,-CCIF,) and R134a (CH,F-CF,) which are all
derivatives of ethane with strong dipole moments.

Presently, most experimental data seems to be available for R152a from mea-
surements performed in Japan [1-5], in the Soviet Union [6], in France [7], and
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recently also in Germany [8]. Unfortunately the original data for the correlation of
Mears [9] which were deposited at the American Documentation Institute seem to
be not easily available at present.

Motivated by this environmental challenge we thought it interesting to perform
statistical mechanical studies for these new refrigerants with the main emphasis on
obtaining an understanding of their thermodynamic behaviour. Because of the
favourable experimental situation we decided to start with R152a.

The main problem with such a study is the choice of the model potential and of
the potential parameters. A sophisticated potential will be able to fit thermodynamic
data over a large range of the phase diagram, but it is also clear that the search for
the potential parameters becomes a very difficult task when their number is
increased. In addition there is still the technical problem that with increasing com-
plexity of the potential model the computer time required for simulations also
increases. In this work we decided to choose a simple model that includes the
nonspherical shape and the dipole moment of the CH;—CHF, molecule. The sim-
plest conceivable model then is a homonuclear two-centre Lennard-Jones potential
with a dipole along the molecular axis (2CLJD).

The question still remains as to how the potential parameters are to be deter-
mined. In previous work [10-13] potential parameters for n-centre Lennard-Jones
(nCLJ) molecules were determined by fitting the saturation curve obtained from
perturbation theory to the experimental data. Recently, it was shown using com-
puter simulations that with the parameters determined in this way, thermodynamic
properties at other state points can be predicted nearly within experimental accu-
racy for methane [14], ethane [15-17], oxygen [17] and ethylene [17]. After a slight
change in the size parameter the predictions for propane were also excellent [18].
Unfortunately, this method can not be applied for the 2CLID-model as we have not
yet succeeded in extending perturbation theory to polar molecules [19]. Hence, in
the present study we fixed the molecular elongation from the very beginning and
determined the other parameters by using the method of zero-pressure-liquid-den-
sities [20] which was supplemented by fits to the second virial coefficient. Details of
this procedure are described in § 2.

Once the potential parameters are determined, simulations are performed for a
variety of state points and the resulting thermodynamic properties are compared
with available experimental data in §3. In §4 the changes in the structural and
thermodynamic properties caused by switching on the dipole along the axis are
considered.

For CH,;—CHF, molecule we know that the dipole vector should not be parallel
to the molecular axis. In § 5 we investigate the effect of rotating the dipole vector out
of this axis. Second virial coefficients, thermodynamic properties of the dense fluid
as well as some structural information are presented.

Section 6 contains our conclusions.

2. Determination of the 2CLJD potential parameters

The potential used in the first part of the present studies is a homonuclear
two-centre Lennard-Jones potential plus a point dipole located in the centre of the
molecule with the dipole vector along the molecular axis. Such a model has four
parameters: the two Lennard-Jones site-site parameters ¢ and o, the distance !
between the Lennard-Jones (LJ) sites given most conveniently by the reduced
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Table 1. Raw simulation data used for the determination of the zero pressure densities at
two temperatures and different reduced dipole moments p* (all for 2CLJD with

L* = 0-505).
u*r  kT/e pa’ po/e
2 2155 0-466 0-13+
0-548 270t
0-629 9-49%
1-539 0-548 —0-17%
0-629 5-05%
4 2-155 0-466 —0-21%
0-548 2-20%
0629 872t
1-539 0-548 —0-67%
0-629 4-42%
8 2-155 0-466 —097%
0-466 —0941
0-505 —0-241
0515  —0:04
0-525 0-29%
0-548 1-09%
0-629 7-21%
1-539 0-548 —1-79%
0590  —0-10
0-592 0-05%
0-600 0-58%
0-629 2:-77%

+ From [21] (500 particles, 2000 equilibration and 10000 production time steps).
1 Results from this work (256 particles, 2000 equilibration and 5000 production time
steps).

quantity L* =l/g and finally the dipole moment p given in reduced units as
u* = pf(ea®)’2.

