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The ordered and orientationally disordered crystalline phases
of the flexible C 4F8 molecule
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There is ample experimental evidence for the existence of several crystalline phases of C4F8,
although they still have been not clearly identified. In this paper we report a series of molecular
dynamics~MD! simulations using a partially flexible molecular model, which takes into account the
mixing of the low frequency intramolecular modes and lattice modes. The calculations are carried
out at constant pressure and constant temperature and the algorithm employed allows for volume
and symmetry changes of the MD sample as a function of thermodynamic variables. Although
several stable crystalline phases are found, their number is still less than determined by experiments.
© 2000 American Institute of Physics.@S0021-9606~00!50107-X#
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I. INTRODUCTION

Per-fluorinated organic compounds are chemically v
inert and therefore their study is of interest in environmen
medical1 and materials sciences.2 Perfluorocyclobutane C4F8

is a flexible molecule and there is experimental evidence
ambient pressure, for the existence of several crystal
phase transitions.3–5 C4F8 crystals melt at 233 K and an or
entationally disordered phase has been found between 2
and the melting point. This plastic phase has been meas
by x-rays and neutron powder diffraction methods and
obtained data have been interpreted as an orientationally
ordered crystal. The molecular centers of mass follow a
bic bcc array, with two molecules per unit cell at~0,0,0! and

~1/2,1/2,1/2!, the space group isIm3̄m.3 NMR4 and heat
capacity5 measurements determined the existence of f
solid–solid phase transitions at ambient pressure and at
174, 215 and 217 K. Furthermore, in Ref. 5 a small hyster-
esis in the heat capacity loop was found at about 97 K. T
low temperature phases have not been determined, bu
scarce experimental data suggested that the phase trans
are related to the onset of dynamical disorder in the m
ecules’ orientation and in the intramolecular degrees
freedom.4

The only calculation on the condensed phases of
compound is a constant volume MD simulation of the hi
temperature plastic phase, using a rigid model molecu3

that was helpful to analyze the measured powder diffrac
patterns.

Here we study the phase diagram of C4F8 crystals, as
given by a simple and flexible model. The study is perform
via a series of constant pressure and constant temper
~NPT! molecular dynamics~MD! simulations, at severa
temperatures and zero pressure. Our calculations repro

a!Electronic mail: gamba@cnea.gov.ar
b!Electronic mail: qrtrbell@webhart.net
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the scarce experimental data of the plastic phase and pr
structural and dynamical properties of the low temperat
phases.

II. INTRA- AND INTERMOLECULAR POTENTIALS

C4F8 is a cyclic flexible molecule. The energy associat
with its intramolecular modes is similar to the energy
lattice modes in crystalline phases, except for the high
ergy of the stretching modes of the molecular bonds, wh
are considered of constant length in solid phases.3,4 In our
MD calculations, the only intramolecular degrees of freed
taken into account are those associated with vibratio
modes at low frequencies. These modes can mix with
lattice modes and may be relevant to the onset of struct
phase transitions.

In our simulations, the initial molecular geometry corr
sponds to the one determined in the gas phase6,7 and used in
the analysis of the high temperature disordered phase.3 It has
to be taken into account that the experimental geometry
determined with a large deviation, due to thermal motio
From these measurements it cannot be stated whethe
molecular symmetry isD4h ~a planar four C ring! or D2d ~a
puckered C ring!.

No experimental data on intramolecular forces are av
able for C4F8. The vibrational spectra of intramolecula
modes have been measured in the gas, liquid and s
phases and in solid matrices~references quoted in Ref. 3!,
but no unequivocal identification of the modes and molecu
geometry was possible. Nevertheless, a clear indication
low barrier to torsional ring motion was found.

Here we propose a simple model molecule, which
cludes a low torsional barrier for the CCCC ring torsion,t,
and a rocking angle,b, for the CF2 group ~that moves
mainly rigidly in a plane perpendicular to the correspondi
CCC plane!. By comparison to the very well known data fo
the molecule C4H8 ,8 we propose the following intramolecu
lar potential model and parameters:
7 © 2000 American Institute of Physics
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~a! The potential for the torsional coordinatet ~or CCCC
angle! is a double well, of the form
V~t!5a2bcos2~t!1ccos4~t!,
with minimums at cos(t0)56Ab/2c56cos(12.28°)
and a barrier heightDV5a5b2/4c5kB225 K. The
value forDV is arbitrary; there is no experimental da
on it, but it was taken low enough~225 K is near the
melting point! to show its possible influence on any
the solid–solid phase transitions.

