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Rotational relaxation characteristics of the monoclinic phase of CCl,
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We present a study of crystalline CCly spanning up to 10 orders of magnitude in time at tempera-
tures ranging from 160 K to 190 K using molecular dynamics simulations. The relaxation process
is studied using angular self correlation functions. The results show that each of the four nonequiv-
alent molecules of the monoclinic phase have a particular relaxation time. Two of the molecules
relax in an exponential way and the two other molecules have a more complex behavior, especially
at the lower temperatures. In all cases, the molecular rotations correspond to quick jumps between
equivalent tetrahedral equilibrium positions. Most of these rotations are about the C3 symmetry axes,
however at high temperatures, rotations about the C, symmetry axes are observed as well. The wait-
ing time between rotations follows a Poisson distribution. The calculated relaxation times show an
Arrhenius behavior with different activation energy for different nonequivalent molecules, in line
with recently published findings of nuclear quadrupole resonance experiments. © 2011 American

Institute of Physics. [doi:10.1063/1.3614417]

. INTRODUCTION

Organic compounds consisting of nearly spherical
molecules exhibit an interesting phase behavior between the
liquid and the crystal phases. These intermediate phases, in
which the molecules can rotate almost freely about their equi-
librium lattice positions, are known as plastic phases,' and
the corresponding compounds are known as plastic crystals
or crystals with orientational disorder (OD). OD phases have
a characteristic crystalline long range order with respect to
the molecular positions but they show disorder in the orienta-
tional degrees of freedom.”

Halogenomethane compounds CBry_,Cl, with n
= 0,...,4 are typical examples of OD crystals.> These
crystals present a series of solid-solid phase transitions
before melting that are related to the little hindrance of the
reorientational processes. Namely, since the molecules have
a roughly spherical shape, they are able to gain rotational de-
grees of freedom as the temperature is increased.* CBr4_,Cl,
compounds crystallize from the melt to a fcc plastic phase and
transform into an orientationally ordered monoclinic phase on
cooling. For CCly, the stable phase is monoclinic, although it
may crystallize to a metastable fcc phase upon cooling form
the melt.> The low-temperature ordered phases corresponding
to all the compounds of this family are isostructural with a
crystal having 32 molecules per monoclinic unit cell (C2/c).
For CBrCl; and CBr,Cl,, the molecular orientations are
disordered regarding the position of the Cl and Br atoms.* !
These series of compounds are of great interest because they
allow a systematic investigation of the effect of molecular
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symmetry, size, and intermolecular interaction on the phase
sequence and reorientational dynamics.®”

For halogenomethanes with 7; molecular symme-
try, CCly; and CBrg, a large number of experimental
studies®>'!"121828 and some molecular dynamic simula-
tions®'3-1¢ have been reported. The dynamics of CBr, and
CCly in fec phase have been extensively studied, as this phase
can be considered to be representative of an orientationally
disordered solid. Because the molecules rotate, some macro-
scopic properties become similar to those found in the liquid
phase; therefore, there is interest in understanding to what ex-
tent the short-range order of the plastic phase is related of that
of the liquid one. A typical rotational relaxation time in both
phases is 10712 51720

There are very few works that provide direct information
about the dynamics of the molecules in the monoclinic phase.
One of the first is a '*C NMR study on CBry that showed the
change in the dynamics from an essentially diffusive motion
in the liquid to a much slower jump motion in the orientation-
ally ordered monoclinic phase with an apparent discontinuity
across the fec-monoclinic phase transition.?? More recently,?!
it has been determined by means of nuclear quadrupole reso-
nance (NQR), that large amplitude molecular reorientational
jumps also occur at low temperature for CCly, CBrCls, and
CBr,Cl,. Moreover, the analysis on the NQR relaxation times
in CCly also demonstrated that nonequivalent molecules in the
asymmetric unit cell perform reorientational jumps around the
molecular axes at different time scales.

In this work, we study the single molecule dynamics of
CCly in the monoclinic ordered phase. Using molecular dy-
namics simulations based on simple intermolecular potentials
we obtain, as in the NQR experiments, different relaxation dy-
namics for the nonequivalent molecules. In order to get close
to the relevant experimental regime, the simulations were
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TABLE I. Model parameters and geometry of CCly.

