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Classical OPLS-AA force-field parameters are developed for perfluoroalkanes primarily by fitting to
conformational profiles from gas-phase ab initio calculations (LMP2/cc-pVTZ(-f)//HF/6-31G*) and to
experimental data for pure liquids. The ab initio C-C-C-C profile of n-C4F10 (perfluorobutane) is similar
to those from prior high-level calculations and indicates the presence of gauche (g) and ortho (o) minima and
of anti (a) minima slightly offset from 180°. Ab initio torsional profiles forn-C5F12 (perfluoropentane) and
(CF3)2CFCF2CF3 (perfluoro-2-methylbutane) also show three sets of energy minima. Special OPLS-AA torsional
parameters for these three molecules closely match ab initio and experimental geometries, conformational
energies (∆Emin), and conformational energy barriers. These specialized force fields were merged to provide
a generalized force field for linear, branched, and cyclic perfluoroalkanes. The resultant parameters yield key
∆Emin values within 0.6 kcal/mol of the ab initio results for the three test compounds but more poorly represent
the energy barriers. The parametrization also included reproduction of experimental liquid properties of these
compounds, CF4 (perfluoromethane) andc-C5F10 (perfluorocyclopentane) via Monte Carlo (MC) simulations.
MC simulations of six additional molecules were also performed in order to test the transferability of the
force field.

Introduction

Perfluoroalkanes, perfluoroethers, and perfluoroamines (fluo-
rous solvents) are being used increasingly in organic synthesis
as substitutes for chlorinated solvents because they are nontoxic
and do not deplete stratospheric ozone.1-3 Furthermore, fluorous
solvents are immiscible with both hydrocarbons and water,1,4

which facilitates removal of organic product from the reaction
medium via simple phase separation and filtration and also
recycling of the solvent. These methods are often enhanced
through the use of biphasic reactions in conjunction with
recyclable catalysts that are soluble in the fluorous solvent
because of perfluoroalkyl modification.3,5 Supercritical carbon
dioxide (CO2) is another environmentally safe solvent that can
be easily separated from organic reaction products. CO2

solubilizes perfluorocarbons and perfluoroethers and, in parallel
with fluorous solvents, is immiscible with hydrocarbons and
water.6,7 This has led to the development of surfactants with
fluoroalkyl modification for such uses as dispersion polymer-
ization6 and the extraction of biomolecules.7,8 Some of these
surfactants are designed with branched fluorocarbon side chains,8

presumably to promote packing of surfactant molecules for
desired micelle shape, size, and phase orientation.

For medical applications, perfluoroalkanes and other fluorous
liquids are used as oxygen-carrying blood substitutes.9,10Liquid
and gaseous perfluoroalkanes are used as high-density intraop-
erative fluids for eye surgery.10,11 When emulsified to mi-
crobubbles, gaseous perfluoropropane is used as an ultrasound
contrast agent to detect myocardial perfusion abnormalities.12

This application benefits from the high density, the low blood
solubility, and the low blood diffusivity of C3F8. Thus, fluorous

fluids are important to medical applications, and fluorous fluids
and solutes containing fluoroalkyl modification are important
to organic synthesis and separation methods.

Parallel computational studies are desirable, and in view of
the emphasis on the liquid state, tractable approaches are
molecular dynamics (MD) or Monte Carlo statistical mechanics
(MC) simulations with classical force fields. The conformational
analysis of perfluoroalkanes is intriguing. The presence of three
pairs of enantiomeric energy minima for the C-C-C-C
torsional profile ofn-C4F10 is well-established based on ab initio
calculations13-18 and on N2 matrix-isolation IR spectroscopy.13-15

