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Abstract

Carbon tetrachloride (Cg)lis one of the simplest compounds having a translationédly s
ble monoclinic phase while exhibiting a rich rotational dymics below 226 K. Recent nuclear
quadrupolar resonance (NQR) experiments revealed thatyth@mics of CCj is similar to
that of the other members of the isostructural series,CBr,, suggesting that the univer-
sal relaxation features of canonical glasses such-aand 3-relaxation are also present in
non-glass formers. Using molecular dynamics (MD) simalaiwe studied the rotational dy-
namics in the monoclinic phase of GCIThe molecules underd®3 type jump-like rotations
around each one of the four C-Cl bonds. The rotational dyosiisivery well described with
a master equation using as the only input the rotationas ratsasured from the simulated tra-
jectories. It is found that the heterogeneous dynamics gesdrom faster and slower modes
associated with different rotational axes, which have figgdntations relative to the crystal

and are distributed among the four non-equivalent molsoofi¢he unit cell.
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| ntroduction

The currently accepted scenario for canonical glassesdaesldifferent relaxation mechanisms that
are universally present in all systems. Experimentallgséndifferent mechanisms are clearly re-
vealed by the dielectric spectra that shows a broad low &nequpeak referred to asrelaxatiort:
and a higher frequency peak or shoulder usually called 3@wdsteing-relaxation®=14 The a-
relaxation is generally attributed to processes involuimg cooperative dynamics of regions of
moleculest? The microscopical origin of th@ relaxation is still a matter of wide debatel3
The proposed models explain this peak as a consequence dii@iformity of the glassy state
involving only local regions in which molecules can diffusglands of mobility). An alternative
homogeneous explanation attributes the secondary redaxattenomena to small-angle reorien-
tations of all the molecule®=’

Systems having translational crystalline order but rotetl degrees of freedom also display
a glassy behavior. Since in these cases one type of degresedbim is completely absent, they
represent simplified models on which to test theoreticatepts on glassy dynamié&-2 Com-
pounds of molecules of the type G4, with n=0,1,2, are examples of systems with this
characteristic€2=2* They have a series of solid-solid phase transitions atibto the ability of
the molecules to acquire rotational degrees of freedomeatethperature is increased. All these
compounds crystallize from the melting to a plastic FCC ph&aurther reduction of the temper-
ature leads to £2/c monoclinic phasé&2-2° The cases n=1 and n=2 exhibit a glass transition at
90 K that is clearly visible through calorimetric techniguand its structure shows disorder in the
position of the Cl and Br atom#2:21 The case n=0 cannot display such a disorder and, in fact, the
calorimetric curve does not show a glass transition at lonperatures?

The dielectric spectra of CBrgland CBpCl, was reported by Zuriaget al2? in the tem-
perature range 100 — 250 K and 100 — 210 K, respectively. Ataiver end of the temperature
range the most relevant characteristic is that both spdatay a well-defined shoulder on the
high frequencies flank of the-peak, which is attributed to th@-relaxation. Since CGlhas no

molecular dipole moment it is not accessible to dielectxigegiments but it can be studied using
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nuclear quadrupolar resonance. Interestingly, the résalof the NQR spectra for C¢lis well
superior to the corresponding spectra for &@Bp and CBrC§ and the two techniques complement
each other. On the other hand, the NQR experiments are @irtota temperature range between
77 K and 140 K, with the upper end determined by the broadewiitige signal. The picture that
emerges from the combined analysis is that the three conaischave a very similar dynamic evo-
lution in the monoclinic phase as a function of temperaf3r&' The analysis of the isostructural
CCl4 shows that nonequivalent molecules in the unit cell perfegorientational jumps at differ-
ent time scales due to their different crystalline envirenits. These results support the conclusion
that the dynamic heterogeneity is intimately related tostbeondary relaxation observed in these
compoundg?3:24.32