€ (kJ/mol) o (nm) q (e) Geometry (nm)
C 0.227 6096 0.377 39 —0.696 C-Cl 0.1766
Cl 1.094 5344 0.346 67 0.174 CI-Cl1 0.2884

extended up to 8 us. The results provide detailed information
on the characteristics of the rotational relaxation processes of
this monoclinic crystal. In Sec. II, we describe the model and
the simulation methodology. In Sec. III, we present the re-
sults and their implications; the conclusions are presented in
the final section.

Il. MODEL AND COMPUTATIONAL DETAILS

In the present work, the CCl; molecule is modeled as a
rigid nonpolarizable tetrahedron with the carbon atom at its
center and a chlorine atom at each of the vertices. This perfect
tetrahedral molecule has three equivalent C, and four equiv-
alent C3 symmetry axes. For the C—Cl distance, we used the
value 0.1766 nm calculated by Rey et al.,”> and the geomet-
rical constraints fix the CI-Cl distance to 0.2884 nm. Carbon
tetrachloride has been studied in detail using spectroscopic
techniques (see Ref. 3 and references therein) and its different
crystal structures as a function of temperature are well known.
In this work, we focus our attention on the phase II. This is
a monoclinic crystal with lattice parameters a = 2.0181 nm,
b =1.1350 nm, ¢ = 1.9761 nm, B = 111.46°, Z = 32, and
space group C2/c. There are four molecules per asymmetric
unit.’?

Several model potentials for CCl4 have been proposed.?
Most of these force fields consist of a combination of
Lennard-Jones and Coulombic interactions. The Lennard-
Jones parameters are essentially the same for all the
models, but very different values for charges have been
proposed. We used the charges obtained by ab initio calcula-
tions and Lennard-Jones parameters presented in reference,’”
which are listed in Table I. Lennard-Jones parameters for the
C—Cl interactions were calculated using the combination rules
€ij = \/Tejand Ojj = (O‘,’ + O‘j)/Z.

Molecular dynamics (MD) simulations were performed
using the GROMACS v4.0.5 simulation package.??* All sim-
ulations were run under NPT conditions, with N = 512
molecules (2560 atoms) that correspond to 16 monoclinic
unit cells and periodic boundary conditions were applied. The
classical Newton’s equations were integrated using the leap-
frog algorithm with a time step of 0.005 ps. The temperature
was maintained constant by coupling the system to a Nose-
Hoover thermostat with a time constant of 0.1 ps. The pres-
sure was controlled by the Parrinello-Rahman approach with
a time constant of 0.5 ps.

Since this particular system has relaxation times that span
over several orders of magnitude, it is necessary to run very
long simulations, up to 10 us. Therefore, it becomes critically
important to use the largest possible time step that yields reli-
able results. In order to determine the optimal settings, we per-
formed a series of test runs varying the time step from 0.001
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to 0.1 ps. The results showed that all simulations with time
step of 0.005 ps or shorter produced essentially the same out-
put, then this value was adopted for all the production runs.
A less critical issue is the treatment of the long range elec-
trostatic interactions. The tetrahedral symmetry of the CCly
model molecule implies that its first non-zero electric moment
is the octupole. The leading long range electrostatic term de-
cays as r~7; therefore, there is no need to employ time con-
suming techniques to account for this contribution. This was
in fact checked with a short simulation using Ewald summa-
tion. The use of the Ewald method produced no appreciable
difference in the total electrostatic energy or in the behavior
of the system. Therefore, a spherical cut-off at »r = 1 nm was
imposed for all interactions.

lll. RESULTS AND DISCUSSION

In order to check the stability of the crystal structure dur-
ing the simulation, we have calculated a simplified structure
factor

