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Recent measurements of the dielectric permittivity of hydrofluorocarbons in the liquid phase have allowed
calculation of the dipole moments in a liquid environment. These values were based on Kirkwood theory, and
were significantly greater than the corresponding gas phase dipole moments. In order to understand some
features suggesting possible hindered rotation of the molecules in the liquid, density functional and
self-consistent-reaction-field calculations for a series of HFC molecules including CHF,CF; (HFC-125),
CH,FCF; (HFC-134a), CH;CF; (HFC-143a), CH,F, (HFC-32) and CHF,CH, (HFC-152a) are reported.
Particular emphasis has been given to the calculation of dimerisation energies, rotational potentials,
polarisabilities and dipole moments. We discuss hydrogen bonding in hydrofluorocarbon dimers and the
relationship between the structure and charge distribution of the dimers and the dipole moment in the liquid
predicted by relative permittivity measurements. For HFC-32 we have calculated the average dipole moment
in small clusters (n = 2-10). The structure of the clusters has been determined by density functional theory
optimisations (n = 2—6) and Monte Carlo simulations (n = 2-10). The average dipole moment of the HFC-32
decamer is 2.35 D, which represents a 17% increase relative to the free monomer (2.0 D). We find that the
enhancement of the monomer dipole induced by hydrogen bonding in HFC-32 clusters is much less
pronounced in comparison with the considerable increase (50%) observed in water clusters.

1. Introduction

The hydrofluorocarbons (HFCs) have become very important
in the field of atmospheric chemistry and are technologically
very important as replacements for the ozone depleting
chlorofluorocarbons (CFCs) and the intermediate hydro-
chlorofluorocarbons (HCFCs). Study of the electrical proper-
ties of these polar fluids, not only gives operational values for
the design parameters for the machinery used in air-
conditioning and refrigeration, but also provides fascinating
insight into their electronic structure. Many experimental
studies on these systems have been carried out. Thermo-
dynamic,'® transport properties,*~7 dielectric measure-
ments®12 and spectroscopy!'!* have all been studied in an
attempt to elucidate the liquid state structure of these systems.
More recent studies have focussed on dielectric measurements
in the liquid state!?'5~18 and the interpretation of neutron
scattering spectral data in conjunction with molecular
dynamics simulations.'®~2! Several computer simulations
based on effective pair-potentials for HFCs have been report-
ed.22‘26

On the other hand, relatively few quantum mechanical
studies on the alternative refrigerants exist in the literature.
However, ab initio calculations at the Hartree—Fock?73° and
second-order Mpller-Plesset levels,?®3° have been reported.
The more recent studies have focussed on the prediction of
vibrational properties,?®2°  polarisabilities and dipole
moments.3! A very recent evaluation of heats of formation of
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hydrofluorocarbons at the GAUSSIAN-3 (G3) level has been
reported.3?

Recent measurements of the relative permittivity of the
haloethane derivatives in the liquid state have allowed calcu-
lation of the dipole moments in the liquid. These values were
extracted from Kirkwood theory,3 and are seen to be signifi-
cantly greater than the dipole moments of the same molecules
in the gas phase.!® This has raised issues regarding the struc-
ture, charge distribution of the molecules, and the local order
in the liquid state. Moreover, ab initio calculations of the
average dipole in water clusters3* and recent first principles
simulation of liquid water®® have indicated that previous
effective dipole moments used in classical simulations were
possibly underestimated. These theoretical studies have been
confirmed by X-ray diffraction measurements with synchro-
tron radiation which provided an experimental estimation of
the dipole moment of liquid water.3¢

In order to improve the analysis and interpretation of the
relative permittivity measurements and the prediction of the
effective dipole moment in the liquid phase, we report density
functional theory (DFT) results for HFC compounds which
include CHF,CF; (HFC-125 or 125), CH,FCF,; (HFC-134a
or 134a), CH,CF; (HFC-143a or 143a), CH,F, (HFC-32 or
32) and CHF,CH; (HFC-152a or 152a).

Particular emphasis is placed on the conformational equi-
librium related to internal rotation, and on the structure and
energetics of HFC dimers. Self-consistent-reaction-field calcu-
lations (SCRF) in a dielectric medium representing the liquid
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environment are also reported. In order to analyse polarisa-
tion effects related to hydrogen bonding and to estimate the
dipole moment of HFC clusters, DFT optimisations and
Monte Carlo simulations for small HFC-32 clusters have been
carried out. For the most stable clusters, the charge distribu-
tion and the average monomer dipole on each cluster have
been determined by DFT calculations. We compare our
results on HFC clusters with ab initio calculations for water
clusters®* which show a significant increase in the average
monomer dipole as a function of the cluster size leading to an
estimation of the average dipole in the water hexamer (2.7
D)** in good agreement with the experimental value for bulk
water of 2.9 + 0.6 D.36

2. [Experimental evidence

Comprehensive studies of the relative permittivity measure-
ments in the liquid phase and the subsequent treatment of the
data to interpret the results have recently been con-
ducted.'?'15-17 The data treatment involves application of the
Kirkwood theory?? for the calculation of the apparent dipole
moments uf in the liquid state, both for pure HFC fluids and
for mixtures, and the interpretation of the Kirkwood corre-
lation factor gy, in the light of possible hindered rotations.!®
Experimental data for the present HFC series are reported in
Table 1.