The gauche conformers (g+, g-) have CCCC dihedral angles
ca. 60° and-60°. The ortho or orthogonal conformers (o+, o-)
have dihedral angles near 90° and -90°. Finally, the anti
conformers (a+, a-) have dihedral angles on either side of the
trans angle of 180°. The trans conformer represents a low energy
barrier between thea+ and a- global minima. Ab initio
calculations for othern-A4X10 systems yield similar profiles,15,19

and an electron diffraction study ofn-Si4Me10 established the
presence ofa andg minima and the “probable” presence ofo
minima.19 A six-conformer rotational isometric state (RIS)
model for poly(tetrafluoroethylene) (PTFE) best simulates
experimental data with matrix terms incorporating theg+, g-,
o+, o-, a+, anda- conformers, although a four-state model that
merges theg+ ando+ conformers and theg- ando- confomers
performs nearly as well.16 Another RIS model, derived from
neutron diffraction data of PTFE, also supports the existence
of g, o, anda minima (see Figure 3 of ref 20 and Figure 6 of
ref 21).

Previous force-field efforts for perfluoroalkanes have prima-
rily focused on modeling linear PTFE.17,22-27 Jaffe and co-
workers briefly described force fields for linear, branched, and* To whom correspondence should be addressed.

4118 J. Phys. Chem. A2001,105,4118-4125

10.1021/jp004071w CCC: $20.00 © 2001 American Chemical Society
Published on Web 03/28/2001



cyclic perfluoroalkanes, but the basis set for parameter develop-
ment only consisted of linear molecules.28,29 Dixon and co-
workers developed spectroscopic force fields for linear, branched,
and cyclic perfluoroalkanes and perfluoroethers,30 but their
parameters have little transferability to condensed media. The
force-field studies of Kollman and co-workers31 and of Yama-
moto and co-workers32 were limited to CF4 and C3F8, respec-
tively, whereas Cummings and co-workers33 and Sprik and co-
workers27 developed united-atom force fields rather than all-
atom (AA) models.

Many groups have noted the complexity of torsional energet-
ics for perfluoroalkanes. Allinger and co-workers used a standard
V1 to V3 three-term Fourier series but state the need for aV6

term.18 Rosi-Schwartz and Mitchell presented both a four-term
Fourier series for PTFE24 and a more refined seven-term series.25

Okada and co-workers presented a six-term Fourier series and
also introduced extra terms for 1,5-nonbonded F-F interactions
to obtain thea conformers as the global minima.17

In the present paper, classical AA force-field parameters
specific ton-C4F10, n-C5F12, and (CF3)2CFCF2CF3 and general-
ized parameters for all linear, branched, and cyclic perfluoro-
alkanes are developed within the OPLS (optimized potentials
for liquid simulations) framework.34 As usual, the development
considers molecular structures, conformational energetics, and
pure liquid properties. The parameter development has extended
the conformational analysis of perfluoroalkanes through com-
putation of ab initio energy profiles for linearn-C4F10 and
n-C5F12 and for branched (CF3)2CFCF2CF3. In addition, the first
extensive simulation studies of perfluoroalkane liquids have been
carried out. This included results for CF4, n-C4F10, n-C5F12,
(CF3)2CFCF2CF3, andc-C5F10 during parameter development,
followed by testing for six additional liquids.

Computational Methods

Force Field and Parametrization. The potential energy
function consists of harmonic bond stretching and angle bending
terms, a Fourier series for torsional energetics, and Coulomb
and Lennard-Jones terms for the nonbonded interactions, eqs
1-4.34 The parameters are the force constantsk, the r0 andϑ0

reference values, the Fourier coefficientsV, the partial atomic
chargesq, and the Lennard-Jones radii and well-depths,σ
andε.

Standard combining rules are used such thatσij ) (σiiσjj)1/2 and
εij ) (εiiεjj)1/2.34 The nonbonded interactions are evaluated
intermolecularly and for intramolecular atom pairs separated
by three or more bonds. The 1,4-intramolecular interactions are

reduced by a factor of 2 in order to use the same parameters
for both intra- and intermolecular interactions.34

Standard bond stretching and angle bending parameters were
initially assigned from the OPLS-AA parameter set,34 which
includes some entries from the AMBER AA force field.31,35

Each atom has an associated two-letter atom type that is used
to designate the parameters for atom pairs (bond stretching) or
atom triplets (angle bending). The atom types used here are
CT (aliphatic sp3 carbon) and F (fluorine).

