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There is ample experimental evidence for the existence of several crystalline phasgBgof C
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 Physid$0021-960600)50107-X

I. INTRODUCTION the scarce experimental data of the plastic phase and predict
structural and dynamical properties of the low temperature
Per-fluorinated organic compounds are chemically veryphases.
inert and therefore their study is of interest in environmental,
medical and materials sciencéerfluorocyclobutane Eg II. INTRA- AND INTERMOLECULAR POTENTIALS

is a flexible molecule and there is experimental evidence, at ) ] ) )
ambient pressure, for the existence of several crystalline CaFs iS @ cyclic flexible molecule. The energy associated

phase transition¥:® C,F, crystals melt at 233 K and an ori- with its intram_olecular modes is similar to the energy of
entationally disordered phase has been found between 217IRtt|ce fmr?des n (r:]rystalllnde pha;sis, ex<|:ept|forbthe dh|ghh_er;]-
and the melting point. This plastic phase has been measuré&d9Y © the stretching modes of the molecular bonds, whic

by x-rays and neutron powder diffraction methods and theé® considered of constant length in solid phasel our

obtained data have been interpreted as an orientationally diy-ID calculations, the only intramolecular degrees of freedom

ordered crystal. The molecular centers of mass follow a culdken into account are those associated with vibrational

bic bee array, with two molecules per unit cell @0,0 and modes at low frequencies. These modes can mix with the

L — 3 4 lattice modes and may be relevant to the onset of structural
(1/2,1/2,1/2, the space group ism3m.” NMR" and heat phase transitions
capacity measurements determined the existence of four "o, simulations, the initial molecular geometry corre-

solid—solid phase transitions at ambient pressure and at l4§ponds to the one determined in the gas phaaed used in
174, 215 and 217 K. Furthermore, in R&fa small hyster- 6 analysis of the high temperature disordered phéiseas
esis in the heat capacity loop was found at about 97 K. Thg, pe taken into account that the experimental geometry was
low temperature phases have not been determined, but thgyermined with a large deviation, due to thermal motion.
scarce experimental data suggested that the phase transitighgm these measurements it cannot be stated whether the
are related to the onset of dynamical disorder in the moly,glecular symmetry i®,, (a planar four C ringjor D,g (a
ecules’ orientation and in the intramolecular degrees Obuckered C riny
freedom? No experimental data on intramolecular forces are avail-
The only calculation on the condensed phases of thigple for GF;. The vibrational spectra of intramolecular
Compound is a constant volume MD simulation of the highmodes have been measured in the gas, ||qu|d and solid
temperature plastic phase, using a rigid model moletule,phases and in solid matricégeferences quoted in Ref),3
that was helpful to analyze the measured powder diffractiorbut no unequivocal identification of the modes and molecular
patterns. geometry was possible. Nevertheless, a clear indication of a
Here we study the phase diagram ofFg crystals, as |ow barrier to torsional ring motion was found.
given by a simple and flexible model. The study is performed  Here we propose a simple model molecule, which in-
via a series of constant pressure and constant temperatugRides a low torsional barrier for the CCCC ring torsien,
(NPT) molecular dynamics(MD) simulations, at several and a rocking angles, for the Ck group (that moves
temperatures and zero pressure. Our calculations reproduggainly rigidly in a plane perpendicular to the corresponding
CCC plane. By comparison to the very well known data for
3Electronic mail: gamba@cnea.gov.ar the molecule GHg,® we propose the following intramolecu-
DElectronic mail: grtrbell@webhart.net lar potential model and parameters:
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(@ The potential for the torsional coordinate(or CCCC  variable. The equations of motion for molecular systems
angle is a double well, of the form with internal degrees of freedom are described in Ref. 12.
V(7)=a—bcog(7)+ccos(), The equations are integrated via the Verlet algorithm for the
with minimums at cosg)= = Jb/2c= = cos(12.28°) atpmic displac_ements and.the SHAKE algorithm for. the ap-
and a barrier heighthV=a=b%4c=ks225K. The _pl|ed.geometr|cal coqstramts. The final MD algqnthm is
value forAV is arbitrary; there is no experimental data identical to that used in a study of black Newton f”}ﬁ@-‘
on it, but it was taken low enougi225 K is near the further test of the program was performed by carrying out
melting poin} to show its possible influence on any of several calculations at low temperatures and obtaining the

the solid—solid phase transitions. same results as with the program for rigid molecules MD-
(b) The potential wells for the CCC and FCC angles arePOLY, used in Ref. 3. .
harmonic, with force constantscc= frce=ks900 K The first series of MD runs consisted of two MD boxes,