The HFCs exhibit gas phase dipole moments (u,) in the
order (1): 125 < 32 < 134a < 152a < 143a while the values
obtained for the liquid phase, based on the Kirkwood theory
(uf) have a slightly different trend (2): 125 < 143a <
134a < 32 < 152a. As a consequence of these differences, the
Kirkwood correlation factor gx, shows interesting behaviour
(3): 143a < 125 < 152a < 32 < 134a.

Since gy , is indicative of the restriction to rotation imposed
by a cage of surrounding molecules on a given molecule,3 the
results may suggest that HFC-143a has the greatest rotational
mobility in the liquid state, whereas HFC-134a has the great-
est rotational hindrance.

Table 1 also reports data for the effective dipole in the
liquid (u¥p) predicted by the Kirkwood-Frolich equation®?
where the refractive index (n,) has been set to the experimen-
tal values in the gas phase.!®!! Although this is a simplifica-
tion (frequency dependent data for the permittivity of liquid
HFCs are apparently not available), these results for ugg
suggest that yf from the Kirkwood theory may have been
overestimated. We note that the relationship between the
apparent dipole from relative permittivity measurements and
the effective dipole moment in the liquid is not direct and
involves statistical-mechanical theories of relative permit-
tivity.>® In this sense, some of the more recent studies on
liquid water3#—3% have contributed to a better definition of the
meaning and the value of the dipole moment in the liquid
state. Basically, the interactions in the condensed phase
modify the local charge distribution on each monomer,
leading to an average dipole moment which reflects charge
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fluctuations and polarisation effects. For water, cooperative
effects related to hydrogen bonding induce a significant
increase in the dipole moment relative to that of the free
monomer.>* For the present series of HFC we anticipate that
this effect will be much less pronounced.

3. Computational details

Our calculations were based on density functional theory.
This theory is dependent on the specific representation of the
exchange-correlation functional and several possibilities are
presently available. To represent exchange we have carried
out calculations with Becke’s three-parameter hybrid method
(B3)*7 and with a more recent functional proposed by Gill
(G96).38 Correlation has been included by using the Perdew
and Wang (PW91)*° and the Lee, Yang and Parr functionals
(LYP).*® Several basis sets have been used, including the
Dunning-Huzinaga valence double-zeta (D95V(d,p)),*' and
Dunning’s correlation consistent basis sets (cc-pVDZ, aug-cc-
pVDZ and aug-cc-pVTZ).4%43

The internal rotation in HFCs has been analysed by a
relaxed energy scan procedure in which only the parameter
related to the internal rotation has been fixed. The rotational
potentials have been calculated at the B3LYP/cc-pVDZ level.
In the calculation of dimerisation energies, finite basis set
effects leading to basis set superposition errors (BSSE) have
been estimated by the counterpoise method (CP) of Boys and
Bernardi.**

Quantum chemical calculations based on simplified repre-
sentations of the solvent are very useful for elucidation of pro-
perty changes upon solvation. In order to study the change in
electric properties, as studied experimentally, as a function of
the change in state, from gas to liquid, this work also reports
DFT calculations using the SCRF approach. The present
SCRF results are based on the polarised continuum model
(PCM)** and on the self-consistent isodensity polarised con-
tinuum model (SCIPCM).*® The main difference between the
two methods is the definition of the shape of the cavity that
contains the “solvated” molecule. In the PCM this is based
on a geometrical criterium (overlapping spheres). The
SCIPCM is a modification of the IPCM method in which the
cavity is defined by using an electronic isodensity surface. In
the SCIPCM, this surface is constructed in a self-consistent
way. The relative permittivities were those recently reported
by Nieto de Castro and co-workers for the liquid
state.12,15—17

Monte Carlo simulations for HFC-32 clusters have been
carried out with an effective pairwise additive potential. 2% This
model has been designed to reproduce liquid state properties,
including densities and vaporisation enthalpies in good agree-
ment with experiment.2® We have generated small HFC-32
clusters with n = 2-10, where n is the number of molecules.
The temperature has been lowered gradually from 200-50 K,
and 10° moves per molecule have been performed after equili-
bration at the lower temperature. From the set of generated