S(0) = Y €O, ()
a.p

where the sums run only over the carbon atoms of the system.
Sc(é) was calculated at 186 K for the initial (experimental)
and final configurations of the simulations, respectively. In or-
der to avoid some of the complexities derived from the mon-
oclinic unit cell, the structure factor was calculated along cer-
tain preferential directions of Q. Figure 1 shows S.(Q) in the
range 5-60 nm~!. The diffraction pattern shows Bragg peaks
of the simulated crystal that are localized in almost the same
positions as the corresponding to the initial crystalline struc-
ture. The peaks along the (001), (010), and (100) Q direc-
tions contain the information to extract ¢ sin 8, b, and a sin 8.
The experimental values of these lattice parameters are
1.839 nm, 1.135 nm, and 1.878 nm, while the obtained from
the last conformation of the simulation at 186 K are 1.848
nm, 1.130 nm, and 1.921 nm, respectively. The discrepan-
cies are smaller than 3%; therefore, the lattice parameters are
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FIG. 1. Structure factor Sc(é) against Q for seven directions at (a) t =0
(experimental monoclinic cell) and (b) t =1y = 8 x 10° ps for T =186 K.
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preserved throughout the simulations, even at the highest tem-
perature.

As mentioned above, there are four groups of nonequiv-
alent molecules in the unit cell.> Each molecule belonging to
a given group has the same specific arrangement of neigh-
boring molecules. Therefore, it is reasonable to think that
the rotational dynamics is the same for the molecules within
a group, but different for molecules belonging to distinct
groups. Recent experimental results®! support this idea. In or-
der to study the differences in rotational dynamics, we clas-
sified and divided the molecules of the simulated system in
four groups of non-equivalent molecules, each one having
N; = 128 molecules.

The single molecule reorientational dynamics has
been investigated using angular self-correlation functions,
defined as®

1 R >
clhw = — S (PO i) @

iel

Here, P, is the [-order Legendre polynomial, ﬁil  is a unit
vector directed along the C—Cl, bond (C3 symmetry axis), /
= 1—4 denotes each of the four nonequivalent molecules in
the asymmetric unit cell, and b = 1—4 represents the four C—
Cl bonds in the molecule.

In Figure 2, we show the C 1’ ’b(t) correlation functions for
each one of the groups of nonequivalent molecules calculated
at three different temperatures. First of all we should note that
the angular auto-correlation functions seem not to start at 1
but at a slightly smaller number. This fast decay is shown in
the insert of Figure 2 for 7 = 185 K. This initial behavior is
originated by the fast molecular librations about the equilib-
rium positions that relax in times of the order of 1 ps. At the
highest temperatures, all C 11 b (t) decay to zero in times shorter

T=165K

0.5+

1 N S———— .
10" 100 100 10 100 10°
Time (ps)

FIG. 2. Sixteen correlation function C ll’b(t) in orange, brown, green, and
blue for the groups I =1, ..., 4, respectively. Four lines per group corre-
spond to the four molecular bonds, b = 1, ..., 4. The inset shows the fast
decay of the molecular librations.
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FIG. 3. Correlation function Cf‘l(t) for (a) I =1 and (b) I = 3 and temper-
atures from 160 K to 190 K in steps of 5 K.

than 1 us, but with different behaviors: exponential for groups
I =1 and I = 4 (orange and blue) but non-exponential for
groups I = 2 and I = 3 (brown and green). When lowering
the temperature, the dynamics slows down for all the groups
and the non-exponential behavior is enhanced for groups 7
=2 and I = 3, and is barely insinuated at very long times for
group I = 1.

The self-correlation functions, C 11 ’b(t), are almost inde-
pendent on the molecular bond (b) for the higher temperatures
cases. Indeed, there are four curves in Figure 2 per molecular
group, and they practically overlap for 175 and 185 K. At the
lowest temperature, this overlap is no longer present, which is
more noticeable for group I = 3. This different behavior for
the same molecule is an indication of an anisotropic rotational
preference. In Figure 3, we show the angular self-correlation

C,®

0.0 T

10 10° 10° 10° 10° 10

Time (ps)
FIG. 4. Correlation functions Cj(t) (continuous lines) for the complete sys-

tem N = 512 molecules and for an arbitrary subset of 128 molecules (dashed
lines).
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TABLE II. Average number of jumps per molecule x time (jumps/(ps x molecule) calculated from the DMS.

