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Rotational dynamics in the plastic-crystal phase of ethanol: Relevance for understanding
the dynamics during the structural glass transition
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The reorientational dynamics within the rotationally disordered cubic plastic phase of solid ethanol is
investigated by means of the concurrent use of computer molecular dynamics and quasielastic neutron scat-
tering. Motions involving widely different time scales are shown to take place above the calorimetric “glass
transition” which is centered af,~97 K. These correspond to well-defined reorientations belonging to the
cubic point group. The dynamics of this solid exhibits features remarkably close to those of the supercooled
liquid that can exist at the same temperature. Such similitude of dynamic behavior serves to provide some clues
for the understanding of the nature of molecular motions at temperatures close to the canonicaldigeil
transition.

. INTRODUCTION range of existence of the PC phase extendsTfi/T,

=1.29, while melting of the stable crystal occursTat/T
The present paper deals with the reorientational dynamics-1.64. Below 97 K molecular movements become increas-
of plastic-crystalline (PC, rotator—or rotationally ingly sluggish? As the temperature is further decreased,
disordered—phagethanol, a cubic bcc crystépace group leading to a complete arrest of high-amplitude motions be-

Im3m),* which is the phase showing thermodynamic stabil-low ~80 K, an orientationally disordered stat®DC,

ity just above that of the deeply supercooled liqu&CL).  9lassy-crystal or orientational-glass {6 attained. Freezing
Under its own vapor pressure this phase can be stabilized f@&f molecular motions thus takes place within the same range
relatively long periods of time and for temperatures up t0°f temperatures encompassing th.e ligeglass transition
TPC~125 K, where it melts previous to a rapid recrystalli- and manifests itself as a calorimetric phase change involving

zation into the orientationally ordered monoclinic phase. The:[he freezing of~2.8 degrees of freedofhas well as a mod-

f i f the b h Vol tial orderi erate jump in the lattice coefficient of thermal expansion.
ormation o € bece phase involves a partial ordering Apart from the intrinsic interest in pursuing studies on the

mechanism leading to the emergence of a long-range-ordered o nics of this, partially ordered system, the main thrust
array of the molecular centers of mass, while the macropeping the present endeavor lies in the astoundingly close
scopic density and orientational correlations still retain Char'proximity of the dynamic features of the PC phase with those
acteristics highly reminiscent of those found for the SEL. axhibited by the SCE.In fact, most spectroscopic probes
This transformation is achieved by means of relatively smalkych as dielectri¢, light scatterind”’ and neutron
molecular rearrangements which have to take place within gcatterin§r4v8 show a very close para”e"sm between the dy_
highly viscous liquid. It is precisely such huge viscosity namic behavior of the SCL and the plastic crystal as well as
(=10) P that provides the stabilization of this phasepetween the glass and the orientationally disordered phase.
against full ordering into the monoclinic crystaP¢ space |n consequence, our hopes are to identify some of the dy-
group. This has been recently proven by means of real timgamic entities giving rise to a relaxation as proven by the
neutron diffractiol where a rather large activation energy employed spectroscopies, by examining in detail the dy-
for crystallization into this phase was found, i.&g namic response of the PC. Since relaxation within such crys-
=3.2 eV. tals mostly arises from rotational motioriglus a rotation-

If expressed in terms of ratios relative to the structuraltranslation coupling of smaller magnitugdend these occur
glass-transition temperaturg;=97 K, one finds that the on a crystal lattice, it should then be possible to quantify
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both the characteristic time scales as well as the geometric A first assessment of the temperature dependence of the
details of such reorientational excursions. measured spectra was attempted by an evaluation of its ef-
For these reasons, we will follow procedures involvingfective linewidth, which is given in terms of the reduced
the concurrent use of neutron spectroscopy and moleculasecond and fourth frequency moméfitas
dynamics computer simulations. The use of both handles is
required due to the complex dynamics of the system under T
study. To put this quantitatively, it should suffice to consider FQ:ﬁ
that, in general,molecular reorientations about the axis of a
cubic lattice involve five classes of rotations, each one havThe procedure of common usage in studies of paramagnetic
ing an associated characteristielaxation) time and a struc-  scattering involves the use of ratios between frequency mo-
ture factor. Under such circumstances, to develop a dynamiments of Lorentzian functions. The indefinite integral defin-
cal model from information supplied only by experiment ing the moments is to be taken first integrating until a cutoff
seems a hopeless task. Thus, our use of the simulations is t@quencyw, and taking the limitw,— afterwards. Such
facilitate access to details hardly amenable through direathoments are obviously divergent for a Lorentzian. However,
experimental means. As we shall see below, the comparisahe divergencies are linear and cubicdn for the second
between simulation and experimental data serves to assigihd fourth moments, respectively, something which ensures
the observed relaxations to microscopic reorientations.  that the above-mentioned ratio becomes a well-defined quan-
tity that coincides withI'g for sufficiently large w.. A
marked dependence df, on temperature was found for
both sets of measurements. However, the values for the line-