We decided to fix the elongation L* at 0-505 from the very beginning. One
reason for that choice was that simulation results were available for 2CLJD mol-
ecules of that elongation at 28 state points with 5 different values of y* at each state
point [21]. More important, however, are some physical arguments. Previously, for
ethane the 2CLJ parameters ¢ = 3-5A and L* = 0-67 [10] and for propane the
3CLJ parameters o = 3-54 A and L* = 0-61 [12] were found. It is thought that the
large elongation for ethane accounts in some sense for the quadrupole which was
not considered explicitly in the model. Now, if we assume for CH;—CHF, the LJ
sites are at the same distance as in propane but consider the molecule as a whole to
be bigger than two methyl groups, then an elongation of about 0-5 seems to be a
reasonable choice for a simple model.

Once L* was fixed, the other three parameters were determined in the following
manner. For some values of the reduced dipole moment u* the reduced zero-
pressure-densities py6> of the liquid were determined by molecular dynamics simu-
lations at two reduced temperatures kT/e. Then, by following Singer et al. [20] and
using the experimentally known saturated liquid densities [3] as approximations for
the zero pressure densities one can determine for each value of y* a pair of &- and
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Table 2. Potential parameters ¢ and ¢ for 2CLJD (L* = 0-505)-fluids obtained by fitting the
zero pressure densities from simulations to the experimental saturated liquid densities
from simulations to the experimental saturated liquid densities of R152a [3] for three
different values of the reduced dipole moment u*. The table also contains the corre-
sponding dipole moments u in Debye.

Parameter set u*?  (g/k)/K o/A u/D

PS1 2 1340 3-802 1-42
PS2 4 130-8 3-810 2:00
PS3 8 119-0 3-845 2-73

o-values. The choice of the value of u* is then made by calculating the second virial
coefficients and comparing them with the experimental values [5, 8].

Details of the molecular dynamics simulations and of the second virial coeffi-
cient calculations are given in the Appendix.

In the actual procedure the reduced dipole moments, u*2 = 2, 4, and 8, and the
temperatures, kT/e = 1-539 and 2-155, were used. For these values simulation
results were already available at several reduced densities [21]. For p*? = 8 addi-
tional simulations were performed for other densities at both temperatures. The
previous and present simulation results are all compiled in table 1. As a first step,
zero-pressure-densities were determined by interpolation or extrapolation. Next, in
order to obtain values of ¢ and ¢ for each value of u*2 an iteration procedure was
applied. We chose a trial value for ¢ and converted the two reduced temperatures
into real temperatures. Then at each of these two temperatures the zero pressure
density was fitted to the experimental saturated liquid density [3] which gave two
values of ¢. If the two values of ¢ were different, we chose an other trial value of ¢
and the procedure was repeated till the two values of ¢ became identical. The
resulting parameter sets, called PS1, PS2, and PS3 are given in table 2. This table
also contains the corresponding dipole moments in Debye} and we should note that
the experimental dipole moment for R152a is 2-27 D [22].

In table 2 we observe that the site-site energy parameter ¢ is strongly correlated
to the value of the dipole moment. If the dipole moment increases, the attractive
dispersion energy has to decrease so that the total cohesion energy keeps the
volume of the system unchanged. The variation of ¢, whilst not so pronounced,
seems to be a consequence of the change in &. With decreasing ¢ the effective hard
core of the molecule would also decrease and that is compensated by an increase
in 0.

The choice of the best of the three values of u* used so far is then made by
calculating the second virial coefficients with the parameter sets PS1, PS2, and PS3
determined above and comparing with experimental data. The results are shown in
table 3.

From table 3 we learn that PS3 with u*? =8 or u = 2-73D shows the best
agreement with the experimental second virial coefficients and it is this parameter
set that will be used in the following sections. It is interesting to note that according
to table 3 one would expect an even higher dipole moment than u*? = 8 to yield
better agreement with the experimental results, whilst on the other hand the un-
reduced PS3 dipole moment of 2-73D is already considerably higher than the

1t 1 Debye = 3-3357 x 1073°Cm.
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Table 3. Second virial coefficients for 2CLID (L* = 0-505) potentials with the parameter
sets PS1, PS2, and PS3 from table 2 in comparison with experimental data of R152a

[5, 8].
B x 10%/m3 mol !