Table 1 Experimental dipole moments, polarisabilities and relative permittivities of HFCs. pu (in D) is the apparent dipole moment in the liquid
from Kirkwood theory and gy is the Kirkwood correlation factor. i (in D) is the dipole moment in the liquid from the Kirkwood-Froélich
equation and g, (in D) is the digole moment in the gas. ¢ is the relative permittivity in the liquid and e, = n?, where n_, is the experimental

refractive index in the gas. «, (in

3) is the average electronic polarisability

#lﬂé12,15—17 gK12,15—17 ”EF #glo,ll e12,15—17 ew 10,11 aeIO,ll
HFC-125 248 2.46 1.84 1.56 6.0° 1.37 4.36
HFC-134a 3.54; 3.30'8 3.44 2.67 2.06 18.0° 1.45 432
HFC-143a 3.34 2.04 2.63 2.34 15.0° 1.39 4.04
HFC-32 3.60 3.31 2.61 1.98 23.0¢ 1.39 2.65
HFC-152a 3.69 2.67 2.55 2.26 13.0¢ 1.51 4.24

*d=1353kgm 3 T=303K.?d=1474kgm >, T=218K.*d=1153kgm™3; T=233K.*d=1175kgm™3; T = 243.6 K. ° d = 950 kg

m~3; T =2883K.
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configurations the lower energy structure has been determined
and a single-point energy DFT calculation carried out. The
total dipoles of the clusters and the monomer dipoles have
been calculated from the atomic charge distributions, which
have been fitted to the electrostatic potential by using the
Merz-Kollman-Singh scheme.*”**® This scheme gives multi-
pole moments in good agreement with those calculated
directly from the wave functions.*® For some clusters (n = 3
6) the structures have been fully optimised by DFT at the
B3LYP/D95V(d,p) level and were characterised as local
minima, i.e., we have verified that all frequencies are real.
SCRF calculations for dimers and clusters were based on the
PCM** method.

The DFT calculations have been carried out with the
GAUSSIAN-98 program.>®

4. Results and discussion
4.1 Monomers

4.1.1 Structure. Fig. 1 shows the staggered conformers of
the four ethane-based compounds. Data for some structural
parameters from geometry optimisations at the B3LYP/
D95V(d,p) and G96LYP/aug-cc-pVTZ levels are reported in
Table 2.

We observe a good agreement between the geometries from
the two theoretical levels, indicating that B3LYP/D95V(d,p)
optimisations are adequate to predict the geometry of the
present compounds. Experimental structures for the present
set of molecules are apparently not available. Thus, compari-
son is made with a single reference molecule. Table 2 reports
some experimental data for C,H;F;.>! We observe excellent
agreement between experiment and our results, particularly
for HFC-125 and HFC-134a. The small reduction in the C-C
bondlength for HFC-143a and HFC-152a in comparison with
the two other compounds reflects the replacement of fluorine
atoms by hydrogen atoms that also induces a small decrease
of the A-F—-C-F valence angles. SCRF calculations indicate

View Article Online

125 134a

143a 152a

Fig. 1 Staggered conformers of: (a) HFC-125; (b) HFC134a; (c)
HFC143a; (d) HFC-152a. The rotation of one group attached to a
carbon atom around the vertical plane (4—1-2-3) comprising the C-C
bond by an angle ¢ depends on a rotational potential V(¢). The stag-
gered conformers are the most stable and correspond to ¢ = 180°.

that there is no noticeable change in the condensed phase
geometries in comparison with gas phase data.

4.1.2 Dipole and polarisability. Gas phase dipole moments
(ug) from different theoretical levels are reported in Table 3. In
general, excellent agreement between the predictions and the
experimental values for the gas phase!®!! (see Table 1) is
observed. Moreover, the experimental order (1) is correctly
reproduced by all the theoretical calculations.

Dipole moments in a dielectric medium (u*(e)) from SCRF
calculations are also reported in Table 3. Although SCRF cal-
culations indicate an increase in the dipole moment in the
condensed phase, p*(e) is significantly lower than pg.
However, a better agreement is observed between SCRF and
uiEr. Moreover, the order (2) of the dipoles in the liquid, from
measurements of the relative permittivity! and application of
the Kirkwood theory is not reproduced by the SCRF calcu-
lations.