The measurements reported here are somewhat CompM/jdthS estimated in this way were significantly smaller than
mentary to those already described involving macroscopiéhose estimated by visual inspection or those derived from
scales as explored by dielectric relaxaficand Brillouin ~ fits to the observed line shape in terms of simple model
light scatterind” They concern measurements carried outconsisting of an elastic&like) plus a Lorentzian compo-
using instruments with frequency windows about the mevnent. Such a discrepancy is originated by the slowly decay-
(to explore motions of the order of a picosecpiagid eV  ing tails of the Lorentzian functions which extend well be-
(motions within the nanosecond scal&he instrument cho- yond the range of accessible energy transfers. This affects
sen to explore the former was the quasielastic neutron spethe terms entering Eq1) differently and, although it pro-
trometer (QENS inverted-geometry inelastic scattering vides correct estimates for the trends with temperature, it
spectrometer hosted by the IPNSitense Pulsed Neutron needs to be accounted for.

Source, whereas the latter concern measurements carried on Under the circumstances referred to above, recourse to a
the ueV-resolution, backscattering machine IN16 of the In-relatively simple model scattering law is indicated in order to
stitut Laue Langevin, Grenoblé-rance. The achieved in- quantify the temperature dependence of the parameters de-
strumental resolution at QENS was of the order of gev  fining the quasielastic spectra. The obvious choice was a
whereas that of IN16 was of about 1 and Qu&V for two ~ Model based on a standard expression for the scattering law
different spectrometer settings, having energy-transfer rangd8r particles reorienting along the cubic crystal axes which
up to =16 and=6 ueV, respectively. Sample preparation read

and the general conditi()(':éJrés8 of the experiment have been de- (w2

scribed a number of time&&§*° and basically involves anneal- _ _ N2

ing the deeply supercooled liquid until the stro§00) Q@) exp{ 3 Q )[AO(Q)é(a)HSrOt(Q'w)]

Bragg reflections of the bcc structure fully develop and no
hint of the liquid main peak centered g~1.7 A™! re-
mains in diffractograms collected at intervals of a few min-
utes. Fully deuterated (G&D,0OD) and partially deuterated
(CD3CD,0OH) samples have been employed in the measure-
ments. Although the presence of a sizeable coherent cross
section complicates the analysis in terms of the simglast whereA;(Q) are quasielastic structure factors for a particle
coherent approximation, the use of partially deuterated reorienting under the effects of rotations of the crystal point
samples is dictated by the need of monitoring the state of thgroup, the exponential stands for the Debye-Waller term
sample during annealing, which is done by direct inspectiorwith mean-square-displaceme(u?) (taken from previous

of the diffraction pattern. determinations of the spectral frequency distributid®( w)