This work is a direct extension of our previous works invotyhalogenomethanég:24:32|n
this case we have studied the monoclinic phase of,@€ihg extensive molecular dynamics sim-
ulations on a fully anisotropic cell, and the results werenpared with an analytical stochastic
model. The advantage of this particular system is thataidIfor the determination of rotational
correlation times from NQR measurements with sufficientigien to distinguish between the
nonequivalent groups of molecules. The same distinctieasdy done in the molecular dynamics
simulations, which in turn allows for an analysis at the undiial nonequivalent groups and corre-
late the results with the location of the molecules in thedat The temperature range affordable
by the simulations covers from the FCC phase down to 160 Kukitions at lower temperatures
became impossible as the relaxation times go beyonasl@s is found that, when the spin-lattice
relaxation times from the experiments and from the simoihetiare plotted in the 100 — 220 K
temperature range, the two sets of curves correspond toathehvery well for the five distin-
guishable modes suggesting that g¢haves as a strong glass in the whole temperature range, in

spite of the fact that the compound cannot glassify due tadls of orientational entropy.



Theoretical Methods

Model and computational details

CCly is a tetrahedral molecule having three equiva&nand four equivalents symmetry axes.
Following our previous work? we have modeled the C£molecule as a rigid, non-polarizable
tetrahedron with the carbon atom at its center and a chlatiora at each one of the vertices. The
interaction between molecules is represented by a comémat Lennard-Jones and Coulombic
terms summarized in Tablé 1. The cross interaction betwiensaof different type is calculated
by applying the Lorentz-Berthelot combination rules,, ig@ometrical mean fog and arithmetic
mean foro. A spherical cut-off at 1.5 nm was imposed on all intermolacinteractions. Periodic

boundary conditions were imposed in all three Cartesiagctons.

Table 1: CCj model parameters and geometry.

€ [kd/moll] o[nm] qle] Bond [nm]
C 0.22761 0.37739 -0.696 C-Cl 0.1766
Cl 1.09453 0.34667 0.174 CI-Cl 0.2884

The monoclinic crystal structure of C&lresolved by Cohen etl. at 195 K322 corresponds
to theC2/c space group. The unit cell, which contaifrs32 molecules, has the following lattice
parametersa=2.0181 nmp=1.1350 nm£=1.9761 nm and angl@ = 11146°. Using the experi-
mental crystalline structure as initial coordinates, westnucted a simulation supercell containing
512 molecules, which correspond to 16 monoclinic unit cdllgs supercell was prepared by repli-
cating the experimental unit cell twice on theandz directions and four times in thedirection.

The molecular dynamics simulations, conducted under NRiflitions, have been carried out
using the Gromacs v5.0.2 simulation package. Atom-atomai®s within each molecule were
kept constants with the SHAKE algorithm. The simulationsenstarted with a 10 ns equilibration
run with the pressure controlled by a Berendsen barostathentémperature controlled with the
v-rescale thermostat. The Berendsen weak coupling metimded a smooth approach to equilib-

rium with no disruptions to the simulation cell. The classiewton’s equations were integrated



using the leap-frog algorithm and the time step of the irgign of the equations of motion was
setto 1 fs.

The production runs were extended up to 100 ns quddepending on the temperature, using
in this case a time step of 5 fs. The control of the temperatia®made by using a Nosé-Hoover
thermostat, with a time constant of 2.0 ps. The pressure veastained constant by using a fully
anisotropic Parrinello-Rahman barostat with a referenmessure of 1 atm. The study covered
temperatures ranging from 160 K to 230 K, in steps of 10 K. Tlo@aclinic structure was stable

in the whole analyzed temperature range (see Supportioghattion file).

Results and Discussion

The spatial positions of the molecules in the unit cell ofdistem are defined through the applica-
tion of 8 symmetry operations over the 4 nonequivalent moésc(16 Cl atoms with nonequivalent
positions). As a consequence, the system has four distengtoups of molecules that we will re-
ferto as G, Gy, G and Gy. In our simulation cell, each group contains 128 moleculesch
molecule belonging to a given group has the same specifiogeraent of neighboring molecules.
All the molecular reorientation processes occurring dyithre simulations are sudden large-angle
jumps of the Cl atoms. The jumps were detected using a ruriesiglgorithm based on a signal
to noise measure and adapted from the work of Carter and €tdsghis method, the molecular
jumps are detected by a spike in the test function as exglamthe Supporting Information file.
After analyzing the trajectories for all the temperatutbs,timet; of every single jump was regis-
tered. The angle described by a C-Cl bond upon a jump waslatdwsing the average direction
of the bond before and after the jump. Namely, defir‘ﬁpgs the bond between the central C atom
and thej-th Cl atom of the same molecule, the angle jump at tingedefined as the angle between
(B,->i,1 and (B,-)i. Here, the angular brackets represent time average andlsergpti indicates
the lapse between andtj ;. In Figure[Sl we show the relative frequency of the reoriga