The present work then focused on the development of the
Fourier coefficients, partial charges, and Lennard-Jones param-
eters in an iterative process. First, a Z matrix was constructed
for each perfluoroalkane, and initial parameters were assigned
based on the published values.31,34,35Trial partial charges were
estimated to be self-consistent within the OPLS-AA framework
on the basis of the relative electronegativities of the elements.
We settled on a partial charge of-0.12e for fluorine; however,
MC simulations for liquid perfluoroethane with constant Len-
nard-Jones parameters showed changes of less than 1% for the
computed density and heat of vaporization with flourine charges
of -0.10 to-0.16e. Both quantities decrease slightly with the
higher charge magnitude. Gas-phase energy minimizations were
then performed with the BOSS program36 with these parameters.
The geometries obtained were compared with those from
experiments and from ab initio optimizations at the HF/6-31G*
level. This provided a basis for adjusting the parameters for
bond stretching and angle bending. All ab initio calculations
were performed with Jaguar37 on a Silicon Graphics Indigo2
with an R10000 processor.

The procedure for establishing missing Fourier coefficients
has been described.34 The F-CT-CT-F and CT-CT-CT-F
parameters were developed based on experimental and ab initio
torsional profiles of C2F6,38-40 of C3F8,41 and of selected
hydrofluoroalkanes. For determining CT-CT-CT-CT param-
eters, energy scans were performed with LMP2/cc-pVTZ(-f)//
HF/6-31G* calculations.42,43Calculations at this level are known
to have striking accuracy for conformational energetics with
average errors of 0.25 kcal/mol for the Halgren test set.42,43The
scans were performed at 10° intervals for the CCCC dihedral
of n-C4F10 and for the C4C3C2F dihedral of (CF3)2CFCF2CF3.
For n-C5F12, one CCCC dihedral was scanned while the other
CCCC dihedral angle was fixed at 180°. Full optimizations were
done at each point with the exception of the chosen dihedral
angles. Similarly, the same energy scans were carried out using
the force field with the BOSS program and with the Fourier
coefficients for all CT-CT-CT-CT torsions set to zero. For the
Fourier coefficients specific ton-C4F10, n-C5F12, and (CF3)2-
CFCF2CF3, the relative energies from the scans were used as
input to the Simplex-based fitting program, Fit,44 to determine
the Fourier coefficients that minimize the differences between
the LMP2/cc-pVTZ(-f)//HF/6-31G* and force-field results.

The generalized CT-CT-CT-CT Fourier coefficients for
perfluoroalkanes were designed to reproduce the energy dif-
ferences between conformational energy minima,∆Emin, from
the LMP2 calculations. Three additional steps were performed
to establish these coefficients. First, using the method described
for the specific coefficients,V1 to V4 coefficients were deter-
mined that gave the best overall fit for all data points for the
three compounds. Second, the coefficients were further refined
by selectively excluding from consideration high-energy con-
formers for the three compounds; theV1 from these iterations
was used as the generalizedV1 coefficient, and theV2 to V4

coefficients were the basis for further fitting. Third, the Fit
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program was used in an iterative process to adjust theV2 to V4

coefficients to minimize the differences between the ab initio
and force-field results for the lowest-energy minima. TheV3

coefficient was successively fit to the 70°-20° ∆Emin for (CF3)2-
CFCF2CF3, whereas theV2 andV4 coefficients were successively
fit to the 170°-50° ∆Emin for n-C4F10 andn-C5F12 and to the
70°-170° ∆Emin for (CF3)2CFCF2CF3.

The Fourier coefficients, for both the specific and the
generalized cases, often required refitting when atomic charges,
Lennard-Jones parameters, or both are subsequently adjusted.
When satisfactory agreement with molecular structures and
torsional energy scans were obtained, MC simulations for the
five pure liquids were performed. Some adjustments of the
Lennard-Jones parameters were made so that calculated proper-
ties for the pure liquid perfluoralkanes agreed well with
experiment. Because our efforts were guided by consideration
of multiple types of experimental and ab initio data, the final
parameter set reflects a compromise.