Table 2 Structural data of HFCs from density functional geometry optimisations. Bondlengths in A, valence angles in degrees

B3LYP/D95V (d,p) G96LYP/aug-cc-pVTZ Exp.®
125
C,-C, 1.546 1.556 1.45 4 0.04; 1.53 + 0.04
C,-F, 1.338 1.349 1.330 + 0.031
C,—H, 1.097 1.097 1.093
A-1-2-3 1104 110.8
A-2-1-4 111.9 111.9
A-F-C-F 108.7; 108.4 108.7; 108.2 108.5; 107 + 3
134a
Cc,-C, 1.526 1.531
C,-F, 1.354 1.367
C,-F, 1.380 1.393
A-1-2-3 109.8 110.1
A-2-1-4 108.7 108.7
A-F-C-F 107.9; 107.8 107.9; 107.7
143a
C,-C, 1.509 1.511
C,-F, 1.355 1.368
C,-H, 1.092 1.093
A-1-2-3 109.4 109.4
A-2-1-4 111.9 111.9
A-F-C-F 106.9 106.8
152a
Cc,-C, 1.511 1.511
C,-H, 1.097 1.097
C,-H, 1.094 1.094
A-1-2-3 109.6 109.7
A-2-1-4 1139 114.8
A-F-C-F 107.0 106.7

* Experimental values are for C,H,F;, (1,1,1-trifluorethane).>!
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Table 3 Gas phase dipole moments (u, in D), effective dipole moment in a dielectric (u*(¢) in D), effective dipole moment in liquid simulations

(1% in D) and average electronic polarisabilities (e, in A3)

125 134a 143a 32 152a
Ky
B3LYP/D95V(d,p) 1.59 2.11 242 2.02 234
G96LYP/cc-pVDZ 1.33 18 212 1.70 1.99
G96LYP/aug-cc-pVDZ 1.52 2.05 243 1.96 2.36
G96LYP/aug-cc-pVTZ 1.49 2.01 238 1.92 232
*(e
ﬁ3(L)YP/D95V(d,p)a 2.1 2.63 2.93 2.36 2.87
B3PW91/D95V(d,p)* 1.94 2.61 275 2.35 277
1 1.9¢ 2.24¢ 2.6 2.15% 2,127 2.5¢
o
GY6LYP/aug-cc-pVDZ 5.01 4385 472 278 4.66
G96LYP/aug-cc-pVTZ 5.04 486 472 281 4.65
¢ PCM. ® SCIPCM. © Ref. 22. ¢ Ref. 23. © Ref. 26. 7 Ref. 25.
Effective dipole moments u¥; used in the liquid state com- 15 ' ' ' !
puter simulations of HFC’s?2+2¢ are also reported in Table 3. HFC-125 N
They are, in general, even lower than those predicted by 106 L 1
SCREF calculations. This feature indicates that the importance
of dipolar interactions in the liquid phase has possibly been
underestimated by previous intermolecular potential para- 5 - 8
metrisations.?3-2¢ -
The average dipolar polarisability is a, = («,, + a,, + a,,)/3 'g
and our results for a, are reported in Table 3. Polarisabilities - ¢ 1 M :
. HFC-143a [ HFC-152a
are very dependent on the basis set. However, we can observe § <
that our results based on aug-cc-pVDZ and aug-cc-pVTZ ol i |
basis sets are very similar, suggesting that these basis sets are
adequate to predict polarisabilities for the present systems.
Comparison with experimental results'®-!! (see Table 1) shows 5| L _
a reasonable agreement.
4.1.3 Internal rotation. We are reporting data for the intra- 0 60 120 60 120 180
molecular potentials related to the rotation around the C-C @r

bond. The most stable conformers correspond to a staggered
structure (see Fig. 1). Taking these conformers as reference
ones, we call ¢ the angle between the planes defined by the
atoms 1-2-3 and 2-1-4 (see Fig. 1). The staggered conformer
corresponds to ¢ = 180.0. Rotation of one group of atoms
linked to the same carbon, around the C-C bond involves the
rotational barriers represented in Fig. 2. Our results show that
the energy barriers are very similar for the different HFC com-
pounds. The intramolecular potentials, calculated at the
B3PW91/cc-pVDZ level were fitted to the following expres-
sion:

3
V() =V, + Y VIl — cos(2i + 1)¢]
i=1

The complete set of parameters for the rotational potentials
is reported in the caption of Fig. 2, where some literature
values?*23 for the energy barrier V, between staggered
(¢ = 180.0) and eclipsed (¢ = 0.0) conformers are also indi-
cated. We find good agreement between our predictions and
the data for HFC-143a and HFC-152a. However, we observe
some significant differences between our barriers and those
reported by Lisal and Vacek,?!?>? especially in the case of
HFC-134a.