angles calculated from the simulation at 160 K and for the &ffierent groups of molecules. All
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Figure S1. Normalized frequency distribution of reorigimta angles for the four distinct group
of molecules, as indicated. The results correspond to thdugation run at 160 K. The maximum
at the tetrahedral angle indicate that all jumps@B8dype rotations.

the curves peak at the tetrahedral angle, which is the ahgteshould be observed up@3 type
rotations. Indeed, a careful inspection confirmed that fdemperatures there were just a handful
of cases corresponding @2 type rotations and therefore there were neglected in thlysis.

In order to characterize the molecular rotations usingdsteth self correlation methods, we

calculate the relaxation of the bond orientation throudhcgerelation functions defined as

Cj(t) = (bj(0).bj(t)), 1)

wherej = 1,...,4 represents a particular C-Cl borﬁq,(O) represents the position of the C;Cl
bond at the initial condition, and the angular bracketses@nt the average over the 128 molecules
of the same group.

The resulting self correlation functions are shown in Feg82 with solid lines. The correlation
times for the reorientations of the molecules depend not onlthe groups but also the curves
reveal that one bond (green lines) maintains its orienmdto a time considerably longer than the
other three bonds. This indicates that the molecules hafenential axes of rotation. (g exhibit

the strongest rotational anisotropy, followed by @&d G and only a minor effect is observed in



Table 2: CC} average reorientation frequenciss(i = 1,...,4) (in ns ) for the four groups of
molecules about the four possible directions of the axi®tation. For the fastest rotational axes
the inverse of the frequeneys is a good approximation of the average waiting time betweetpp
(A,

160 K 220K

axis G G €] Giv G G €] Giv

a 391x10°®  7.81x1077 156x108  781x107 | 280x103  162x104 323x104  151x10°3
ay 383x10°°  211x10°  781x107 343x105 | 830x103 539x10% 970x104  120x10°2
a3 362x10°4  1.00x102  152x10°3  742x10°5 | 476x102  426x10°1 936x102  178x10°2
ay 859x10°®  602x105 781x107 234x10° | 436x103 176x102 808x104 253x10°3

Giv. The strength of this anisotropic character decreasesingtieasing temperature as all the
free energy barriers become relatively smaller.

During a rotation of the typ€3 one of the C-Cl bonds remain in its place and therefore one
Cl atom does not change its average position. The remaihieg tCl atoms undergo a jump of
109.5 degrees. Each molecule has four possible axis@3 tgpe rotation that coincide with the
C-CI molecular bonds. As all the molecular bonds remaindyanound the four initial orienta-
tions in the crystal it is possible to define, for each molectdur axis of rotation relative to the
overall orientation of the crystal. In this way we define txesq;,i = 1,...,4, for each one of
the molecules in the simulation cell. The frequencies odtiohal jumps for the four groups of
molecules along the four possible axes of rotation, averager each group, are reproduced in
Table[2. The numerical values of the frequencies span overdi@er of magnitude implying the
existence of different dynamical modes in the crystal asaaly suggested by the rotational self
correlation functions.