Pure Liquid Simulations. The Metropolis MC simulations45

were performed with the BOSS program on Silicon Graphics
workstations or a multiprocessor Pentium cluster running Linux.
All molecules were fully flexible, i.e., the sampling included
bond stretching, angle bending, and torsional motion in addition
to the total translations and rotations. This necessitates that MC
simulations be performed for both the ideal gas and the liquids
in order to compute heats of vaporization,∆Hvap. The calcula-
tions were executed with the generalized force field in the NPT
ensemble, preferably at a pressure and temperature where
experimental data are available for both liquid density and
∆Hvap. For most systems, this was 1 atm and either the normal
boiling point of the liquid or near 25°C. Gas-phase simulations
consisted of 3 million (3M) configurations of equilibration,
followed by 3M configurations of averaging, which were run
in batches of 0.6M configurations. For the pure liquids, periodic
boundary conditions were employed with cubic cells of 267
molecules. The equilibrated box sizes ranged from approxi-
mately 29× 29× 29 Å for CF4 to 45× 45× 45 Å for n-C6F14

(perfluorohexane). For the cutoff of intermolecular nonbonded
interactions, a residue-based approach was taken; basically, if
any C-C distance was below 12 Å, the entire molecule-
molecule interaction was included, and a standard correction
was made for Lennard-Jones interactions neglected beyond the
cutoff.46 Each liquid was first equilibrated for 8M configurations,
and the averaging occurred over an additional 5M configura-
tions, which were run in batches of 0.5M configurations.
Statistical uncertainties ((1σ) were obtained through the batch

means procedure (eq 5), wherem is the number of batches and
θi is the average of propertyθ in the ith batch.46

The computed densities, heats of vaporization, radial distribution
functions, energy distributions, and conformational properties
are very well converged with MC simulations of this length.
By adjusting the allowed ranges for rigid-body rotations,
translations, and dihedral angle movement, acceptance rates
averaged ca. 30% for new configurations. The ranges for bond
stretching and angle bending are set automatically by the BOSS
program on the basis of the force constants and temperature.

Results and Discussion

Ab Initio Profiles. Prior ab initio and experimental data for
the CCCC torsional profile ofn-C4F10 are summarized in Table
1, along with the present LMP2/cc-pVTZ(-f)//HF/6-31G*
results. Some references report ab initio calculations at several
levels of theory; only the highest-level results with the most
complete data are noted in Table 1. The reported angles and
∆E values for the LMP2/cc-pVTZ(-f)//HF/6-31G* set are based
on a spline fit to the profiles with the 10° increments. For
n-C4F10, the ab initio results in Table 1 are in close accord. All
angles agree within 4°, and all energies agree within 0.7 kcal/
mol. Theg conformers are energy minima, thea conformers
are the global minima, and the trans energy barrier is in the
range of 0.1-0.4 kcal/mol. Theo minima are reported in all
studies except for the MP2/DZ+P one, though it is unclear if
the ortho regions were examined. The experimental values for
thea to g ∆Emin (Table 1) are ca. 1.0 kcal/mol, which is similar
to most of the ab initio results.

The present LMP2 torsional energy profiles forn-C4F10,
n-C5F12, and (CF3)2CFCF2CF3 are plotted in Figures 1-3, along
with the OPLS-AA profiles, which are discussed below. The
CCCC LMP2 profiles forn-C4F10 (Figure 1) andn-C5F12 (Figure
2) are similar; both compounds haveg, o, and a minima at
approximately the same angles, and both have similar∆Emin

and the same torsional energy barriers. The C4C3C2F LMP2
profile for (CF3)2CFCF2CF3 (Figure 3) also shows three
enantiomeric pairs of minima at ca. 20°, 70°, and 170°.