Measurements carried out at QENi@volving full- and is the instrumental resolutiod(w) is the elastic term with
partially deuterated sampleand IN16 (partially deuterated intensity Aq(Q), and 7; are the inverse of the observed
sample revealed the presence of quasinelastic broadening afuasielastic linewidths.
the order of 0.3 meV and 4eV, respectively, as can be Both sets of parameters;'s andA;(Q)’s are temperature
gauged from spectra shown in Fig. 1. Spectra at a temperaependent and, on the other hand, a minimum of four char-
ture below (left framg and above(right frameg the glass acteristic relaxation timesr; is required on symmetry
transition for each instrument is shown in Fig. 1. A compari-grounds as we shall see below. This makes the analysis of
son of spectra on both columns shows that the increase itlhe spectral shapes in terms of fits of the intensities ta&q.
temperature leads to a concomitant increase in both quasin ill-conditioned problem unless additional informatiam
elastic intensity and broadening. constraintg are brought forward.
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FIG. 1. The upper frames show a spectrum as measured using the QENS spectrometer showing its decomposition iiclasbistic
and quasielasti¢thick solid components. The lower frame depicts results from IN16. The same symbols are used. The temperature and
wave vector are given as insets.

In the present case, additional information is provided lll. MOLECULAR-DYNAMICS SIMULATION

from the results of the computer simulations. These predict . . .
. ) Molecular-dynamics(MD) simulations have been suc-
that the four relaxation times are well separated, and on such . .
. o ..cessfully employed to study the dynamics of the reorienta-
a basis one expects that movements within the two very dif. . ; . I .
) . . tional motions in plastic crystald:'?2 These highly anhar-
ferent frequency windows explored by experiment will cor- . . .
. ) . . .__monic systems render inadequate the use of standard lattice
respond to just one kind of motion. Under this assumption

. .dynamical calculations and making it necessary to resort to
the measured spectra were modeled in terms of an elasti¢

; . : : more realistic methods. Through the trajectories calculated in
S-like peak plus a quasielastic componéabnvoluted with ; : o . .
. . . . a MD simulation we can “see” the reorientations or molecu-
the instrument resolutionFinally, it was found that the set

lar jumps between symmetry-related orientations. In addition
of data measured at both scalgsely and meV are affected one gains access to quantities such as the dynamic structure

by the finite range of achievable energy transfers, especially .oy which as shown below are an invaluable tool for the

at the higher temperatures where the Lorentzian tails havgssignment of experimental observations as well as to quan-
not fully decayed. This would result in an underestimation ofjjties not accessible experimentally such as the dynamic
the linewidth which would become more severe as the temstrycture factors for the molecular centers of mass.
perature is raised. To remedy this, the experimental line |n a previous papéme initiated a structural study of the
shapes were fitted introducing a constraint that accounts fdcc cubic phase of ethanol using neutron powder diffraction.
the finite value of the maximum energy transfers. The formalunfortunately, only six Bragg peaks are seen over the diffuse
procedure is described in some detail in the Appendix. Théackground and, on top of this, the lowest an@dl&0 peak
line-shape analysis was then carried out using(Bg.which  has a very large intensity if compared with the other five.
now ensures that the estimated values for the linewidths ar€his hindered us in discriminating between different models
free from truncation effects. The different contributions tofor the molecular orientation distribution function on the ba-
the spectra are shown in Fig. 1. sis of diffraction data only. In fact, an isotropic orientation
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model could fit the experimental Bragg intensities as well as
did other more elaborate models, which account for preferred
orientations. Here, we aim to gain access to not only time-
averaged properties but also to get some aid for the analysis
of the experimental quasielastic neutron spectra. As known
from cases previously studi€dhe spectra of such solids is
composed of relaxational bands associated with molecular
reorientations or jumps between symmetrically equivalent
preferred orientations. Previous experience shows that the
jump time between orientations is considerably shorter than
the residence time in one of these preferred orientations. The (a) (b)

nature of the jump processes is known to depend on whether

the molecular symmetry coincides with the crystal site sym- FIG. 2. Drawing of the ethanol molecule showing the elongated
metry, (e.g., such is the case of §For is significantly lower trans conformation and the quasisphericglucheconfiguration.