C3 jumps C» jumps
T (K) 81 82 83 84 81 82 83 84
160 9.29 x 1077 1.70 x 10~° 478 x 107° 1.99 x 1077 0.0 0.0 0.0 0.0
170 5.26 x 107© 7.24 x 107° 1.72 x 1073 1.31 x 107 1.84 x 1072 0.0 2.75 x 1072 0.0
180 243 x 1073 2.80 x 1072 5.52 x 1073 6.79 x 107 430 x 1078 2.87 x 1078 3.44 x 1078 430 x 107°
186 5.91 x 1073 6.19 x 1072 1.06 x 10~ 1.83 x 1073 2.77 x 1077 1.54 x 1077 2.77 x 1077 3.85 x 10~8

functions for groups I = 1 (orange) and / = 3 (green) for a
set of temperatures ranging from 160 to 190 K. We plot the
results corresponding to only one molecular bond (b = 1). For
group I = 1, the exponential decay persists for a wide temper-
ature range, and some indication of a different behavior could
be obseved at very long times for the lower temperatures. For
the group I = 3, the non-exponential behavior is evident, and
it increases systematically with decreasing temperature.

In order to check that the different behaviors of the four
correlation functions C 11 ’b(t), I =1,...,4 are effectively as-
sociated to four groups of molecules having dissimilar reori-
entational dynamics, we have performed an additional test
summarized in Figure 4. The plot shows a comparison of
C(t) calculated over the entire system (N = 512), and a sec-
ond autocorrelation function calculated over different aleatory
groups of 128 molecules (512/4). The overlap of the two
results confirms that the groups of molecules selected ac-
cording to their crystalline equivalence have indeed different
dynamics.

The C,(¢) time correlation functions (not shown) have a
similar behavior than the C;(¢) correlation functions. The sim-
ilarity of the two correlation functions is in agreement with
the Ivanov’s model for constant amplitude rotational jumps.?®
In this model, the decay constants t; y 7, for the correlations
functions C; and C, are given by27

T 2T
— b= o,
1 —cosA 3(1 —cosz A)

where 7t is the average time interval between jumps, and A
is the constant amplitude jump. Given the symmetry of CCly,
A =109.47° is the tetrahedral angle. Then, cos A = —1/3,

T =

3
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FIG. 5. Coordinates of the Cl atoms as a function of time for an arbitrary
molecule of group / =1 and T = 170 K. The C atom of the same molecule
is used as the reference. Black, red, blue, and green lines correspond to the
b =1,...,4bonds, respectively.

which implies that t; = 7, as we have obtained from our sim-
ulations.

Information about the relaxation processes can be ex-
tracted from the trajectories of the four C—Cl bonds for the
different groups of molecules. In Figure 5, we display one
set of typical trajectories of the four Cl atoms of an arbitrary
molecule that belongs to the group I = 1. The plotted co-
ordinates are relative to the C atom of the same molecule.
The figure shows that the CI atoms perform quick jumps be-
tween equilibrium positions. A detailed analysis of the tra-
jectories shows that the molecular reorientations correspond
mostly to 120° jumps about the C3 symmetry axes. However,
for the higher temperatures (7" > 170 K), some rotations of
180° about the C, molecular symmetry axes are also observed
(see Table II). A complementary and different representation
of this process is displayed in Figure 6. In this case, the tra-
jectory of one of the four C—Cl bonds of a molecule is pro-
jected over a sphere. The figure displays a case for each one
the four non-equivalent groups at 7 = 160 K and 7 = 186 K.
Both representations show that the molecular reorientations
consist of sudden jumps of the Cl atoms between equilibrium
positions. For the high temperature all groups behave simi-
larly, and the four equilibrium positions are visited. For the
lowest temperature, there are two molecular groups that do
not visit all the equilibrium positions within the length of the
simulation. Indeed, at 7 = 160 K, the mean time between
jumps for the molecules of group / = 4 is comparable to the
total simulation time (see Table II). The particular molecule
shown in this case performed just one jump during the simula-
tion; therefore, there are only two spots on the corresponding
sphere of Figure 6. On the other hand, the molecules belong-
ing to the group / = 3 have a mean time between jumps one
order of magnitude shorter than that of group / = 4. However,

=1 =2 =3 =4
FIG. 6. Spherical proyection of the trajectories of the vectors i!*! of one
molecule of each group I =1, ..., 4 for two temperatures 7 = 186 K and T’
=160 K.