In a key study, Michl and co-workers provide a formalism
to explain the occurrence of three pairs of enantiomeric minima
for certainn-A4X10 molecules.15 Their model largely focuses

TABLE 1: Ab Initio and Experimental C -C-C-C Torsional Data for n-C4F10
a

eclipsed gauche
gauche
to ortho ortho

ortho
to anti anti trans

LMP2/cc-pVTZ(-f)// angle 0 54 81 98 120 170 180
HF/6-31G*b ∆E 7.8 0.8 2.1 1.9 2.4 0.0 0.1
HF/6-31G*c angle 0 56 83 96 120 169 180

∆E 8.5 1.2 2.3 2.0 2.7 0.0 0.1
MP2/6-31G*d angle 54 95 166

∆E 0.7 1.6 0.0
MP2/6-311G*d ∆E 0.9 2.1 0.0
HF/D95+* e angle 56 95 167 180
MP2/D95+* e ∆E 0.5 1.7 0.0 0.2
HF/6-31Gf ∆E 1.6 2.5 0.0 0.2
MP2/6-31G*g ∆E 0.7 1.6 0.0
MP2/DZ+Ph ∆E 8.0 1.5 2.4 0.0 0.4
exptl (gas)i ∆E 1.2
exptl (N2 matrix)d ∆E ca. 0.9

a Angles in deg,∆E in kcal/mol relative to the anti conformer.b This work, based on a spline fit to the ab initio data taken at 10° intervals.
c Reference 15.d Reference 14.e Reference 16.f Reference 17.g Reference 18.h Reference 53.i References 53-56.

σ2 ) ∑
i

m

(θi - 〈θ〉)2/m(m - 1) (5)
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on an interplay between steric hindrance, as described by van
der Waals interactions, and molecular-orbital-based antiperipla-
nar stabilization. Charge-charge interactions have only minor
importance, although the authors acknowledge that Coulombic
forces could play a role in alternative formalisms. The optimized
HF/6-31G* geometries nearest the minima and maxima for
n-C4F10 are illustrated in Figure 4. In going from ag minimum
(4a), to ag-o transition structure (4b), to ano minimum (4c),
the 1,6-FF interaction shown with asterisks provides the greatest
steric repulsion at the transition structure (4b). The staggering
of the substituents for an alkane-like gauche minimum causes
the fluorines with the asterisks to be too close; the repulsion is
relieved and theg ando minima arise by twisting the CCCC
angle in either direction, while simultaneously twisting the
terminal CF3 groups clockwise and counterclockwise, respec-
tively. Antiperiplanar forces stabilize the all-staggered trans
maximum (4e), but 1,5-FF interactions (shown with pound
symbols) produce a small torsional offset to ana minimum (4d).

Force-Field Parameters.The final OPLS-AA parameters for
perfluoroalkanes are reported in Tables 2-5. The bond stretch-
ing and angle bending parameters (Tables 2 and 3) are from
prior work. As before,34,47the molecular structures from OPLS-
AA optimizations are essentially identical to HF/6-31G* and
experimental results;18,38,48,49for bond lengths and bond angles,
the average deviations are 0.01 Å and 1°.

The nonbonded parameters for perfluoroalkanes are listed in
Table 4. The partial charge on fluorine was fixed at-0.12 e,
and the partial charge on carbon becomes more positive by 0.12
e with increased fluorine substitution. The Lennard-Jones
parameters remain unchanged from the original OPLS-AA
parameter set34 with minor exceptions. Theε was adjusted for
CT in CF4 and bothε and σ were adjusted for F to obtain
satisfactory agreement with both the experimental densities and
heats of vaporization of pure liquids. Otherwise, the Lennard-
Jones parameters for CT in all perfluoroalkanes are the same
with σ ) 3.50 Å andε ) 0.066 kcal/mol. Basically, there were
only four adjusted parameters, the q,σ, andε for fluorine plus
the ε for CF4. It is notable that the small number of unique
parameters in Table 4 works so well for the predicted liquid
properties of the present structurally diverse perfluoroalkanes
(Table 6).