than that(such as occurs in crystalline adamanjare the whole-molecule reorientational motions at low frequencies

former case, molecular reorientations are understood as theéhd therefore such a primitive model suffices our purposes

mally activated processes involving jumps between equipo.—l.o validate the choice of such a primitive model one should

tential orientations whereas in the latter they are a direc}ecall the evidence from neutron diffractiopointing to the

consequence of the need 1o adapt th? molecule to the t.'m?éct that the proportion of thrans conformation(if any) is
averaged higher-symmetry crystal environment. A low pomt'small compared to thgauche In addition, we have tried

group symmetry molecule, such as ethanol in a cubic Slt%eparate MD runs considering rigid molecules in each con-

enV|trodnrtne?t, :Iht:f{ ;allns mth'ﬂ th|rsn Ssccmd (é%?er anntd :’S ?leormation. In thetrans case a cubic rotator phase could not
pected 1o reone ynamically among the erent crySlahe stabilized whereas for thgaucheconformation a cubic

octlants._ ol btain the ti | fthe i plastic phase is stable with a cubic lattice parameter very
N principle, one can obtain the time scales of M€ JUMBgose o the experimental one, which confirms the physical
processes from the analysis of the quasielastic profiles. Homg

ever the identification of such broadening with specific mi- oundness of our assumption. From steric arguments it is
Ver, : heatl u Ing wi pecii I"also evident that thérans molecular conformation has an

croscopic motions to characterize the processes involved '&ongated shapéig. 2), which hinders molecular reorienta-
not an easy task. Usually, a calculation of the quasielastiﬁons and makes tHe %ormation of a rotator phase difficult,
scattering as a function of tH@ vector of momentum trans- \yhereas thegauche configuration corresponds to a quasi-
fers is made by adopting several simplified assumptions angpherical molecular shape typical of other plastic crystals.
the results are compared with experiment in order to infer the  |ntermolecular forces have been modeled with atom-atom
geometry of the molecular jumps. This can bg done with Fotential functions/(r) = —A/r®+B exp(—Cr), which have
good chance of success for molecules of high symmetrjyeen successfully used in crystal packing and lattice-
where the number of possible reorientations is small and @lynamical studies of molecular crystafsThe parameters
model involving a few reorientational times can be writtenemering such a formula are those of Williams and
down? co-workerst**5which have proven to give very good results
The present case is however significantly more complexin our previous work® Several different ways to model the
For this low-symmetry molecule a large number of differentg|ectrostatic interactions have been explored. The isolated
reorientations is expected priori knowledge of the orien-  molecule of ethanol has a dipole moment of 1.717my
tational probability distribution is necessary in order to findyg)ye also assumed by several electronic partial charge mod-
the preferred molecular orientations and hence to adopt gis ysed in MD simulations of liquid<:*® Most of these are
model for the possible different reorientations between themysed in conjunction with models involving at most three
and, as explained above, very little information could be obfgrce centers. Our attempt to simulate the rotator phase using
tained from Rietveld analysis of the diffraction pattern. these point-charge models failed because they seem to
grossly overestimate the electrostatic interactions and the
plastic phase seems to be very sensitive to this. In fact, such
models for the electrostatics induce high nearest-neighbor
The MD simulations have been carried out assuming rigictlipole-dipole orientational correlations which prevent the
molecules which can translate and rotate. Atomic Cartesiaformation of the rotator phase. On the other hand, screening
coordinates are used as variables and the rigid-body condéffects within the real crystal will surely have a strong re-
tion is introduced as a constraint in the integration of theduction effect over the point charges with respect to the gas-
equation of motion using the Verlet algorithm with a 0.01 psphase values. On the other hand, previous experiments por-
timestep. An ideal ethanol molecule has been built up assumray the molecular orientations as being fairly isotropic.
ing standard bond lengths and tetrahedral bond angles. Roreover, the very nature of a cubic rotator phase in which
complete MD model for ethanol would imply a nonrigid the molecules rotate very quickly according to the cubic
molecule where the dihedral angle involving the OH grouppoint symmetry is incompatible with the existence of long-
could change thus allowing the dynamical transition betweertasting orientational correlations such as hydrogen bonds,
thetransandgauchemolecular conformations. This requires which have a directional character. In addition, it is a well-
a good internal molecular force field which does not seem t&known fact that the very fast molecular reorientations in
be available at present. In our case we are interested iplastic crystals involve large accelerations which can only be

A. Simulation details
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induced by nearest-neighbor short-range repulsion forces . . — o
stemming from theB exp(—Cr) potential term. P