T/K PS1 PS2 PS3 Exp
233-15 —455 —558 —935 —1109t
253-15 —388 —461 —1747 —~844%
273-15 —334 —396 —612 —-671%
290-00 —297 —349 —526 —541%
296-15 —286 —330 —500 —534%
310-00 —261 —303 —447 —446%
330-00 -230 —266 —384 —382%
350-00 —205 —235 —333 —315%
370-00 —183 —209 —292 —267%
390-00 —164 —186 —258 —246%
410-00 —148 —167 —228 —220%
420-00 -~ 140 —158 =215 —209%

T [8)- 1 [S)

experimental value 2:27D. One explanation could be that dipole induced-dipole
interactions not considered here can be compensated for by an effective higher
dipole moment [23]. We believe, however, that the difference is too large to be
explained only by induction effects and conjecture that the angle of the dipole vector
with the molecular axis as it actually occurs in R152a could be another reason for
the discrepancy. We address this question again in § 5.

3. Thermodynamic properties of the 2CLJD-PS3 fluid

With the 2CLJD-model in combination with the parameter set PS3 determined
in the last section we performed several molecular dynamics simulations in order to
obtain thermodynamic properties to be compared with the experimental results of
R152a,

The one set of properties we are comparing with is the ppT-data. In passing, we
note that the critical quantities of R152a are T, = 386-44K, p, = 5-57 mol/dm? and
p. = 4-52MPa [2]. Geller et al. [6] measured data on 14 liquid isochores ranging
from 18 down to 10mol/dm>. From those we chose 4 isochores including the
highest and the lowest density and on each of them the highest and the lowest
temperature. Iso and Uematsu [1] gave data on isotherms ranging from the sub-
critical liquid branch at 320K up to the supercritical isotherm at 400 K. Here we
chose the lowest and the highest isotherm and the lowest and highest density on
each of them. All the calculated pressures are compiled in table 4 which also con-
tains the configurational internal energies.

In order to judge the quality of the predictions we should begin by discussing
the uncertainties in the simulated pressures. We did not perform systematic studies
to evaluate these errors but we found previously [14] for spherical Lennard-Jones
molecules that the uncertainty in po3/e increases from 0-005 at about the critical
density p, to 0-100 at about 3-5p_. We believe that for nonspherical molecules the
uncertainty will be somewhat larger but of the same order of magnitude. Since for
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Table 4. Pressures and configurational internal energies from MD simulations for 4 iso-
chores and 2 isotherms. The pressures are compared to experimental results [1, 6].

p/MPa p/MPa§ Uconf/kJ mol N 1§

T/K p/moldm~3 Exp Sim Sim

158-81 17-970 0-84t 7-38 —2225
181-90 17-921 48-35¢ 41-22 -21-77
210-83 16-507 1-52¢ 0-85 -19-91
242-34 16-455 44-82% 38-02 —19-32
302-16 13-514 1-54% —0-90 —1565
364-87 13-450 42:02+ 37-01 -—14-89
371-45 9-859 3-98% 2-34 —11-37
470-18 9-809 29-82¢% 26-12 —10-55
320 12-811 1-50% 1-21 —-14-71
320 13-368 10-00% 10-35 — 1525
400 3-532 5-14% 5-20 —518
400 9-544 10-00% 812 —10-85

t From [6].

1 From [1].

§ MD from this work (256 particles, 8000 equilibration and 12 000 production time steps).

our model po>/s = 1 corresponds to about 30 MPa, we estimate the uncertainty in the
pressure at the highest density to be about 3 MPa.

Comparison with the data of Geller et al. [6] shows differences in the pressure
up to 7 MPa which at the first sight seems to be rather large. But we should keep in
mind that the isochores there are rather steep and only a small change in the size of
the molecular core has a dramatic effect for the pressure. On the other hand we
know from recent experiments on R22 in our laboratory [24] that the values
assigned by Geller er al. [6] to the density are uncertain up to 0-5 per cent which at
the highest densities corresponds to an uncertainty of 6 MPa. We must, however,
admit that in spite of the combined experimental and simulation uncertainties there
seems to be a systematic discrepancy as the experimental isotherms are always
steeper than the calculated ones which indicates a certain deficiency of our model.

We observe quite good agreements at 320K with the data of Iso and Uematsu
(1] but a somewhat low pressure at 400K for the higher density.