The torsional parameters are listed in Table 5. The compound-
specific OPLS-AA parameters reproduce the CCCC ab initio
LMP2 torsional-energy profiles with average differences of 0.2
kcal/mol for n-C4F10, 0.1 kcal/mol forn-C5F12, and 0.2 kcal/
mol for (CF3)2CFCF2CF3. For n-C4F10 (Figure 1) andn-C5F12

(Figure 2), the gauche torsional angle of ca. 50° is reproduced,
but the trans conformers become the global minima, and the
nearbya minima are lost. Even though the compound-specific
force-field curves forn-C4F10 andn-C5F12 are quite flat in the
o regions, the shallowo minima at ca. 100° are not reproduced.
The LMP2 calculations show that thea and o minima have
barriers of less than 0.4 kcal/mol for interconversion to other
conformers. The compound-specific OPLS-AA parameters for
(CF3)2CFCF2CF3 (Figure 3) reproduce the ab initio minimum
at ca. 70°, but shift the ca. 20° minimum to 0° and the ca. 170°
minimum to 180°.

The generalized OPLS-AA parameters reproduce the ab initio
torsional-energy profiles with average differences of 0.6 kcal/

Figure 1. ∆E vs CCCC dihedral angle forn-C4F10 from LMP2/cc-
pVTZ(-f)//HF/6-31G* calculations,n-C4F10 specific OPLS-AA force-
field calculations, and generalized perfluoroalkane OPLS-AA force-
field calculations.

Figure 2. ∆E vs CCCC dihedral angle forn-C5F12 from LMP2/cc-
pVTZ(-f)//HF/6-31G* calculations,n-C5F12 specific OPLS-AA force-
field calculations, and generalized perfluoroalkane OPLS-AA force-
field calculations. The second CCCC dihedral is held fixed at 180°.

Figure 3. ∆E vs C4C3C2F dihedral angle for (CF3)2CFCF2CF3 from
LMP2/cc-pVTZ(-f)//HF/6-31G* calculations, (CF3)2CFCF2CF3 specific
OPLS-AA force-field calculations, and generalized perfluoroalkane
OPLS-AA force-field calculations.
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mol for n-C4F10 (Figure 1), 0.7 kcal/mol forn-C5F12 (Figure
2), and 0.8 kcal/mol for (CF3)2CFCF2CF3 (Figure 3). Thea
minima now correctly reappear for in all cases. Furthermore,
the generalized parameters reproduce the key energy differences
within a few tenths of a kcal/mol. These are the 170°-50° ∆Emin

for n-C4F10 and n-C5F12 and the 70°-20° and the 70°-170°
∆Emin for (CF3)2CFCF2CF3. The downside is that theg to a
barrier heights are less well reproduced.

As suggested by other studies,17,18,25 the introduction of
Fourier terms with higher periodicities could be helpful, but
they are not normally included in MD and MC calculations.

Pure Liquid Results. The OPLS-AA parameters for CF4,
n-C4F10, c-C5F10, n-C5F12, and (CF3)2CFCF2CF3 were devel-
oped in conjunction with computation of their liquid densities
and heats of vaporization. These are important properties

Figure 4. HF/6-31G* geometries nearest the minima and maxima ofn-C4F10: (a)g minimum, (b)g-o transition structure, (c)o minimum (asterisks
indicate 1,6 steric interaction), (d)a minimum, (e) trans maximum (pound signs indicate 1,5 steric interactions).

TABLE 2: OPLS-AA Bond Stretching Parameters for
Perfluoroalkanes

bond kb (kcal mol-1 Å-2) r0 (Å)

CT-Fa 367.0 1.332
CT-CTb 268.0 1.529

a Reference 31.b Reference 34.