The considerations given in the above paragraph put some PY
bounds on the magnitude of the dipole moment to be used 56 r L]
Moreover, since the ® part of the potential reproduces the
plastic and glassy phases in the correct temperature range
and is able to account for the neutron spectra in terms of
characteristic relaxation times, which, as we shall see, com-
pare well with experiment, this proves that Coulomb forces
have to be here relatively weak. Also, if we scale the point-
charge models referred to above by dividing the charges by ¢
factor of 2 we can obtain a rotator phase in the MD simula-
tion which gives a computed structural and dynamical be- °
havior very similar to that obtained with the simple 6-exp ® L
model so that we cannot discriminate between these twc 0 ' ' 50 ' 100
models.

The simulation procedure employed here closely follows
that described in Ref. 11. A simulation box containing 3 FIG. 3. Temperature dependence of the lattice parameter in the

X3X3 cubic unit cells, i.e., 54 molecules have been foundyp simulation for the rotator phag&P) and the orientational glass
suitable to tackle the cyclic boundary condition effects. Theog) cubic phase of ethanol.

molecules were initially arranged in a bcc Bravais lattice

corrgspon_dmg to the (_axper!mental cell parameter. The. Inltla1low temperatures the intermolecular distances are shorter and
c_onflguratlon was orlenta_\tlonally ordered. Strong. orientayy, short-range repulsion forces make the cell contraction
tional correlations soon disappeared after thermallization O ore difficult

the desired temperature. The latter was started by giving the
molecules the random velocities that were attained. The

55+t ° -

cell parameter ( A)
°

temperature (K)

simulations have been carried out in tN®T ensembl& IV. RESULTS
meaning that the unit-cell shape and size are allowed to fluc-
tuate at constant pressure. In this way, we eliminate any ex- A. Experimental observations

ternally imposed restriction upon the structure and we can

study the stability of the cubic phase as a function of tem- _ _
perature. The temperature dependence of the experimental line-

widths, as measured using the QENS spectrometer, is shown
in Fig. 4 for both samples. Apart from details arising from
B. MD calculation of the time-averaged structure the different scattering power, the same dependence with

temperature is observed, showing that the broadening of the

The simulated bcc crystal shows a lattice parameter and 3uasielastic spectrum increases throuah the—RE rota-
range of temperatures within which it is stable, which agreg; i melting Ft)ransition 9

with experiment. The analysis of the molecular trajectories Apart from the variation with temperature of the line-

shows that between 95 and 120 K the orientations are de_vidth, the PG~ OG transition is also followed by the rise in

namically disordered and the molecules perform quick reorl;[em erature of the quasielastic intensity and the concomitant
entations on the sites of a bcc Bravais lattice. Below 95 K an p 4 y

) . X : X decrease of the elastic peak, as is also shown in Fig. 5. As
orientational glassOG) state is progressively attained as a Lo : . .
L : seen there, the transition is very nicely monitored following
consequence of the molecular kinetic energy not being abl

to overcome the rotational potential energy barriers. The re- e transfer of spectral intensity from elastic to qudsk
sults of the simulation are again very encouraging since they

1. Dynamics on picosecond scales

mimic the behavior of the real crystal. Whereas we cannot 0.55 T T T T T | T
observe any clearly measurable difference in the molecular o5 ° CD,.CDOD _
rotational behavior in the 95—-120 K temperature range, the - CD,CD,OH 3
analysis of the rotational motion shows that for temperatures . 0.45 |- | I
below 95 K the molecules still perform sluggish reorienta- % 1
tions and are dynamically disordered but the rate of reorien- & 04 |- Q=241 A 3 Iii
tations decreases considerably reflecting the freezing of the &~ 0.35 s ¥ ¢ st ; 3 ?
rotational motion. This behavior becomes more pronounced - r : . 3e e 7
the lower the temperature. At 50 K the molecules perform N ° ¥ N
reorientations typically every 150 ps.

Figure 3 shows the evolution with temperature of the cal- 0.25 1 L L L L 1 1
culated lattice parameter. The experimental value is of 8% & %0 Tﬁ() 100 105 110 115

5.369 A at 90 K and the difference comes to be about 3%

which is bearable for the kind of atom-atom potentials we FIG. 4. Temperature dependence of the quasielastic linewidths
are using. The temperature dependence of the lattice constaadt measured using QENS for the full and partially deuterated
departs from linearity for temperatures below 50 K. At thesesamples.