Dipole moments as a function of the angle ¢ are represent-
ed in Fig. 3. HFC-125 shows some dependence of the dipole
moment on the specific conformation, behaviour also
observed in HFC-134a. However, for HFC-143a and HFC-
152a the dipole moments are almost independent of ¢. In all
cases, the larger dipole moment corresponds to the most ener-
getically stable staggered conformation. However, in general,
the dependence of the dipoles on the conformation is small.
This feature is in contrast with experimental studies for other
systems, for example, 1,1-dimethoxypropan-2-one,>? for which

Fig. 2 Rotational potentials for HFCs. Black circles are B3LYP/cc-
pVDZ results. Full lines are the fitted potentials represented by:
V(¢) =V, + Y3, Vi[1 —cos(2i + 1)¢]. The set of fitted parameters
(in kJ mol~?') and literature data??23 (in parentheses) for the energy
barriers (V) are: HFC-125: V, = 10.23 (14.69); V; = —5.1332; V, =
0.0707; V3 = —0.0002. HFC-134a: V, = 12.71 (19.16); V; = —6.3511;
V, = —0.0066; V,=0.0079. HFC-143a: V,=12.14 (13.81); V;, =
—6.0700; V, = 0.0011; V; = —0.0009. HFC-152a: V, = 13.38 (13.43);
V, = —6.6760; V, = —0.0179; V; = 0.0085.

T T T T

&—®HFC-125 ®—®HFC-134a

1.75 - r

Q 1 1 1 1
~
X o —@HFC-143a @@ HFC-152a
225 | -
0000000000000000000¢
9000000000000000000
1.75 3
1 25 1 1 1 1
o 60 120 60 120 180
@r°

Fig. 3 Dipole moment as a function of the internal rotation around
the C-C bond, defined by the angle ¢. Black circles are results from
B3LYP/cc-pVDZ calculations. For HFC-125 and HFC-134a a small
dependence of the dipole moment on the angle ¢ is observed.
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the overcoming of the potential barrier to free rotation by
thermalisation and the corresponding variation of the dipole
is invoked to explain the dipole dependence on the tem-
perature.’? The dipole dependence on the conformation is
also important to explain the separation of the isomers HFC-
134a and HFC-134 (CF,HCF,H) over zeolites.>?

4.2 Dimers

The accurate determination of the dimer structures is funda-
mental for a correct parametrisation of intermolecular poten-
tial models and although several computer simulations have
been reported,>?~2¢ characterisation of the dimer structures
for the present HFC series by ab initio or DFT methods
appears to be still missing. Moreover, it is reasonable to
assume that the orientational order in a liquid is strongly
dependent on the structure of the dimers, or small molecular
clusters. For the present systems we suggest that some influ-
ence of hydrogen bonding on the orientational order and
dielectric properties in the liquid phase should be expected.

Fig. 4 shows B3LYP/D95V(d,p) dimer optimised structures.
The initial guess for the dimer structures assumed that the
dimers are stabilised by hydrogen bond and dipolar inter-
actions. Although no extensive energy surface search has been
carried out and other conformations should be expected, the
present structures are well characterised minima for which all
frequencies are real. In general, the HFC dimers correspond to
perpendicular and anti-parallel relative orientation between
the two molecules. The perpendicular orientation indicates
that dipolar interactions play a secondary role and that the
dimer is stabilised by quadrupolar or hydrogen bond inter-
actions. The anti-parallel structure is the second most ener-
getically stable dipolar configuration (the first involves
head-to-tail aligned dipoles) and indicates that some features
related to the shape or specific directional interactions are also
relevant.

The HFC-125 dimer involves two F- - -H hydrogen bonds of
2.47 and 2.6 A respectively, and the sum of the van der Waals
radii for F---H is 2.55 A. Our results indicate that the two
nearest fluorine atoms, which are those involved in the F---H
bonds, are at a distance (F-F) of 3.1 A. These results are in

125

. . N
@ u.%’;‘?i_x
Fig. 4 Dimer structures from B3LYP/D95V(d,p) optimisations for

125 (d1); 134a (d1 and d2); 143a (d1 and d2); 32 (d1 and d2); 152a
(d1). F- - -H distances are in A.

4204 Phys. Chem. Chem. Phys., 2001, 3, 4200-4207

View Article Online

very good agreement with experimental data for parent
systems.?® For example, from a combined neutron diffraction
and molecular dynamics simulation study of trifluoromethane
(CHF),%° the peaks of the F-H and F-F radial distribution
functions (RDFs) are at 2.6 and 3.1 A, respectively. We find
some differences between our DFT results and molecular
dynamics (MD) simulations of liquid HFC-125.22 From the
RDFs, the average F-H and F-F distances are 2.8 and 3.5 A,
respectively. In addition, our H-H distance is 3.7 A, which is
shorter than the average H-H distance from the RDF (4.5 A).
The HFC-125 dimer dipole moment is 0.84 D, indicating a
significant reduction relative to the monomer dipole (1.59 D).
The two dipole moments on each monomer are 1.66 and 1.64
D respectively, and the angle between the two dipoles is 150°.
SCRF single-point energy calculations for the dimer in a
dielectric of ¢ = 6.0 leads to an average dipole of 1.9 D, close
to the monomer dipole in the dielectric (2.1 D).