044504-5 Rotational relaxation of CCly

z (nm)

4x10° 6x10°  8x10°

Time (ps)

0 ox0®

FIG. 7. z coordinates of the Cl atoms as a function of time for an arbitrary
molecule of group / =3 and T = 160 K. The C atom of the same molecule
is used as the reference. Black, red, blue, and green lines correspond to the
b =1, ...,4 bonds, respectively.

as it is shown in Figure 7, one of the Cl atoms of the molecule
did not jump, while the other three atoms jumped about fifty
times during the entire simulation, in agreement with the val-
ues of Table II. That means that, at low temperatures, the re-
orientations around the different C3 axes are anisotropic for
the group I = 3, and the reorientations of 120° around a sin-
gle C5 axis remain.

Figure 6 also shows the librations of the molecule
about the equilibrium position. The trajectories of the an-
gular deviations of the bond vectors, ®(f), contain in-
formation that can be related to Raman spectrometry. In
Figure 8, we show the distribution for the angular deviations
® (between jumps) corresponding to 7 = 175 K. The fig-
ure, that shows the collapse of the data corresponding to the
four non-equivalent groups into the same distribution, has a
maximum at ®p,, = 6.1°. Assuming that the librations cor-
respond to a classic oscillator, and recalling the equipartition
theorem

(Ep) = % 107 (07) = %kBT, “
we can correlate our findings with experimental data. Here,
I is the moment of inertia of the molecule and w is the
mean vibrational frequency. Using a value of [ calculated
from the molecular data® and @ = 37 cm™! from Raman
spectroscopy,’® we found at (®2)!/? =5.9°, in excellent agree-
ment with the predictions of our simulations.

Up to this point, we conclude that the dynamics of the
system can be divided in two perfectly identified molecular
motions. On one side, there are fast librations characterized
by times of the order of 1 ps. On the other side, the molecules
experience reorientational jumps; the majority of them about
the C3 symmetry axes. The time scales of the reorientational
jumps are in the 0.01-10 ps range.

For regular tetrahedral molecules, Pratt e a showed
that the correlation functions are exponentials if the reorienta-
tional mechanisms (jumps) are symmetric. This is the behav-
ior of groups I =1 and I = 4, for which the jump probabili-
ties for all the Cl atoms are the same. Namely, the probability
associated to a jump from site i to site j is A; ; = A, for all
i, j pairs and the correlation time is T = 1/4 A. For an asym-

1 29,30
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FIG. 8. Distribution of angular desviations, at 7 = 175K, of an arbitrary
bond for the four groups I =1,...,4 in orange, brown, green, and blue,
respectively.

metric case, in which one or more A; ; are different from the
others, the correlation functions have at least a double and at
most a triple exponential decay. This seems to be the behavior
of groups I =2 and I = 3, as it was described above. In par-
ticular, the group / = 3 at low temperatures is a limit case of
reorientations around just one Cj axis. In a general asymmet-
ric case, the decay times do not have a simple expression as
a function of the jump probabilities A; ;. The full asymmetric
case is an exception, for which t = 1/3 .3