PRB 61 ROTATIONAL DYNAMICS IN THE PLASTIC-CRYSTAL ... 12 087
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s % . °© >J16 2 48 * Q=184 I -
s 8 CDCDOD ° {4 & % B i }}5{ 7
= P - .
nF 86 Q=241A" ., 12 3 Ol N S I
84 | ° . 410 - { H 7
° CD,CD,OH
82 |- ° . ds 4.0 |- 3772 {%§§§ -
? 1 [l ] ] [ 1 - { § § { -
1 ‘ 1 ) ) L] 1
* : i 9|0 9|5 1(')0 1(I)5 1;0 115
9% |-€«——°* -4 12
* 2° T (K)
. 2 CD,CD,OH IR L | FIG. 6. Temperature dependence of the quasielastic linewidths
4 ; 2o e as measured using IN16.
a® 90 L (2:2.41A1 o ©° a5 dg § 9
R = B. Results from molecular dynamics
88 |- o ° -6
° = 1. Orientational probability distribution and rotational dynamics
1 § ) ) ] 1 ] . . . .
8675 80 85 90 95 100 105 110 1154 _ The gsufal approach_ to specify the (_)rlentanonal probqbﬂ—
T (K) ity distribution of plastic crystals consists of an expansion

given in terms of symmetry-adapted spherical harmonics.
FIG. 5. Temperature dependence of the elastic and quasielastithe required coefficients are reduced down to a manageable

intensities measured at meV scales. The labels on the ordinate axig;mber only when both the site and the molecular symmetry
refer to the f_raction of Fhe elgstitquasielasti):intensity over the gre high since some coefficients become zero. The approach
total-energy-integrated intensity. is here impractical for the reasons mentioned above. In this

case, the simulated data provide an alternative route since the
inelastig scattering. This contrasts with the case of the liquidinstantaneous molecular orientations are stored as a function
—glass transition, where the spectral parameter most sensjt time. Even so, some difficulties persist since the calcula-
tive to the transition is the Debye-Waller term. ~tion of the molecular orientation distribution requires the use

From the present data it is seen that molecular rotationgf the full three Euler angles, which are difficult to handle. A

occur in the rotator-phase crystal on a scale of about 1 pgepresentation in terms of the polar-angle molecular direction
Below the glass transition the rotational freezing seems conmyistriputions makes things easier to interpret. For a low-
plete since the quasielastic width only has a slight temperasymmetry molecule such as ethanol the choice of the rel-
ture dependence. The finite value may well arise from thewant molecular directions is not trivial. We have found that
excess of modes characteristic of the glasa#fell below 85 the orientational distributions are conveniently described in
K rotational freezing is complete and all the molecular de-tgrms of the polar-angle distributions of the C-O and C-C
grees of freedom that are thermally excited will contribute toonds. Such polar angleg,and ¢ measured with respect to
the spectrum as inelastite.g., finite-frequency signal  the crystal axes, have been stored for 800 ps. On the other
only. This is in very good agreement with specific-heat data,hand’ by recourse to the cubic symmetry of the problem at
which also shows that the extent in temperatures of the trafhand, they are reduced to the ranges @<90°, 0<¢
sition is quite comparable to that evidenced by the present gge

data(i.e., about 18 K The orientational distributions are then specified by two-

dimensional plots where each pair of,¢) coordinates is
2. Dynamics within the nanosecond scales