=7.48kJ/mol/ra@ These bending angles intervene in With an initial array of 4<4x4 and 6<6x6 cubic bce unit

the rocking motion of the CFgroup. The values of cells(128 and 432 molecules, respectivelysing the experi-
fece and frec are also arbitrary; they imply intramo- mental lattice parameters and disordered molecular orienta-
lecular frequencies that are high enough to avoid mixtions, as in Ref. 3. These samples were first equilibrated, at
ing with the lattice modes and at the same time explair” =0 kbar andT=224 K, for 30 000 time stepf 0.01 p3

the measured molecular geometry as a function of temWwith a constant volume algorithm. The chosen thermody-
perature. namic parameters are within the small range in which the

plastic phase is fountlAfterward, NPT runs were performed

The sensitivity of our results to the arbitrary values of at 220 K and the temperature was lowered in steps of 25 K.
barrier height and bending force constants are discussed #t each point of the phase diagram the samples were equili-
Sec. IVB. brated for 20 000 to 30 000 time stefwf 0.01 ps and ana-

The interatomic angles and distances held constant dutyzed in the following 10 ps. Near the phase transitions the
ing the simulations ared.c=1.566 A, dcg=1.333 A, angle equilibration times had to be increased by a factor of 5-6.
FCF=109.9°. The initial values for the other quantities are:Both samples will be called “cubic samples,” but this refers
angle CCG=89.34°, angles FCE€110° and 117.5° and tor- only to their initial high temperature structures.

sional anglg CCCC angl¢ 7=12.28°. The rocking angle3, Since these calculations did not reveal the expected
of the CF2 group is measured as the angle between the bumber of phase transitions, a search for the structure of
sects of the CCC and FCF angfes. lowest configurational energy, as given by this model poten-

The intermolecular interactions are taken into accountial, was performed. The final structure is monoclinic and is
with the atom—atom Lennard-Jonés]) potential model of described in the following section. Increasing the tempera-
Ref. 3, which does not include a set of distributed pointture of the new samplénereafter it will be called “mono-
charges within the molecule. The LJ parameters arg: clinic sample,” referring to its initial low temperature or-
=3.350A,0,=2.825A, £c=0.426 kJ/mol, e  dered structune a second series of runs was performed. This
=0.439 kJ/mol. The standard combination rules are applie@rocedure is expected to minimize the hysteresis of the pos-
for cross interactions: the potential parameters for the intersible phase transitiorfé.
action between atoma and b are calculated as,,= (o, Another sample, initially in trigonal symmetry, was
+0y,)/2 ande,,= Ve, With these parameters, the con- studied upon heating and is described also in the following
stant volume simulations of Ref. 3, performed on a statisti-section. This possible structure was suggested by additional
cally orientationally disordered array of rigid puckered mol- measurements, not reported in Ref. 3.
ecules, reproduced the measured x-ray and neutron powder
diffraction patterns. The cutoff radius for the atom—atom in-)y ReSULTS
teractions is 12 A. Correction terms to the configurational )
energy and pressure, due to this finite cutoff, are taken int4- Crystalline phases
account in the usual way—with the integrated contribution Here we include the results of our calculations in the
of a uniform distribution of atoms. NPT ensemble of three samples that gave uniform structures
at some point of the phase diagram. When lowering the tem-
perature of the “cubic” sample, or during the search of the
low configurational energy structures, many samples showed

The phase diagram and dynamical properties #f;Cat  twinning or conserved some degree of orientational disorder
zero pressure, are studied in the NPT ensemble, by a seri@gd were disregarded. Lengthy calculations were needed to
of classical constant pressure—constant temperature Mpbtain the included results. A similar problem was found
simulations. The implemented MD algorithm allows volume experimentally when trying to identify the low temperature
and shape fluctuations of the MD sample in order to balancghases.
the applied isotropic external pressure with the internal At 220 K the calculated “cubic” sample of 432 mol-
stressed.This is performed by considering an extended sys€cules remained in a cubic bcc symmetry, space group
tem, which includes as extra variables the MD boxIm3m, with very large fluctuations in the lattice parameters.
parameterS.The temperature control of the sample follows The averaged thermodynamic parameters &r@204) K,
the approach of Nos&! which also includes an external P=0.0(2) kbar and the lattice parameters are 6.9(7) A