In order to rationalize the behavior of the functicd@gt) we developed a simple analytical
model that derive these functions from the relative readaton frequencies. We propose a master
equation that describes the probabilities of occupatiagh@four available sites in the molecule for
the Cl atoms. Let us define the stochastic varialgjeébat describe the position of the j-th Cl atom
on the four available sites. Then, eaghakes values over a range represented b, 3,4}, with
a probability distributiorp% over this range. Assuming that a reorientational jump imtioéecule

is a Markovian process, the master equation that descﬂleqsrobabilitypﬁ, of the state ofj is



Figure S2: Auto-correlation functior@(t) of the 4 bonds C-Glaveraged over molecules within
the four groups of the system. The solid lines corresponthédMD simulation results and the
dashed lines are derived from the master equation®). Different colors correspond to the four
different bonds.

dph(t)
dt

= Z [Vnn’ p:]/(t> - Vn’np;\(w 1] =1,...,4 (2)
n

wherev,y is the transition probability per unit time from the siteto the siten. These equations

may be written in matrix form as

a5 =P (3)

wherePi is the vectof( p{(t), pé(t), pé(t), pj'l(t)), andV is the 4x 4 matrix

—(V21+ V31 +Va1) V12 V13 Vi4
V21 —(V12+ V324 Va2) V23 V24 %)
V31 V32 —(V13+ Vo3 + Va3) V34
Va1 Va2 Va3 —(V14+ Voa+ v3a)

Eq. (??) is an homogeneous first order differential equation withstant coefficients. The



solution is

Pi(t) = R e RPI(0) (5)

whereR is the matrix that diagonali2é, Vp = RVR 1. Assuming that C3 jumps are the exclusive
mechanism of molecular reorientation, thg, can be approximated using the frequency of rota-
tionsw; around the axesg;. These frequencies were calculated from the MD simulateotbare
summarized in Tablel 2. They can be interpreted as the prdtiesiv; for rotations per unit time
around each one of the four possible axis. Frequenciesemntiaéin 106 ns~! correspond to less
than 5 rotational jumps in 1Qs and therefore are negligible.

The tetrahedral constraint between the Cl atoms imply tihat ransition can be achieved un-
der two different single rotation events. Considering afation events as independent processes,
we can calculate,y as the sum of the probability of the two possible events teath anr tran-
sition. For exampleyiz = (W3 +Wjy)/2, viz = (W2 +Wjy) /2, V14 = (W2 +W3)/2 and so on. The
factor of 1/2 is due to the assumption that both directions of rotatienegually probably, which
was tested to be statistically true.

The next step is to solve the proposed master equation vatfothr different initial conditions,
which areP) (0) = (1,0,0,0), P1(0) = (0,1,0,0), P}(0) = (0,0,1,0) andP}(0) = (0,0,0,1). Let
us denote the four corresponding solutionsafiis;), withi,j =1,...,4. Then, the rotational auto

correlation functions can be expressed in terms of theisolof the master equation as
Cj(t) = by - [B1pL(t) +Bopd(t) + Boph(t) + Baph(t)| ©)

The resulting solution€;(t) are plotted on Figurie $2 using dashed lines. The agreememedre
the results directly measured from the simulation trajeesoand those derived from the master
equation is excellent, justifying the assumptions madéeénderivation of the analytical model.
The statistics behind the rotational jumps can be evaluayestudying the waiting time be-
tween successive jumps around the axges..,a4. On some of the axes the rotational events are

very rare and the length of our simulations do not allows eeswell defined pattern for those spe-

10



i

i

2500
T

"
5000 7500 100000
T T

i

50 75 100
T T T

Nol3
300 450 600 O

15

i,

T
L

6

0.01

1l

|
2000 3000 4000
T T

10
T
40

0
il

IME

0

2500

5000 7500100000
t[ns]

50

100 150
t[ns]

Figure S3: Distributions of waiting times for two tempenas and the corresponding Poisson
curves (in red) for the fastest rotational axes ¢f G, and G, .

cific slow axes. Nevertheless, for the fastest axes the psaeweals itself as following a Poisson
distribution. In Figuré_S3 we show the distribution of wagitimes for rotational events around
the fastest axis of rotation for each group of molecules. Aik®grams are directly obtained from
the simulated trajectories. The solid red lines in the diotshe three fastest groups correspond to
et with the Poisson paramet&rbeing the frequency of jumps arouaglaxesws from Table2.

A similarity between the dynamical behavior of all the diffiet groups could be inferred by
looking at the self correlation functior (t) and distribution of waiting times shown in Figures
and SB, respectively. In particular; @nd Gy, are the two groups with the closest quantitative
behavior. In order to explore whether this kinetic resem&dehas a correlation with the molecular
arrangement we analyzed the orientation of the fastest@esch one of the groups. Interestingly,
the fastest axes of the molecules qf @nd G, are parallel to each other in pairs that involve the
first neighbors, as shown in FigurelS4. For groups@ Gy there is a certain degree of spacial
correlation, but it does not include the eight pairs of moles of the unit cell.