The characteristic time for the molecular reorientational
jumps, 71, can be calculated from the angular self-correlation
functions. The standard definition t; = fooo C;(t)dt, cannot
be easily applied here because of the long correlation times.
Only for the higher temperatures, the correlation functions
C 11 ’b(t) reach zero within the simulated time. A different ap-
proach, strictly valid only for exponential decay, consists in
assigning 7; to the value of time at which Ci(¢) decays to
1/e.3! This method clearly fails for the cases when the corre-
lation functions are multi-exponentials or develop a plateau.
Then we used an alternative method to calculate t based in the
distribution function for the waiting time between molecular
jumps. All these three methods are coincident for exponential
decay of the correlation functions. The distributions of wait-
ing times between jumps are shown in Figure 9 for T = 175K,
for each one of the non-equivalent groups of molecules. The
simulation results are consistent with the assumption that the
jumps of the molecules are independent Poisson processes.
The mean value for the waiting time, !l s easily calculated
from the slope of the semi-logarithmic plots. For the cases /
= 1 and I = 4, which correspond to an (almost) exponen-
tial decay, the correlation times calculated with the standard
definition are in a reasonable agreement with the value ob-
tained from the waiting time distributions. For the other two
molecular groups, I = 2 and I = 3, the mean values of !
are in close agreement with time constants that characterize
the short time decay of the non-exponential self-correlation
functions.

We have determined the reorientational correlation times
for the CCly molecules in the temperature range of 160 to
190 K. Existing experimental NQR data cover the range
from 100 to 140 K. The reason for the mismatch of the
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FIG. 9. Distribution functions of the waiting time between molecular jumps
at T = 175 K for the four groups / =1, ..., 4 in orange, brown, green, and
blue, respectively.

temperature range is related to the limitations of both tech-
niques. For the simulations, it is excessively expensive to go
beyond 1073 s, while the NQR experiments can only probe
times longer that 10~* s. In Figure 10, we show the corre-
lation times determined from our MD simulations and those
obtained from the NQR experiments.”! As it was discussed
in that reference, the correlation times obtained from the ex-
perimental data only allowed to conclude on the existence
of at least two groups of molecules with different dynamics.
From Figure 10 it can be concluded that there is a reasonable
correspondence between the MD and experimental data sets.
Experiments and simulations results also show that the sys-
tem obeys an Arrhenius behavior characteristic of thermally
activated processes. The activation energies for the different
molecular groups calculated from the simulations are in the
range of 30-39 kJ/mol. These values are larger than the ex-
perimental activation energies, which are 26 and 29 kJ/mol.
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FIG. 10. Average time between molecular jumps from the MD simula-

tions (full blue circles). Experimental values of the correlation times of

the molecules reported by Zuriaga et al?' are aslo shown. Filled and
half-filled triangles correspond to molecules with slow and fast dynamics,
respectively.
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IV. CONCLUSIONS

In the present work, we have investigated the rotational
dynamics of CCly in the monoclinic phase by means of MD
simulations. Using simple intermolecular potentials we per-
formed simulations spanning over 10 orders of magnitude in
time, from fs to us. Also we observed the molecular librations
at the ps time scale. The rotational relaxation processes are
observed in the ns time scale for the high temperature limit,
and they increase beyond the us as the temperature decreases.

Using angular self-correlation functions we have identi-
fied four different relaxation modes corresponding to the four
non-equivalent groups of molecules in the monoclinic phase.
The rotational dynamics relaxation processes correspond to
tetragonal jumps of the Cl atoms between different equilib-
rium positions. These jumps are mostly about the C3 molecu-
lar symmetry axes, and for temperatures above 170 K, a few
jumps about the C, symmetry axes are observed. In all cases,
the waiting time between jumps can be well described as a
Poisson process, which allows us to calculate the relaxation
times even though the full relaxation spans over times longer
than our simulations. These results are in line with the NQR
findings of Zuriaga et al.,*' indicating the existence of dy-
namic heterogeneity in the monoclinic phase of CCly.

Nonequivalent molecules have different reorientational
dynamics that can be distinguished not only by their reori-
entational correlation times but also for the different behavior
of their reorientational time correlation functions. At low tem-
peratures, two of the non-equivalent groups began to develop
a plateau in C;(¢). This plateau indicates the slowing down
of one type of molecular jumps. This effect could be due to
the freezing of the rotation around one of the four molecu-
lar axes. The length of these low temperature relaxation times
challenges the application of full atomistic simulations, and
further understanding on this effect could benefit from the use
of different and complementary computational approaches.
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