A property of considerable practical interest is the enthalpy of vapourization.
For this property and the dew density, experimental values do not yet exist. So far,
both these quantities have been calculated from a Redlich-Kwong-Soave (RKS)
equation [3]. Nevertheless, we thought it would be interesting to compare also with
caloric quantities obtained from such correlations. We did not apply here recently
developed methods for the determination of phase equilibria [25-27] from com-
puter simulations and hence do not know the vapour liquid equilibrium for our
model. Hence, we decided to consider the liquid at the experimentally known
bubble density and the vapour at the dew density obtained from the RKS-equation
[3] and to calculate the energy difference between these two state points which is
the energy of vaporization. These calculations were performed at 302-16K and
371-45K for which liquid state results are already given in table 4. As these state
points are not just at the saturation curve but somewhat shifted into the homoge-
neous liquid we determined (0U/dp); on the two isotherms T = 320K and 400K
and from table 4 obtained the values —0-97 and —0-94 kJ dm3/mol?, respectively.
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Table 5. Energies of vaporization U,,, from simulations in comparison with those from the RKS-
equation [3]. Given are also the dew densities p” from the RKS-equation [3], experimental bubble
densities p’ [2, 3] and vapour pressures p(p”) obtained from gas phase simulations at the RKS dew
densities.

p'fmoldm™>  p/moldm~* U, /kImol™' U,/ /kImol"! p,/MPa  p(p")/MPa
RKS

T/K RKS Exp Sim Exp Sim
302-16 0-312 13-456% 16-25 15-00 0-67 0-69
371-45 2-065 9-550% 8-23 7-94 3-39 376

t From [3].
1 From [2].

An average value then was used to correct for the difference of the configurational
internal energy between the simulated state point and the saturated liquid density.
This correction is 0-06kJ mol ~! at the lower and 0-30kJmol ™! at the higher tem-
perature. On the gas side, additional simulations were performed just at the dew
densities obtained from the RKS-equation [3].

The results for the energies of vaporization are compared in table 5 with those
from the RKS-equation [3]. We see that our results are always smaller, by about
3 per cent at the higher temperature and by about 8 per cent at the lower
temperature.

From the gas phase simulations at the RKS dew densities we also obtain pres-
sures, which are compared in table 5 with the experimental vapour pressures. The
agreement which is nearly within the accuracy of the simulations can be termed

reasonable.
25
9000
201
1'5 r
10}
1*=0505
05+ 1%=1539
p*=0592
=5 15 2 25 3
rio

Figure 1. The angle averaged centre—centre pair correlation functions ggee of a 2CLJ and a
2CLID (dipole along the axis) fluid. The latter has a reduced squared dipole moment
u*? =8, the site-site interactions are the same in both cases (L* = 0-505,
¢/k = 119-0K, and ¢ = 3-845A).
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4. Effects of the dipole along the axis on structure and thermodynamics

It is interesting to investigate the effect of the dipole on structure and thermo-
dynamics. For that purpose we compare structural results obtained for a 2CLJ and
a 2CLJD (dipole along the axis) fluid with both the same site-site parameters of PS3
(L* = 0-505, ¢/k = 119-0K, ¢ = 3-845 A. The reduced dipole moment of the 2CLJD
interaction is also that of PS3, namely y*? = 8. The thermodynamic results will also
be compared and the dipole-dipole contribution to the energy analysed.

One possibility for analysing angle-dependent pair correlation functions of linear
molecules is their expansion in spherical harmonics [28] in the intermolecular frame

g(r, 0y, w;) = 47r;£, Gur () Yim(@01) Yor -l 022)- (1)
The structural results are presented in figure 1 to 3.

Here and in the following, reduced quantities T* = kT/e, p* = po® and
U* = U/N¢ are used; the stars will be omitted if there is no ambiguity.

Figure 1 shows the angle averaged centre—centre pair correlation functions ggg, -
It is seen that switching on a rather strong dipole does not change this function
much. The major difference is in the first peak which is higher for the 2CLID-fluid.
The effect of the dipole in that respect, however, is smaller than that of a quadrupole
[19]. Figure 2 shows the next even expansion coefficients, the functions g,4,. Here
again, and also for g,,, which is not shown here, the effect of the dipole is small
which confirms previous findings of Steinhauser [29]. The difference between the
dipolar and the non-dipolar fluid, however, is in the odd coefficients which are
identically zero for the homonuclear 2CLJ molecules. For the 2CLID-fluid, the first
coefficients g,,, and g,,,, which are also of direct importance for thermodynamic
properties are given in figure 3.