NQR spectroscopy allows to measure the spin-lattice raaxéime T;. Since the low tem-
perature crystalline structure of CQhas four nonequivalent molecules in the unit cell, the NQR

spectral lines correspond to the 16 Cl atoms of these fouecntés. Then it is possible to mea-
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Figure S4: Unit cell displaying the molecules of groups G, G and Gy in red, blue, vi-
olet and yellow respectively. The colored axis represeatféistest direction of rotation for each
molecule.

sure the relaxation timeg, for each line, as function of temperature. As nuclear magagon

is proportional to the nuclear spin polarization, applyihg slow reorientational model fdx by
Alexander and Tzalmora it is possible to find the reorientation relaxation time asction of the
jumps probabilities/,m.

Starting from the master equation for the nuclear polabnaZuriagaet al?2 proposed a model
for tetrahedral molecules that allow us to find the chloffagelaxation times as a function of
reorientation frequencies; around the four molecular axes. From the analytical modelthe
MD simulations, 16 relaxation times are obtained at eachp&ature, four for each group of
molecules. The results fd@g vs. 1000/T are represented in Figlré S5 along with the exyetial
results, which also include the cases of CBréd CBpCls.

The existence of a preferential axis of rotation for threaugs (G, G;; and Gy ) allows the
identification of three short timesJof similar magnitude (corresponding to the three Cl atonis ou
of the fastest axis) and a long time, Tfor the Cl atom on the fastest axis). The remaining group
(Gyv) has no preferential axis of rotation and therefore the felaxation times are all similar.

The set of 16 relaxation times from the simulations are gedujm increasing order in the

following five sets:
1. The shortest time correspond to thg describing G (green triangles).
2. The next time corresponds taslof Gy, (blue squares).

3. The third set is for I5 of G, (violet circles).

12



=
— 49

B
S
>

&

-

o
.
0000000
B

-

e

reor
T, [ms]
*
<
4
I

“ NQR
T, 3Clatoms
T, 4 Clatoms
T, 3Clatoms
T, 2Clatoms
T, 1Clatom

> o > o

)
0>

10 — Dielectrica, B-relaxations for CBrQIand CBECI2 7

1 L 1 L 1 L 1 L 1 L 1 L

5 6 7 8 9 10 11
1000/T

Figure S5: Spin-lattice relaxation times obtained by mal@cdynamics simulations (full sym-
bols). Results from NQR studies of C&? (empty symbols) are shown. Red lines represents the
behavior oft, (upper) andg (lower) of CBrCk and CBrCl, taken from Refs3

4. The fourth set includes lof G, (brown circles), T, of G;; (brown triangles) and Tof Gy

(brown diamonds).

5. The last set corresponds tg Df G;; (orange squares).

The black straight lines in Figuie S5 are the result of a lideast-squares fit of the values
logTy vs. 1000T, including both, simulation and experimental results.

The are three main features that arise from Figure 5. Hrstsiimulations curves are in a good
agreement with the experimental data, prolonging the sameeAius curves from 100 to 230 K.
Second, the results for; Bpread along two order of magnitude in time, indicating tresence of
fast and slow modes. Third, the overall behavior resemirlasadf relaxation times of CBCl,
(also shown in Figure_$5) and CBeCkhowing that the dynamics of the non-glass former,CCl

has strong similarities with that of the other members ofishstructural series CBCls_.

Conclusions

We performed extensive molecular dynamics simulations 6f;Gn the monoclinic cell. By
studying time reorientational auto-correlation functiaes a function of temperature we found

distinct behaviors for the four different C-Cl bonds in theletule. As a consequence, different
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re-orientational correlations times emerge for the fowugss of nonequivalent molecules in the
system: two times are enough to characterize three of thregimups and one time is associated
to the remaining group.