95 10

Fully equivalent results to those measured using QENS . ! ! ' i
are shown in Figs. 6 and 7 which were obtained using the o L . . ? s dy
IN16 spectrometer. In other words, molecular jumps involv- _ D —— 27
ing scales within the nanosecond range freeze when the PR o | * g8 ——>| o £
— OG transition is approached. Apart from a process involv- g CD,CD,0H - -
ing linewidths of the order of 4eV, which is exemplified ;% o | Q=1.83A" a "! 1: =
by data shown in the aforementioned graphs, a seconc o * e
slower motion with characteristic linewidths of the order of o | . a d6
about 1.5ueV was also detected using the higher-resolution s *
instrument configuration(maximal energy transfers of 90 °y 1 ] L [ 5
+6 weV), and in fact some indications of the presence of & % 9% 1.;30(1() o5 1o 115

such a slower component are seen in data shown in Fig. 1.
The temperature evolution of this second relaxation followed  FiG. 7. Temperature dependence of the elastic and quasielastic
a pattern quite similar to that of the 4eV broadening, al- intensities aj.eV scales. The labels on the ordinate axis refer to the
though the measured data covered temperatures up to 102fkaction of the elasti¢quasielastitintensity over the total energy-
only. integrated intensity.



12 088 A. CRIADO et al. PRB 61

[110]

[111]

FIG. 10. Drawing showing the preferred orientation of the
C-C-O skeleton with respect to the crystal directions together with
the crystal and molecular angle geometries. The different kinds of
detected molecular reorientatiofs,, C,, andC; are also repre-
sented.

0.0 02 0.4 0.6 0.8 1.0 by symmetry, the molecule would perform reorientations
among the 24 different such basic orientations in order to
compensate for the different crystal site and molecular point
FIG. 8. Polar representation of the orientational distribution ofsymmetries. A sketch of the orientation of the molecule rela-
the C-O bond with respect to the Cartesian crystal axes reduced tive to the cubic cell is given in Fig. 10. We can see that the
the first octant. ideal C-C-O angle is 109.5° whereas the angle between the
. 001] and the[111] directions is 125.3°. Therefore, when,
represented as a dot. To make things clearer, we show plofg; jnstance, the C-O bond aligns with its maximum prob-
of ¢ vs x=1—cosf, where O<x=<1. This is an isometric gjjity direction the C-C bond departs some 15.8° from the
spherical representation where an isotropic distribution ot pe diagonal, and vice versa. Such a departure from the
orientations would yield a plot with a uniform density of jjeq| shape is usually compensated by large librational ther-
dots. The results for the C-O and C-C bonds are shown ifha| motions about the most probable molecular orientation.
Figs. 8 and 9, respectively. Both figures reflect the threefolerg gy antify such a deviation we represent in Fig. 11 the C-O
cubic symmetry as seen by the density of points within re,opapility distribution function as a function of the angular
gions about (@), (90°,0°), and (90°,90°) which corre- yenartyre from thd100] direction. There we see that the

spond to the threp100] directions. The data shown by both gistribution width absorbs this molecular geometry departure
figures enables us to draw a clear picture of the averaggom the crystal symmetry directions.

orientational behavior of a single molecule. There are some The orientational distribution of the direction normal to
preferred orientations, with the C-O bonds mostly aligningihe c-c-0 plane shows maxima at tf10] directions as
along the[100] d|rect|onsowher§as the C-C bonds do it along yight be expected. There is, however, a subtle feature in that
the[111] (x=0.42¢=90°). This means that the C-O bond e difference between the maximum and minimum dot den-
preferentially lies on the cube edge and the C-C bond lies 0gjjies is reduced with respect to the other two distributions
the cube diagonal. As all diagonals and edges are equivalegicating that the normal stays less time around the most
probable orientation than in the other two cases. This par-
Cc-C ticular detail is useful for understanding how the molecules

1-cosB

x 10°¢

2.0 e ° -1

Probability
[\
1
[ J
1

0.0 0.2 0.4 0.6 0.8 1.0 0.0 i b e e
1-cosO D

FIG. 9. Polar representation of the orientational distribution of FIG. 11. Cut of the C-O orientational functidfrig. 8) starting
the C-C bond with respect to the Cartesian crystal axes reduced @t (#=90°,/=0) and ending atf=90°,¢=45°). The dots in Fig.
the first octant. 8 have been binned at intervals of 4° when producing this plot.
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perform the jumps between symmetry-related orientations. land 120° about the C-C bonds althougj reorientations do
has to do with the room left empty by the surrounding mol-occur as well albeit with substantially reduced frequencies.
ecules so that the central molecule can fit into a new posi-