10
9200
05}
0 n ﬁ\ '
1 P 25 e —
L*=0505

05 L 7*=1.539

05 p*-0592
-]0 N

r/c

Figure 2. The spherical harmonic expansion coefficients g,,, of the pair correlation func-
tions of a 2CLJ and a 2CLJD (dipole along the axis) fluid. Molecular interaction and
state parameters are the same as in figure 1.
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15
9im u*z:g
10+ |.*=0.505
7%=1539
p*=0,592
05+

-05

rlo
Figure 3. The spherical harmonic expansion coefficients g,,, and g,,, of the pair correla-
tion function of the 2CLJD (dipole along the axis) fluid with the same molecular
interaction and state parameters as in figure 1.

We separated the contributions due to the dipole—dipole interactions and those
due to the 2CLJ-2CLIJ-interaction for the 2CLJD-fluid and compared the latter
with the properties for the 2CLJ-fluid. The results are displayed in table 6. Firstly,
we note that the 2CLJ-2CLJ-contribution to the internal energy of the 2CLID-fluid
is only slightly more positive than the internal energy of the 2CLJ-fluid as was
found previously for the quadrupolar case [19]. This behaviour might have been
conjectured from the similarity of the even coefficients g,;.,, for the 2CLJ and the
2CLJD-fluid. For the pressure, however, the contribution of the 2CLJ-interaction in
the 2CLJD-fluid is considerably higher than the pressure of the 2CLJ-fluid. This
reflects the well-known fact that the pressure in general is more sensitive to changes
in the structure than the energy. The lower pressure of the 2CLJ-fluid may be partly
due to the slightly smaller first peak in g400-

The total dipole contribution Upp, o, to the internal energy consists of the
directly counted dipole—dipole interaction Upp, and the contribution U, from the
reaction field which are separately listed in table 6. The energy Upp can be analysed
as the dipole—dipole potential can be expressed as a sum of three spherical
harmonics

2
Upp = — %3 4n[2Y;o(@1)Y10(@3) + Vi _1(@0,)Y},1(@,) + Yig(@,)Y _(@2)] Q)

Hence, the dipolar energy Upp can also be written as a sum of the two terms

4 2 o
Ubly = - 25 f rguolr) dr, @)
0
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Table 6. Contributions to the thermodynamic properties of a 2CLJD-fluid and comparison
with a 2CLJ-fluid. Given are the contributions of the 2CLJ-2CLJ-interaction and of
the dipole—dipole-interaction to the internal energy and the pressure as well as the
total quantities. For the dipolar energy again different contributions are given: the
expansion terms ULL, ULL! | their sum as well as the directly calculated quantity Upp
without reaction field contribution (rf), the reaction field energy, and the total dipole—
dipole energy. The potential parameters are L* = 0-505, ¢/k = 119-0K, o = 3-845A
for the 2CLJ and the 2CLJD molecules and p*? = 8 for the latter. The state point is
kT/e = 1-539 and ps® = 0-592. Reduced energies U/Ne and pressures pa?/e are given.

2CLJD 2CLJ

Usersacus —14-65 -1503
ufis —440
Uit —212 —
ol ruly 6% —
Upp —6-65 —
Uys —0-10 —
UDD. total ~675 -
Uotar —21-40 —15-03
Pacriacuit 4-05 2:44
PoD, 1otal —4-00 -
Protal 0-05 2-44

+ Includes the ideal contribution to the pressure.

47 ©
Ul = — ’3”‘ J rig,1,(r) dr. @
0

Both these contributions are also contained in table 6 and we see that their sum is
in reasonable agreement with the directly calculated Upp, .

5. Effects of rotating the dipole out of the axis

From a physical point of view the 2CLID/PS3 model we are using to describe
R152a is not completely satisfactory because the dipole lies along the axis and its
magnitude of 2:73D is considerably larger than the experimental value of 2-27D.
Hence, it is interesting to study the effects of rotating the dipole out of the axis.
While the agle « which the dipole vector forms with the molecular axis represented
by the C-C bond is not known, we estimated it to be about 54° using ideas of Gibbs
and Smyth [30]. Here, we chose a« = 45° and in order to gain further insight we also
consider o = 90°, both in comparison with o = 0°. The other parameters, namely
L* ¢, 0, and u*? remain unchanged.