HFC-134a dimers are characterized by an arrangement
with almost anti-parallel orientation between the two mol-
ecules. The most stable dimer (d1 ) involves the formation of
three H---F bonds that are in the 2.52-2.80 A range. These
values are in keeping with MD simulations that predict a
peak for the F-H RDF at ~2.8 A.22 Our F-F distance (3.2 &)
is also in good agreement with the first shell peak of the F—F
RDF (~3.5 A) predicted by MD simulations.2> The dipole
moment of dimer (d1) is 1.78 D, close to the monomer dipole
(2.1 D). The monomer dipoles in the dimer are 2.27 D and the
angle between them is 131°. The average dipole in the solvated
dimer is 2.6 D very similar to the value for the solvated
monomer.

The most stable HFC-143a dimer (d1) involves the forma-
tion of a double F- - -H bond of ~2.5 A. The presence of anti-
parallel dimers for this compound is in agreement with results
from MD simulations.?®> The dimer dipoles are 0.77 D (d1)
and 0.90 D (d2) much lower than that the monomer (2.43 D).
The monomer dipoles in d1 are 2.53 and 2.50 D respectively,
and the angle between them is 163°. The average monomer
dipole in the solvated dimer is 2.89 D, very similar to the
value for the solvated monomer (2.93 D).

The HFC-32 dimers correspond to almost perpendicular
(d1) and anti-parallel (d2) configurations. In the first structure
(d1), the dimer has two F: - -H pairs separated by 2.6 A anda
third F---H bond of 2.8 A. This structure corresponds to the
most stable dimer reported by Jedlovski and Mezei.2® The
first dimer (d1) has a dipole moment of 2.38 D, higher than
the monomer dipole (2.02 D), and the second dimer (d2)) has a
dipole moment close to zero. The monomer dipoles in d1 are
2.19 and 221 D respectively. The angle between them is
104.7°, in good agreement with the prediction by Jedlovski
and Mezei (106°).26

The HFC-152a dimer shows two monomers in an almost
perpendicular relative orientation. This structure is stabilised
by two F- - -H hydrogen bonds of 2.29 and 2.53 A respectively,
and by a third F---H bond of 2.66 A. These distances are not
in good agreement with the F-H RDF peak position (3.4 A)
predicted by MD simulations.?®> However, we find that the
present results are consistent with experimental data?® and
other intermolecular models for HFCs.2%2¢ For example, the
F-H RDF peak positions in liquid CHF;%° and CH,F, ?° are
2.55 A, in excellent agreement with our DFT results for the
dimer. The dimer dipole is 2.77 D and the monomer dipole is
2.34 D. The average monomer dipole in the dimer is 2.46 D.
The angle between the two dipoles is 107.8°. From single-
point energy SCRF calculations the average monomer dipole
in the solvated dimer is 2.76 D, very similar to the dipole of
the solvated monomer (2.87 D).

We find that the total dipoles of the dimers are in the order
(4): 125 <143a <134a < 32 < 152a. This is the same as
sequence (2) that describes the order of the dipoles in the
liquid phase and suggests that the formation of hydrogen
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bonds between the dimers is relevant in understanding the
enhancement of the dipole moment in the liquid phase. We
note that the polarisabilities of the dimers are significantly
higher than the monomer polarisabilities. For example, at the
B3LYP/D95V(d,p) level, the average polarisability of the
HFC-152a monomer is 3.6 A3 and the dimer polarisability is
7.1 A3,

Our F-F distances in HFC dimers are in the 3.4-3.65 A
range. These distances are larger than the experimental value
(2.72 A) in the (HF), dimer,** reflecting the weaker nature of
the hydrogen bond in the HFC compounds. For comparison,
we have verified that the (HF), dimerisation energy is 17.2 kJ
mol~?! at the BALYP/D95V(d,p) level, in good agreement with
other theoretical calculations®3-3¢ (17.6 kJ mol~! at B3LYP/
aug-cc-pVTZ)>> and with the experimental value (~20 kJ
mol~1).57

Table 4 shows total energies for the HFC monomers (m)
and dimers (d). Dimerisation energies (AEs) are corrected for
zero point vibrational energies and also for BSSE. The CP
corrections to BSSE are similar to those found in the studies
of hydrogen bonded complexes by DFT.’® By using the
aug-cc-pVTZ basis set, BSSEs are ~1 kJ mol~! for the
present HFC series.