~b! The potential wells for the CCC and FCC angles a
harmonic, with force constantsf CCC5 f FCC5kB900 K
57.48 kJ/mol/rad2. These bending angles intervene
the rocking motion of the CF2 group. The values of
f CCC and f FCC are also arbitrary; they imply intramo
lecular frequencies that are high enough to avoid m
ing with the lattice modes and at the same time expl
the measured molecular geometry as a function of te
perature.

The sensitivity of our results to the arbitrary values
barrier height and bending force constants are discusse
Sec. IV B.

The interatomic angles and distances held constant
ing the simulations are:dCC51.566 Å, dCF51.333 Å, angle
FCF5109.9°. The initial values for the other quantities a
angle CCC589.34°, angles FCC5110° and 117.5° and tor
sional angle~CCCC angle! t512.28°. The rocking angle,b,
of the CF2 group is measured as the angle between the
sects of the CCC and FCF angles.3

The intermolecular interactions are taken into acco
with the atom–atom Lennard-Jones~LJ! potential model of
Ref. 3, which does not include a set of distributed po
charges within the molecule. The LJ parameters are:sC

53.350 Å,sF52.825 Å, «C50.426 kJ/mol, «F

50.439 kJ/mol. The standard combination rules are app
for cross interactions: the potential parameters for the in
action between atomsa and b are calculated assab5(sa

1sb)/2 and «ab5A«a«b. With these parameters, the co
stant volume simulations of Ref. 3, performed on a stati
cally orientationally disordered array of rigid puckered m
ecules, reproduced the measured x-ray and neutron po
diffraction patterns. The cutoff radius for the atom–atom
teractions is 12 Å. Correction terms to the configuratio
energy and pressure, due to this finite cutoff, are taken
account in the usual way—with the integrated contribut
of a uniform distribution of atoms.

III. CALCULATIONS

The phase diagram and dynamical properties of C4F8 , at
zero pressure, are studied in the NPT ensemble, by a s
of classical constant pressure–constant temperature
simulations. The implemented MD algorithm allows volum
and shape fluctuations of the MD sample in order to bala
the applied isotropic external pressure with the inter
stresses.9 This is performed by considering an extended s
tem, which includes as extra variables the MD b
parameters.9 The temperature control of the sample follow
the approach of Nose´,10,11 which also includes an externa
e
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variable. The equations of motion for molecular syste
with internal degrees of freedom are described in Ref.
The equations are integrated via the Verlet algorithm for
atomic displacements and the SHAKE algorithm for the a
plied geometrical constraints. The final MD algorithm
identical to that used in a study of black Newton films.13 A
further test of the program was performed by carrying o
several calculations at low temperatures and obtaining
same results as with the program for rigid molecules M
POLY, used in Ref. 3.

The first series of MD runs consisted of two MD boxe
with an initial array of 43434 and 63636 cubic bcc unit
cells~128 and 432 molecules, respectively!, using the experi-
mental lattice parameters and disordered molecular orie
tions, as in Ref. 3. These samples were first equilibrated
P50 kbar andT5224 K, for 30 000 time steps~of 0.01 ps!
with a constant volume algorithm. The chosen thermo
namic parameters are within the small range in which
plastic phase is found.3 Afterward, NPT runs were performe
at 220 K and the temperature was lowered in steps of 25
At each point of the phase diagram the samples were eq
brated for 20 000 to 30 000 time steps~of 0.01 ps! and ana-
lyzed in the following 10 ps. Near the phase transitions
equilibration times had to be increased by a factor of 5
Both samples will be called ‘‘cubic samples,’’ but this refe
only to their initial high temperature structures.

Since these calculations did not reveal the expec
number of phase transitions, a search for the structure
lowest configurational energy, as given by this model pot
tial, was performed. The final structure is monoclinic and
described in the following section. Increasing the tempe
ture of the new sample~hereafter it will be called ‘‘mono-
clinic sample,’’ referring to its initial low temperature or
dered structure!, a second series of runs was performed. T
procedure is expected to minimize the hysteresis of the p
sible phase transitions.14

Another sample, initially in trigonal symmetry, wa
studied upon heating and is described also in the follow
section. This possible structure was suggested by additi
measurements, not reported in Ref. 3.