TABLE 3: OPLS-AA Angle Bending Parameters for
Perfluoroalkanes

angle kθ (kcal mol-1 rad-2) θ0 (deg)

F-CT-Fa 77.00 109.10
CT-CT-Fb 50.00 109.50
CT-CT-CTc 58.35 112.70

a Reference 35.b Reference 57, same as CT-CT-OH and CT-CT-
OS in Reference 35.c Reference 34.
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because they reflect both the sizes of the molecules and the
average intermolecular interactions. The transferability of the
generalized parameters was tested through subsequent MC
simulations for the pure liquids of C2F6 (perfluoroethane), C3F8,
c-C4F8 (perfluorocyclobutane),n-C6F14, (CF3)2CF(CF2)2CF3

(perfluoro-2-methylpentane), and (CF3)2(CF)2(CF3)2 (perfluoro-
2,3-dimethylbutane). The results are shown in Table 6. In all
cases, excellent agreement with experimental densities was
obtained with an average unsigned error of 1%.

Heats of vaporization are readily computed from the simula-
tion results using eq 6.

Here,Eintra(gas) is the average intramolecular energy in the gas
phase andEtot (liq) is the total potential energy of the liquid
consisting of both the average intramolecular energy of the
liquid, Eintra(liq), and the average intermolecular energy of the
liquid, Einter(liq). ThePV-work term in the enthalpy is equal to
RTfor the ideal gas and it is negligible for the liquid. The heats
of vaporization obtained from the MC simulations for the gases
and liquids are also in good agreement with the experimental
data in Table 6; the average unsigned error is less than 3%.

Intermolecular radial distribution functions (rdfs) provide a
measure of the local structure in liquids, and coordination
numbers can be obtained by the integration of their peaks.46

Radial distribution functions generated for liquid CF4 (-177
°C, 1.0 atm,F ) 1.86 g cm-3) with the OPLS-AA force field
are presented in Figure 5. The first C-C maximum at 4.5 Å
can be compared with literature values of 4.8 Å from another
MC simulation at a similar state point (ca.-150 °C, 1 atm),50

4.6 Å from an MD simulation (-166°C, 1.0 atm),51 and 4.7 Å
from a reverse-MC simulation based on neutron diffraction data
in the supercritical regime at much lower density (97°C, F )
1.2 g cm-3).48 The C-F maxima at 4.0 and 5.6 Å and the F-F
maxima at 3.1 and 4.9 Å in Figure 5 also correspond to the
maxima at 4.0, 5.5, 2.9, and 4.8 Å reported in the latter work.48

Integration of the C-C rdf from the present MC simulation
out to the first minimum at ca. 6.3 Å encompasses 13 neighbors,
which matches the number of nearest neighbors calculated by
Nose and Klein.50 The first peak with an F-F maximum at ca.
3.0 Å in Figure 5 reflects the closest intermolecular atom-
atom contacts for CF4. Similarly, the MC results for C3F8 (-124

TABLE 4: OPLS-AA Nonbonded Parameters for
Perfluoroalkanes

atom type atom or group q (e-) σ (Å) ε (kcal mol-1)

F F -0.12 2.95 0.053
CT CF4 0.48 3.50 0.097
CT CF3 group 0.36 3.50 0.066
CT CF2 group 0.24 3.50 0.066
CT CF group 0.12 3.50 0.066

TABLE 5: OPLS-AA Fourier Coefficients (kcal mol -1) for
Perfluoroalkanes

dihedral angle V1 V2 V3 V4

General
F-CT-CT-F -2.500 0.000 0.250 0.000
CT-CT-CT-F 0.300 0.000 0.400 0.000
CT-CT-CT-CT 6.622 0.948 -1.388 -2.118

n-C4F10 Specific
CT-CT-CT-CT 7.219 -0.484 -1.105 -0.990

n-C5F12 Specific
CT-CT-CT-CT 5.829 -0.453 -1.266 -1.052

(CF3)2CFCF2CF3 Specific
CT-CT-CT-CT 8.227 -0.106 -0.435 -1.676

TABLE 6: Computed Densities and Heats of Vaporization from Pure Liquid Simulations at 1 atm

density (g cm-3) ∆Hvap (kcal mol-1)