For the three values a = 0°, 45°, and 90° we performed molecular dynamics
simulations in the dense fluid at two state points, T* = 1-539, p* = 0-592, and
T* = 2:1546, p* = 0-515. In all cases we calculated the total energies and pressures
as well as their contributions from the 2CLJ-2CLJ and from the dipole—dipole
interactions. As the qualitative behaviour is the same for both state points we show
the results only for the latter in table 7. We learn that rotating the dipole out of the
axis decreases the energy as well as the pressure. We also note that the changes in
going from a = 0° to a = 45° are about half of those in going from a = 45° to
o = 90°. This decrease in the pressure and the energy is just what we were looking
for because it means that rotating the dipole out of the axis acts in the same sense as
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Table 7. Contribution to the thermodynamic properties of two-centre Lennard-Jones plus
dipole fluids with different angles « between the dipole vector and the molecular axis.
Given are the contributions of the 2CLJ-2CLIJ-interaction and of the dipole-dipole
interaction to the internal energy and the pressure as well as the total quantities. The
potential parameters are L* = 0-505, ¢/k = 119-0K, ¢ = 3-845 A and u*? = 8, the state
point is kT/e = 2:1546 and ps*® = 0-515. Reduced energies U/Ne and pressures po>/e
are given,

oa=0° o = 45° o = 90°

Usery ey —1232  —1218  —11-80
Upp, tomt —565  —805 —1214
U —~1797  —2023  —2395
pZCU—ZCUT 2-80 3'46 4'82
Pob. tom1 —291 —415  —625
Prosst —o11 —0-69 —1-44

t Includes the ideal contribution to the pressure.

increasing its magnitude. This means that modelling R152a with a dipole vector
forming a nonzero angle a with the axis would allow a smaller dipole moment than
2-73D.

We also calculated second virial coefficients for all three values of a which are
displayed in table 8. These results confirm that rotating the dipole out of the axis
acts in the same sense as increasing its magnitude.

Again we were also interested in structural properties. As we are dealing now
with nonlinear molecules we had to use the expansion of the pair correlation func-
tion in Wigner rotation matrices [31] which is

[Ql+ DI+ 1] .. . "

g, Q, Q,) = 4”2 \/ ( 45 ) Girmr) - Do QD] (Q,) ®
Wm

where Q; stands for the Euler angles (®;, ©;, ;) and D!, denotes the rotation

matrix. For linear molecules, equation (5) reduces to equation (1) with

gll’m(r) = glolpm(r)' (6)

Table 8. Second virial coefficients of two-centre Lennard-Jones plus dipole fluids with differ-
ent angles a between the dipole vector and the molecular axis. The potential para-
meters are L* = 0-505, ¢/k = 119-0K, ¢ = 3-845A, and pu** = 8. The values are given
in cm®/mol.

T/K o=0° o = 45° a = 90°

233-15 —935 —1297 —2535
273-15 -612 —782 —-1216
290 —526 —657 —962
310 —447 —546 -757
330 —384 —462 —614
350 —333 —396 —510
370 -292 —343 —431
390 —258 —300 —370
410 —228 —264 =321

420 —215 —249 —300
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T*=2.1546
p*=0515
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Figure 4. The angle averaged centre—centre pair correlation functions gy, of the two-centre
Lennard-Jones plus dipole fluids for different angles « between the dipole vector and

the molecular axis.

Results for 3390, 3394, and §39, for all three values of a are shown in figure 4 to 6.
For abbreviation, we use there and in the following simply the notation gg40, 9110

and g,q0-

The most striking feature in the structure is seen in the angle-averaged centre—

110
05 -
U LT —— |
2.5 3
w8
(*=0505
05T T%- 21546
p*=0.515
-1.0

rag
Figure 5. The spherical harmonic expansion coefficients g,,, of the pair correlation func-
tions of two-centre Lennard-Jones plus dipole fluids for the angles a = 0° and 45°
between the dipole vector and the molecular axis. For a = 90° this coefficient vanishes.
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Figure 6 The spherical harmonic expansion coefficients g,o, of the pair correlation func-
tions of two-centre Lennard-Jones plus dipole fluids for different angles « between the
dipole vector and the molecular axis.