IV. RESULTS

A. Crystalline phases

Here we include the results of our calculations in t
NPT ensemble of three samples that gave uniform struct
at some point of the phase diagram. When lowering the te
perature of the ‘‘cubic’’ sample, or during the search of t
low configurational energy structures, many samples sho
twinning or conserved some degree of orientational disor
and were disregarded. Lengthy calculations were neede
obtain the included results. A similar problem was fou
experimentally when trying to identify the low temperatu
phases.3

At 220 K the calculated ‘‘cubic’’ sample of 432 mol
ecules remained in a cubic bcc symmetry, space gr
Im3̄m, with very large fluctuations in the lattice paramete
The averaged thermodynamic parameters areT5220~4! K,
P50.0~2! kbar and the lattice parameters area56.9(7) Å
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and angles590.0~7! deg, which compare well with the ex
perimental value of 7.02 Å at 224 K.3 The calculated pair
distribution function and structure factor, not included he
showed a bcc array for the centers of mass. The meas
ment of reorientational times and histograms of Eule
angles for the molecules orientations determined that
phase is plastic. The molecules are dynamically disorde
with the molecular planes preferentially oriented parallel
the cubic crystallographic faces, on a time average. The
order is dynamic, with decay times of;3 ps, as obtained
from the orientational time self-correlation functions.

The experimental heat of sublimation isDHsub

528.7 kJ/mol at 233 K.15 We estimateDHsub530.3 kJ/mol
at 220 K, by adding the entropic contribution of our calc
lated vibrational density of states to the configuratio
energy.16

At 220 K, the ‘‘cubic’’ sample of 128 molecules distort
to a monoclinic symmetry, instead of remaining cubic. T
63636 unit cells sample shows this distortion forT<200 K.
These results show that the proposed model molecule re
duces the plastic phase in large samples, which have lo
thermal fluctuations of the lattice parameters. Neverthel
we believe that our high temperature plastic sample is o
marginally the ‘‘most stable’’ structure, large equilibratio
runs were necessary, first at constant volume and the
constant pressure, before being able to obtain the inclu
results.

No further transitions were found for these ‘‘cubic
samples and this was the reason to perform a search fo
crystalline structure with lowest configurational energy. F
ure 1 shows this structure, which according to our calcu
tions is the most stable one. Not surprisingly, it is similar
the low temperature structure of C4Cl8 ,17 a monoclinic unit
cell with Z52 and space groupD2h

2 (P21 /m). The lattice
parameters, atT550 K, are a56.67~2! Å, b54.89~2! Å,
c58.42~2! Å and b578~1! deg. The two molecules are lo
cated at~0,0,0! and~1/2,1/2,1/2! and are related by an inver
sion center at~1/4,1/4,1/4!.

A ‘‘monoclinic’’ sample of 43634 of the monoclinic
unit cells ~192 molecules! was studied upon heating. Th
sample shows a structural phase transition when the temp
ture is increased 175 to 185 K. The high temperature pha
trigonal and plastic, as calculated from the pair correlat

FIG. 1. The low temperature monoclinic unit cell,D2h
2 (P21 /m), Z52, is

similar to the low temperature structure of C4Cl8 ~Ref. 17!.
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function for the molecular centers of mass and reorien
tional times.

Finally, a ‘‘trigonal’’ sample of 128 molecules was stud
ied upon heating. This possible symmetry was suggested
preliminary measurements, not included in Ref. 3. T
sample initially consisted of 43434 trigonal unit cells, with
two molecules per unit cell, and the molecular planes o
ented perpendicular to the main diagonal. The lattice par
eters of this initial cell werea5b5c57.2 Å and angles
a5b5g597 deg. At 50~1! K the calculated stable structur
is triclinic, although the molecular planes remain parall
The resulting cell parameters werea55.64~3! Å, b57.07~3!
Å, c56.72~3! Å with anglesa595.4~3! deg,b598.3~3! deg
and g597.1~3! deg. ForT>200 K this sample shows dy
namic orientational disorder.

Figure 2 shows the configurational energies, the volu
per molecule and estimated free energies of all MD samp
as a function of temperature. The free energy was estima
at each point of the phase diagram, taking into account
contribution of our calculated vibrational density of states
the entropy.16 At low temperatures the most stable sample
the ‘‘monoclinic’’ one; at high temperatures all samples ha
similar values of configurational and free energies. The ‘‘c
bic’’ sample is slightly more stable, but the differences
energy are within the calculated errors.

B. Molecular geometry and dynamics

Time averages performed over all molecules show t
the average FCC angle is about 114° at all temperatu

FIG. 2. ~a! Configurational energies,~b! volume per molecule and~c! esti-
mated free energies of three MD samples as a function of tempera
‘‘monoclinic’’ ~solid line!, ‘‘cubic’’ ~dashed line! and ‘‘trigonal’’ ~dotted
line!.
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with deviations of 16° at 50 K to 23° at 225 K. These valu
were obtained from time averaged histograms of the co
sponding angular distributions.