Ill. CALCULATIONS
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FIG. 1. The low temperature monoclinic unit cdDéh (P2,/m), Z2=2, is
similar to the low temperature structure of@y (Ref. 17.

and angles90.0(7) deg, which compare well with the ex-
perimental value of 7.02 A at 224 KThe calculated pair
distribution function and structure factor, not included here,
showed a bcc array for the centers of mass. The measure-
ment of reorientational times and histograms of Euler’s
angles for the molecules orientations determined that the

. . . . PUT R ST U U PO R Y W N W Y
phase is plastic. The molecules are dynamically disordered, o 80 100 150 200,250
with the molecular planes preferentially oriented parallel to
the cubic crystallographic faces, on a time average. The dissG, 2. (a) Configurational energiegb) volume per molecule antt) esti-
order is dynamic, with decay times of3 ps, as obtained mated free energies of three MD samples as a function of temperature:
from the orientational time self-correlation functions. “monoclinic” (solid line), “cubic” (dashed ling and “trigonal” (dotted

The experimental heat of sublimation ifAHg, line).

=28.7 kd/mol at 233 K2 We estimateA H ;= 30.3 kJ/mol
at 220 K, by adding the entropic contribution of our calcu-fnction for the molecular centers of mass and reorienta-
lated vibrational density of states to the configurationakjonal times
. .
energy: Finally, a “trigonal” sample of 128 molecules was stud-

At 220 K, the “cubic” sample of 128 molecules distorts jeq ypon heating. This possible symmetry was suggested by
to a monoclinic symmetry, instead of remaining cubic. Theyeliminary measurements, not included in Ref. 3. The
666 unit cells sample shows this distortion f6=200 K. gample initially consisted of 444 trigonal unit cells, with
These results show that the proposed model molecule reprgz,o molecules per unit cell, and the molecular planes ori-

duces the plastic phase in large samples, which have lowelteq perpendicular to the main diagonal. The lattice param-
thermal fluctuations of the lattice parameters. Nevertheles$yars of this initial cell werea=b=c=7.2 A and angles

we b(_alieve that our high temperature plastic samplle is .°”|>£y=ﬂ= y=97 deg. At 501) K the calculated stable structure
marginally the “most stable” structure, large equilibration js yiclinic, although the molecular planes remain parallel.
runs were necessary, first at constant volume and then gf,o resulting cell parameters weae-5.643) A, b=7.073)
constant pressure, before being able to obtain the includeg c—¢ 723) A with anglesa=95.43) deg, 3=98.33) deg

results. - . and y=97.13) deg. ForT=200K this sample shows dy-
No further transitions were found for these ‘“cubic namic orientational disorder.

samples and this was the reason to perform a search for the Figure 2 shows the configurational energies, the volume
crystalline struc_ture with Iowest_ configurat_ional energy. Fig—per molecule and estimated free energies of all MD samples
ure 1 shows this structure, which according to our calculayg 4 function of temperature. The free energy was estimated,
tions is the most stable one. Not surpigsmgly, itis §|mllgr 04t each point of the phase diagram, taking into account the
the low temperature structure °f42C|8’ a monoclinic unit  coneibution of our calculated vibrational density of states to
cell with Z=2 and space group;, (P2,/m). The lattice  {he entropy® At low temperatures the most stable sample is
parameters, af=50 K, area=6.612) A, b=4.842) A, the “monoclinic” one; at high temperatures all samples have
c=8.422) A and f=78(1) deg. The two molecules are 10- gmjlar values of configurational and free energies. The “cu-
cated af0,0,0 and(1/2,1/2,1/2 and are related by an inver- pic» sample is slightly more stable, but the differences of

sion center at1/4,1/4,1/3. __ energy are within the calculated errors.
A “monoclinic” sample of 4x6x4 of the monoclinic

unit cells (192 moleculeswas studied upon heating. This

sample shows a structural phase transition when the temper
ture is increased 175 to 185 K. The high temperature phase is Time averages performed over all molecules show that
trigonal and plastic, as calculated from the pair correlatiorthe average FCC angle is about 114° at all temperatures,