The results for the dimerisation energies indicate that the
present compounds show relatively weaker hydrogen bonds
and very low energy barriers between HFC conformers (~0.5
kJ mol~1), showing that they coexist. Our HFC-32 dimer-
isation energy is 2.7 kJ mol~! at B3LYP/aug-cc-pVTZ level
with BSSE correction. HFC-152a has a dimerisation energy of
3.4 kJ mol~! (B3LYP/aug-cc-pVTZ), which is comparable to
the binding energy of (HCI), (~5.8-8 kJ mol™'). Thus, our
results also suggest that although we can expect the presence
of dimers in the liquid state, they may be frequently broken,
especially at higher temperatures.

4.3 HFC-32 clusters

HFC-32 clusters (n = 2-10), have been generated by Monte
Carlo (MC) simulations at 50 K. For some clusters (n = 2—6)
full geometry optimisations at the B3LYP/D95V(d,p) level

Table 4 Total energies (in E,) for the HFC monomers (m) and
dimers (d), and dimerisation energies AEs (in kJ mol~'). AEs include
ZPVE corrections at the optimisation level (B3LYP/D95V(d,p)).
Values in brackets include counterpoise corrections to BSSE

B3LYP/aug-cc-pVDZ* B3LYP/aug-cc-pVTZ*

125

m —576.10174 —576.262 35

d1 —1152.205 44 —1152.52598

AE 3.94[1.57] 2.15[1.67]

134a

m —476.849 87 —476.98398

d1 —953.702 33 —953.969 18

d2 —953.702 31 —953.969 19

AE d1; d2 5.48[3.32]; 5.70[3.5] 2.15[0.89]; 2.20[0.95]
143a

m —377.61383 —377.721 89

d1 —755.22992 —755.44544

d2 —755.22990 —755.44542

AE d1; d2 4.36[2.36]; 4.30[2.09] 2.84[2.18]; 2.83[1.94]
32

m —239.018 85 —239.08829

di1 —478.040 81 —478.178 84

d2 —478.04049 —478.17887

AE d1; d2 5.54[3.07]; 4.70[3.28] 3.31[2.31]; 3.38[2.67]
152a

m —278.34791 —278.428 38

di1 —556.699 00 —556.85912

AE 6.25[3.83] 4.02[3.23]

¢ Single-point energy calculation. Geometry optimised at B3LYP/

D95V(d,p).

View Article Online

have been carried out. The initial guess for the optimised
structures has been a low energy configuration generated by
the MC simulations. Other stable structures corresponding to
energy minima should be expected.

Fig. 5 shows the DFT optimised structures for n = 3-6.
These calculations indicate a small reduction of some F---H
distances from the trimer (2.43 A) to the hexamer (2.39 A).
This feature indicates some cooperative polarisation effects
typical of hydrogen bonding systems.’® In Fig. 6 (top) we
show the average monomer dipole {y,», as a function of n.
We can observe a 10% increase in the dipole from the
monomer (2.0 D) to the dimer (2.19 D). For n = 10, {y;,> =
2.35 D, which is an enhancement of 17% relative to the free
monomer (2.0 D) but is substantially lower than the apparent
dipole moment pf from relative permittivity measurements

Fig. 5 HFC-32 clusters optimised structures from B3LYP/D95V(d,p)
calculations: (a) n = 3; (b)n=4; (c) n = 5;(d) n = 6. F- - -H distances
in
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Fig. 6 Average monomer dipole {g;», and total dipole u in a cluster
as a function of the number of molecules n. Top: HFC-32. B3LYP/
DI95V(d,p) optimizations (diamonds); B3LYP/D95V(d,p) single-point
calculations using Monte Carlo structures (squares); SCRF for the
clusters in a dielectric of & = 23 (triangles). The inset shows the total
dipole u for each cluster in the gas. Bottom: water. B3PW91/aug-cc-
pVTZ single-point energy calculations using B3PW91/D95V(d,p)
optimised cyclic structures®® (diamonds); SCRF for the clusters in a
dielectric of ¢ = 78 (triangles). The inset shows the total dipole u for
each cluster in the gas. Plus symbols are ab initio results from Gregory
et al >*
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(3.6 D).1> We can also observe excellent agreement between
MC and optimised DFT results for n = 2—-6, which supports
the use of the MC procedure for the larger clusters.