Figure 3~a! shows the dependence of the average va
of the torsional anglê t& on temperature. The average
over all molecules and over the trajectory in phase sp
followed by the system after equilibration. At 50 Kt is
centered at about 7°, with a very large deviation of 4° in
‘‘monoclinic’’ sample, and 6° in the ‘‘cubic’’ sample. At

FIG. 3. Time averaged~a! torsional angle,~b! rocking angle and~c! calcu-
lated dispersion of both angles as a function of temperature. Solid
‘‘monoclinic’’ sample, dashed line: ‘‘cubic’’ and dotted line: ‘‘trigonal.’’
s
e-

e

e

e

higher temperatureŝt& decreases to 0 and its deviation
even larger. On a time average the molecules appear ne
planar in all samples withT>100 K. This change in the
dynamics of the molecules can, possibly, explain the sm
hysteresis measured around 97 K.5 Figure 4 shows the cor
relation between the torsional and rocking angles, de
mined at the lowest temperature in the ‘‘cubic’’ sample. F
C4H8 ~Ref. 8! a relationship of the form

b50.21t23.8*1025t3

was proposed. Figure 4 shows that, at low temperatures,
measured correlation could be fitted with a similar functio
but our calculations also show that this correlation is rapi
lost at increased temperatures, at 100 K the distribution
almost flat.

To study the dynamics of the torsional anglet, several
time correlation functions can be measured. We analyze
self-correlation function

C~ t !5
1

N (
i 51

N

A i~ t !.A i~0!,

whereN is the total number of molecules andA is a vector
defined asA50 when the CCCC ring is planar, andA561
whent56t0 , the minimum of the potential double well. I
our samples at 50 KC(t) decays to a final equilibrium value
of 0.82, at 100 K to 0.40 and at 225 K the function deca
exponentially to zero, with a characteristic time of;1 ps.

Clearly that the behavior oft and (̂ t2&2^t&2), as a

function of temperature, depends on the arbitrary value
the barrier height of the torsional double well potenti
Since there are no structural changes around 100 K in
three crystalline samples studied here, the change in mol
lar dynamics is attributed to the heat capacity hysteresis m
sured at 97 K. If this interpretation is valid, the chosen b
rier height value is very near the correct one. The behavio
the rocking angle, as a function of temperature, depends

e:
in

FIG. 4. Correlation between the torsional,t , and rock-
ing, b, angles, determined at the lowest temperature
the ‘‘cubic’’ sample.
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the f CCC and f FCC values. Their influence on our calculation
is indirect. They determine, together with the torsional b
rier height, the effective molecular volume as a function
temperature. This fact can be verified with the calculation
the phase diagram given by a rigid model molecule, us
the same intermolecular potential parameters. The resu
that the order–disorder phase transition, for a monocl
sample studied upon heating, is found atT5350 K instead of
185 K.

V. CONCLUSIONS

The proposed model and potential parameters give g
account of the measured properties of the high tempera
plastic phase of C4F8, including the packing energy and or
entational preference for the molecular planes to be par
to the cubic faces.3 Characteristic molecular reorientation
times and torsional correlation decay times are predicted
this phase.

Our calculations also predict a low temperature mo
clinic phase, with orientationally ordered molecules, which
very similar to the room temperature structure of C4Cl8.

17

A possible triclinic structure, stable at intermediate te
peratures, is suggested.

Our calculations describe the extent of the intramole
lar coordinates disorder. The experimentally observed un
tainty in measuring the molecular geometry is explained
large thermal fluctuations of the torsion and rocking ang
The adequate theoretical model, at temperatures higher
100 K, is of diffusion between equivalent potential we
with characteristic depths of;kBT. The expected correla
tion between the rocking~b! and torsional~t! angles3 is
clearly found only at very low temperatures. AtT>100 K the
correlation is lost, both angles have an average value of;0°
with very broad distributions. Above this temperature t
molecules look almost planar, as is found experimentally6,7

The possible contribution of the intramolecular degre
of freedom, which are dominated by the rocking and t
-
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sional angles, to the observed phase transitions, was
lyzed. The small hysteresis measured around 100 K5 could
be related to the soft double well potential of the torsion
angle.

We could not establish a clear correspondence betw
our calculations and all the observed solid–solid structu
phase transitions. Nevertheless, several stable structures
found, which can be helpful in analyzing the neutron a
x-rays diffraction patterns.3

Our predicted structures and molecular dynamics n
further experimental verifications. Moreover, the model m
ecule studied here is rather simple. A more sophistica
intramolecular potential will probably be required to repr
duce the complex phase diagram of C4F8.
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