The complete understanding of glassy systems, even in the afathe simpler rotational
glasses, remains elusive in the sense that no completeetloabipicture can be drawn yet. Nev-
ertheless, there is a general agreement on the existena® ofidin universal features referred to
a and 3 relaxation. Rotational glasses of the type @B, with n=1, 2, 3 are glass formers
displaying fast and slow rotational modes as they approadthet glass transition temperature. In
this paper we show that Cghas essentially the same dynamical behavior, as a fundttemper-
ature, to that of its isostructural glass formers. Long rmol@r dynamics simulations trajectories,
based on a simple pair-wise additive force-field, yield teutes that are fully in line with those
obtained with NQR experiments. The simulations clearlyslttwat there are preferential axes of
rotation, which are fixed with respect to the crystal orienta Two of the inequivalent group of
molecules are significantly faster than the other two, legith a clear heterogeneity in the dynam-
ics of the system. Moreover, it is found that the orientatbthe two fast axes of rotations is the
same, suggesting an overall dynamics anisotropy cortetatdhe molecular orientations.

Finally, our results on CGlsuggest that the observed heterogeneous dynamic of me¢ecul
of type CXCk with the same crystal structure could be due to the molearaironment on the
crystal and not to the breaking of the tetrahedral symmeftth@ molecule. Then, it would be
interesting to corroborate if there is any relation betwtberfastest axis in the Cg&molecules and
the C-Br axis in the CBrGlcrystals. We are performing MD simulations to elucidate thpen

guestion.
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bution functions at the lowest and highest simulated teatpezs along with experimental C-C
distances are presented as supplemental material. Thésiatd available free of charge via the
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Supporting Information

Method for Detecting Rotational Jumps

In order to detect the rotational jumps of the ¢@lolecules we perform a detailed analysis of the
trajectories based on an algorithm published by N. J. CartdrA. CrossNature435 308 (2005).
Let us consider the coordinates of each one of the Cl atorladivesto their bonded C atom, and
denote them by, qi. Herea represent any of the Cartesian coordinateg or z, the indexn

denote molecule and= 1, 2, 3, 4 refers to each one of the Cl atoms of moleaule

fn7or7i(t): ol na (7)

where the angular brackets represent time average, thedscds— and + indicate the lapse of
lengthAt before and after timg respectively; an&_ andS, are the corresponding standard de-
viations. Whenever there is a rotational jump the mean vadnel standard deviation are affected.
Consequently, the test functidi q ;(t) reflects those changes with a spike. The spike could be

upwards or downwards depending on the direction of changjeecdiverage coordinate.

In order to have a single function per molecule, the twehaividual fi(t) for an individual

molecule can be combined in the following way:

ﬁn(t):_ 1234 Z |fn7a7i(t)| (8)
i=1,2.3,40=XY,Z

By careful inspection of the simulation trajectories ane tesponse of the test functions we se-
lected a time lapsaAt= 50 ps. In Figuré_ 36 we show an example of the variation of ¢tettive

coordinates«, ¢,i(t) corresponding to the four Cl atoms of molecualewhich undergoes a jump
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att =2971.39 ns. The figure also shows the corresponding fouvidheal response functions of

each Cl atom:

Fri) = > [fnai(t)] 9)

along with the final curve of the test functiofy(t). A threshold value of#,(t)=50 was used

to determine the rotational jumps.
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Figure S6: Top: Variation of the relative x coordinates @& tour Chlorine atoms of molecutein
green (C}), cyan (C}), light green (C}) and orange (G). The four individual response functions
are also shown in the corresponding color, along with the émeve of the test function (in black).

The threshold value of 50 is shown in red.
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Radial Distribution Functions

In order to analyze the crystalline structure of the simatasupercell, we calculated the Carbon-
Carbon radial distribution function for each possible cambion of Carbon atoms within the

different 4 groups of molecules in the system, at the all thrikation temperatures. We observed
a good agreement of the function’s peaks with the experiatemiues for the Carbon-Carbon
distances on the monoclinic cell. On figurel S7 we show theltesti the lowest and highest

simulation temperatures.
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Figure S7: Carbon-Carbon radial distribution function &tirpossible combination of groups in
the system at 160 K (black line) and 220 K (green line). On tlagply the experimental values are
also shown in red.
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