The SCRF approach has well known limitations. The more
serious concern systems where specific interactions (e.g. hydro-
gen bonds) induce local and significant changes in the elec-
tronic density. However, by adding a dielectric medium to a
few interacting molecules, it is possible to assess how the pres-
ence of this medium affects some molecular properties, for
example, the charge distribution. In this way, the more impor-
tant interactions are explicitly included. In addition, by ana-
lysing how the results depend on the number of “solvated”
molecules, the limitations of the SCRF approach can be
evaluated. Fig. 6 shows SCRF calculations for the HFC-32
clusters. From these calculations, the average monomer dipole
in the solvated hexamer is 2.3 D, which is very close to the
average monomer dipole in the free decamer (2.35 D), suggest-
ing that SCRF calculations for small clusters provide a realis-
tic description of the charge polarisation for this system. Total
dipoles u for the different clusters (see inset figure) indicate a
strong dependence on the cluster size and u may be very large
(eg,p=42Dforn=7).

Fig. 6 (bottom) reports data for the average monomer
dipole in water clusters. The structures of these clusters have
been determined by DFT calculations.>® The charge distribu-
tions are based on single-point energy B3LYP/aug-cc-pVTZ
calculations with the geometries optimised at the B3LYP/
D95V(d,p) level.>® The present results are in very good agree-
ment with ab initio calculations.>* We predict that the
monomer dipole in small water clusters increases from 1.85 D
(n = 1) to an average value of 2.5 D (n = 6), which is close to
the ab initio value of 2.7 D.3* SCRF calculations for the water
clusters solvated in a dielectric of ¢ = 78 show that {u,>, is
very dependent on the cluster size. Based on this approach the
average monomer dipole (up to the hexamer level) is 2.7 D, in
good agreement with recent experimental predictions for bulk
water (2.9 + 0.6 D).3¢ Total dipole moments for the different
clusters are in excellent agreement with ab initio results.3*

Comparison between the results for the HFC-32 and water
clusters shows a much stronger polarisation effect in water.
Moreover, the present procedure provides a reliable estima-
tion of the average dipole moment in water clusters, which is
similar, in the case of the water hexamer, to the measured
dipole moment of bulk water. Thus, our DFT results show
that the large dipole moments of HFCs based on relative per-
mittivity measurements and Kirkwood theory cannot be fully
explained by polarisation effects induced by hydrogen
bonding. Reasons for this discrepancy are possibly related to
limitations of the Kirkwood theory and to the eventual forma-
tion in the liquid phase, of dimers and small clusters®* carry-
ing large dipoles (see Fig. 6).

5. Conclusions

Density functional theory results for halogenated hydrocar-
bons of the ethane series are reported. The compounds
studied include HFC-125, HFC-134a, HFC-143a, HFC-32,
and HFC-152a.

Gas phase properties are in good agreement with experi-
mental results with respect to the structure and dipole
moments. SCRF calculations indicate a significant increase in
the dipole moment of HFCs in a continuum medium of rela-
tive permittivity corresponding to the liquid state. The effec-
tive dipoles from SCRF calculations are much lower than
experimental values derived from Kirkwood theory, are in
better agreement with predictions based on the
Kirkwood-Frolich equation, but are higher than effective
dipoles used in computer simulations of HFCs in the liquid
phase.??~2¢ For HFC-32, our results indicate that the inter-
molecular potential models used in these simulations?3:26
have possibly underestimated the role played by dipolar inter-
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actions and that a polarisable model would certainly be more
appropriate to describe local charge fluctuations suggested by
DFT calculations for small clusters.

Energy barriers related to internal rotation around the C-C
bond for the HFC series in the gas phase are very similar. We
found good agreement between our calculations and literature
data for the energy barriers related to internal rotations
around the C-C bond of HFC-143a and HFC-152a and we
have shown that the dipole moments for the present systems
are not very dependent on the specific molecular conforma-
tion.

We have determined the dimer structures and dimerisation
energies for the present series of compounds. The dimer struc-
tures are stabilised by double and triple F---H hydrogen
bonds, suggesting that these interactions can play a significant
role in the liquid state. In addition, our results indicate that
the orientational order in the liquid phase may involve not
only correlations between the dipoles of monomeric units but
also interactions between dimers stabilised by hydrogen
bonds. This conclusion is supported by experimental predic-
tions of the apparent dipole moment in the liquid phase based
on the Kirkwood theory!® and by computer simulations of
HFC-322* indicating the presence of hydrogen bonded stabil-
ised dimers in the liquid phase.

DFT calculations for HFC-32 clusters indicate that the
dipole moment of the HFC-32 decamer increases by 17% rela-
tive to the free monomer. We find that this effect is signifi-
cantly smaller than the ~50% increase of the water dipole
moment relative to the free monomer predicted by
experimental3® and theoretical studies.3#:3°
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