liquid T (°C) calcd expt calcd expt

CF4 -128.02 1.631( 0.005 1.608a 2.99( 0.01 3.00b

C2F6 -78.10 1.572( 0.003 1.590c 3.71( 0.02 3.86d

C3F8 -36.65 1.606( 0.004 1.600e 4.73( 0.04 4.69e

c-C4F8 -40.20 1.715( 0.003 1.753f 5.85( 0.06 5.63g

n-C4F10 0.00 1.581( 0.008 1.600h 5.45( 0.10 5.46h

c-C5F10 22.50 1.653( 0.003 1.637i 6.19( 0.16 6.31i

n-C5F12 25.00 1.597( 0.007 1.600j 6.52( 0.13 6.45k

(CF3)2CFCF2CF3 30.12 1.613( 0.004 1.631j 6.21( 0.06 6.49i

n-C6F14 25.00 1.681( 0.005 1.675l 7.86( 0.13 7.51m

(CF3)2CF(CF2)2CF3 25.00 1.702( 0.006 1.718n 7.76( 0.11 7.50m

(CF3)2(CF)2(CF3)2 20.00 1.779( 0.004 1.773o 7.96( 0.11 7.64m

a Average from refs 58 and 59.b Average from refs 60 and 61.c Average from refs 62 and 63.d Reference 64.e Reference 65.f Reference 66.
g Reference 67.h Reference 68.i Reference 69.j Reference 70.k Average from refs 69 and 71.l Average from refs 72-74. m Reference 71.
n Interpolated from ref 75.o Reference 76.

∆Hvap ) ∆Hgas- ∆Hliquid ) Eintra(gas)- Etot(liq) + RT (6)

Figure 5. Intermolecular radial distribution functions for liquid CF4

at -177 °C from MC simulations with the OPLS-AA force field.
Successive curves are offset 3 units along they axis.
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°C, 0.5 atm) show F-F first maxima near 3.1 Å for primary (F
on C1)-primary, primary-secondary (F on C2), and second-
ary-secondary interactions (Figure 6). These distances match
the 3.2 Å F-F separation observed in a neutron diffraction study
of liquid C3F8 and attributed to the closest intermolecular atom-
atom contacts.52

Conclusions

The conformational characteristics and liquid-state properties
of perfluoroalknaes have been explored in the course of the
development of OPLS-AA force-field parameters. Though most
prior force-field efforts have focused on linear perfluoroalkanes,
the present work considered both ab initio and experimental
data for linear and branched molecules. Ab initio LMP2/cc-
pVTZ(-f)//HF/6-31G* results for the CCCC torsional energy
profile of n-C4F10 parallel prior ab initio and experimental
results; they show enantiomeric pairs of gauche, ortho, and anti
minima, with a low anti to trans barrier. The present LMP2
results forn-C5F12 show a similar splitting into gauche, ortho,
and anti minima, and the CCCF torsional energy profile of
(CF3)2CFCF2CF3 is also split into three minima pairs.

Compound-specific OPLS-AA torsional parameters forn-C4F10

andn-C5F12 closely reproduce ab initio LMP2 torsional profiles
and geometries, especially for the trans to gauche energy
differences and for the torsional energy barriers. Compound-
specific parameters for (CF3)2CFCF2CF3 also mimic well the
ab initio torsional energy profile and geometries. However, the
shallow ortho and anti minima forn-C4F10 and n-C5F12 from
the ab initio calculations are not reproduced with the OPLS-
AA compound-specific parameters. Generalized OPLS-AA
parameters for all perfluoroalkanes were developed that match
ab inito calculations within ca. 0.5 kcal/mol for the key
conformational energy differences of the three reference com-

pounds. Furthermore, the parameters have been tested in MC
simulations for the pure liquids of eleven linear, branched, and
cyclic perfluoroalkanes; the resultant densities and enthalpies
of vaporization closely match experimental data. The computed
peak positions in the intermolecular radial distribution functions
for CF4 and C3F8 also reproduce well results from prior
computations and neutron diffraction data. The present results
provide a solid basis for future MC and MD simulations of the
fascinating chemistry of liquid perfluoroalkanes.
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