centre pair correlation function ggo, for a = 90° where the first peak is split now
into two different peaks. In our opinion the peak at r = 1-03¢ is connected with the
crossed configuration of two molecules which is energetically extremely favourable.
For 2CLJ-molecules, the crossed configuration has already the deepest minimum in
the energy. Now, if the dipoles form an angle of 90° with the molecular axis, they
can in the crossed configuration be in line which is their most favourable mutual
orientation, too. Calculating for the crossed configuration the energy as a function
of the centre to centre distance, we found the potential minimum at r = 0-96¢ with
UycL_acyy = —1-86¢ and upp = —18-08: and hence a total energy value u,,, =
—19-84¢ which is extremely deep compared with the deepest value of —4¢ for a
simple 2CLJ interaction. As this first peak for « = 90° is very pronounced it seems
to be reason for the low pressure and internal energy of this fluid. The deep energy
values for the crossed configuration may also be responsible for the negative second
virial coefficient.

6. Summary and discussion

Using a simple model, namely the two-centre Lennard-Jones plus dipole along
the axis (2CLJD), reasonable predictions can be made for the thermodynamic
properties of a non-linear molecule such as CH;~CHF,. For most points the calcu-
lated pressures agree with the experimental value to within the combined errors. We
should note that in the dense liquid the uncertainties of the presently available
experiments are of the same order of magnitude as those of the simulations. The
energies of vaporization agree with the results of an empirical equation of state
within 3 to 8 per cent.

We must, however, admit that for the moment these predictions are not yet as
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good as those for the simpler molecules methane [14], oxygen [17], ethane [15, 16,
17], ethylene [17] and propane [18]. The reason for that difference presumably is
the fact that the simple molecules were modelled with two or three parameters,
whilst for CH;~CHF, a fourth parameter seems to be necessary. The fourth para-
meter can either be the strength of the dipole moment or, at a given strength, the
angle of the dipole vector with the molecular axis. It is obvious that the deter-
mination of four parameters is a more difficult problem than that of three. Actually,
we were working here only in the space of three parameters as the elongation was
fixed from the very beginning. We should also observe that for the simpler mol-
ecules the parameters were determined via the saturation curve which we believe to
be a very effective method. This has not yet been done but with the newly developed
methods for obtaining phase equilibria from simulations [25-27] an improvement
can certainly still be achieved in the determination of the parameters.

An other interesting finding was, that the orientation of the dipole has a con-
siderable influence on the thermodynamic and structural properties. With respect to
the thermodynamic properties the effect of rotating the dipole out of the axis may be
compensated for by a larger dipole moment along the axis.

The authors thank Professor K. Watanabe and Professor M. Uematsu, both
Keio University, Yokohama, as well as Professor B. Schramm, Universitit Heidel-
berg, for having made available to them experimental results [1, 2, 4, 5, 8] prior to
publication. One of us (C.V.) gratefully acknowledges a grant from the Spanish
Education and Science Ministry for a three-months visit at Ruhr-University
Bochum, F.R. Germany. Teile der Arbeit wurden mit Unterstiitzung der Deutschen
Forschungsgemeinschaft im Schwerpunkt °‘Thermophysikalische Eigenschaften
neuer Arbeitsmedien der Energie- und Verfahrenstechnik’, AZ.: Fi 287/5
durchgefiihrt.

Note added in proof—An extensive compilation of thermodynamic and trans-
port property data sets of R152a and R142b was given recently [35].

Appendix

In order to account for the long range interactions of the dipoles in the simula-
tions the reaction field method was used. A very detailed description and investiga-
tion of that method will be given elsewhere [32]. The present program is based on a
code of Haile [33] who used the quaternion formalism for the rotational equations
of motion. Inclusion of the reaction field into that code and vectorization for the
CYBER 205 was made by one of us (B.S.). Previous simulations quoted in table 1
were made with 500 particles, all the present runs with 256. The time step in the
simulations was 0-00150(m/c)'/2. Equilibration was performed over 3000 to 8000
time steps and production runs were made with 7000 to 12000 time steps. The
cut-off radius was half of the box length and always larger than 3-7¢.

The calculation of the second virial coefficients required three or five fold
angular integration. In the three-dimensional case Simpson and Conroy [34] were
found to yield identical results, in the five-dimensional case only Conroy’s procedure
with 3022 orientations was used.
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