E; Molecular geometry and dynamics
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higher temperatureér) decreases to 0 and its deviation is
even larger. On a time average the molecules appear nearly
planar in all samples withf=100 K. This change in the
dynamics of the molecules can, possibly, explain the small
hysteresis measured around 97 Rigure 4 shows the cor-
relation between the torsional and rocking angles, deter-
mined at the lowest temperature in the “cubic” sample. For
C,Hg (Ref. 8 a relationship of the form

B=0.21r—3.8*10 °7°

was proposed. Figure 4 shows that, at low temperatures, our

4 s measured correlation could be fitted with a similar function,
but our calculations also show that this correlation is rapidly
lost at increased temperatures, at 100 K the distribution is

or ] almost flat.

2 F ] To study the dynamics of the torsional angleseveral
A(deg_)f time correlation functions can be measured. We analyze the
16 [ . self-correlation function
[ ] 1 N
°F @ C)= 3, A(D-AO),
0 1 P | PR U T T U Y A
0 S 100 1% 200 T(K)m whereN is the total number of molecules ardis a vector

defined asA=0 when the CCCC ring is planar, ad=*+1
FIG. 3. Time averageds) torsional angle(b) rocking angle andc) calcu-  whenr= * 74, the minimum of the potential double well. In
lated dispersion of both angles as a function of temperature. Solid Iinebur samples at 50 IC(t) decays to a final equilibrium value
“monoclinic” sample, dashed line: “cubic” and dotted line: “trigonal.” .
P 9 of 0.82, at 100 K to 0.40 and at 225 K the function decays

exponentially to zero, with a characteristic time-ef ps.

with deviations of 16° at 50 K to 23° at 225 K. These values  Clearly that the behavior of and (7%)—(7)?), as a
were obtained from time averaged histograms of the correfunction of temperature, depends on the arbitrary value of
sponding angular distributions. the barrier height of the torsional double well potential.
Figure 3a) shows the dependence of the average valu&ince there are no structural changes around 100 K in the
of the torsional anglér) on temperature. The average is three crystalline samples studied here, the change in molecu-
over all molecules and over the trajectory in phase spackar dynamics is attributed to the heat capacity hysteresis mea-
followed by the system after equilibration. At 50 Kis  sured at 97 K. If this interpretation is valid, the chosen bar-
centered at about 7°, with a very large deviation of 4° in therier height value is very near the correct one. The behavior of
“monoclinic” sample, and 6° in the “cubic” sample. At the rocking angle, as a function of temperature, depends on

bec T=25K

FIG. 4. Correlation between the torsional, and rock-
ing, B, angles, determined at the lowest temperature in
the “cubic” sample.

torsion
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the f ccc andfcc values. Their influence on our calculations sional angles, to the observed phase transitions, was ana-
is indirect. They determine, together with the torsional barlyzed. The small hysteresis measured around 1d@adld

rier height, the effective molecular volume as a function ofbe related to the soft double well potential of the torsional
temperature. This fact can be verified with the calculation oftngle.

the phase diagram given by a rigid model molecule, using We could not establish a clear correspondence between
the same intermolecular potential parameters. The result @ur calculations and all the observed solid—solid structural
that the order—disorder phase transition, for a monoclinigohase transitions. Nevertheless, several stable structures were

sample studied upon heating, is foundrat350 K instead of ~ found, which can be helpful in analyzing the neutron and

185 K. x-rays diffraction patterns.
Our predicted structures and molecular dynamics need
V. CONCLUSIONS further experimental verifications. Moreover, the model mol-

The or d model and potential parameters giv cule studied here is rather simple. A more sophisticated
€ proposed modet and potential parameters give googy o mlecular potential will probably be required to repro-

acco_unt of the meas_ured propertles of_the high tempera_turguce the complex phase diagram of g
plastic phase of &g, including the packing energy and ori-
entational preference for the molecular planes to be parallel
to the cubic faced.Characteristic molecular reorientational ACKNOWLEDGMENT
times and torsional correlation decay times are predicted for 7 & thanks CONICET for Grant No. PIP 0859/98.
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