tion. Those molecular rotations involving small angles and 3. MD calculation of the spectral frequency distributions

leaving some atoms in the same position are more likely 0 1o gynamics of a plastic crystal can be studied from the
occur than those requiring large-angle rotations where all thﬁoint of view of the collective excitations or phonons and
atoms move to new positions. Therefore, the most probablg|sq studying the so-called single-molecule behavior where
reorientations will be those bringing the C-O bonds to allthe guantities of interest represent the dynamics of the solid
[100] directions and the C-C bonds to ll11] directions. a5 “viewed” by a tagged molecule. We have first carried out
These are 90° rotations about the C-O bor@g)(and 120° g number of calculations of the spectrum of collective exci-
rotations about the C-C bondC¢) as it is illustrated in Fig. tations along the crystal highest symmetry directions. As ex-
10. In either case, one of the bonds is kept invariant wheregsected, the result shows the presence of heavily damped
in both cases the normal to the C-C-O plane reorients to acoustic excitations which become clearly visible @wal-

new direction. This explains why the maximum of the distri- ues well below the Brillouin-zone boundary only, alongside
bution is less pronounced in this case due to the time spent ia number of branches of “optical” character appearing at
the reorientation process. Additional reorientations are alssomewhat higher frequencies. The spectra get even more
possible and these will correspond to other rotation elementstructureless after a polycrystalline average is taken. There-
of the cubic symmetry group. These are the fourfold rotafore, our main interest is here focused onto single-molecule

tions (C}) about the two[100] directions perpendicular to properties sych as the Ijnear and angular. autocor'relation
the C-O bond, the threefold rotatior®, about the three functions which can be directly compared with experiment.

[111] crystal directions different from that of the C-C bond These are defined as
and finally, the twofold rotation€, about the[110] crystal

directions. It is worth pointing out the difference between 2(t)= (v(to)u(to+t)) @

our case and that for an octahedral moleculeg(&¥ in- <|5(t0)|2>

stance, where allC,, C3, andC, rotations are equivalent. In

our case, due to the molecular low symmetry, each kind conand

tains nonequivalent rotations, each of them possibly having a

different jump rate, which is given as the inverse of charac- (J)(to)J)(tOH))

teristic relaxation times. C(t)y=———, (5)
(lo(to)|?)

2. Estimation of the jump rates where the averagdgangular brackejsun over all molecules

Extracting information on the jump rates from the com-and all the initial timest,. Here,v and  are the linear
puted trajectories becomes fairly involved as the picture ofelocity of the molecular center of mass and the angular
molecules occupying a few well-defined equilibrium orienta-yelocity of the molecule, respectively. The power spectra of
tions performing instantaneous reorientations to another pahese functions are related to the translational and rotational
sition is obviously an oversimplification. Rather, the mol- density of statesDOS). Figure 12 show the direct and
ecules execute librations about preferred orientations and ftourier-transformed functions for the translational and rota-
is difficult sometimes to decide whether the molecules haVQionaj motions. From such graphs it is seen tﬁﬁt) and
jumped or not, and also, the molecules may initiate a jumrC(t) go through a region of negative values before decaying
but they may go back to their previous positigaborted  to zero indicating that the velocities change their sign. Such
jumps. For these reasons, the analysis of the molecular repehaviors which are also characteristic of the dynamics of
orientations is most conveniently carried out by visualthe |iquid state are usually referred to as the “cage effect”
means, plotting the molecular orientation as a function ofyr, in other words provide indications of motions taking
time and identifying the possible jumps. In such a way Wepjace within a quasistable configuration of the neighboring
have tracked the occurrence of the different reorientationa‘gartides_ This means that the molecules oscillate and also
motions. The jump rates estimated following such a procetiprate, i.e., perform rotational oscillations superimposed to a
dure should obviously be considered as tentative estimateggmponent of rotational diffusion, characteristic of a rotator
given the aforementioned difficulties. The most frequent re'phase as can be inferred from the nonzero value of the Fou-
orientations are those already referred to, @y rotation  rier transform atw=0. This behavior is similar to that dis-
about the C-O bond and tl@g rotation about the C-C bond. p|ayed by QCI61 for instancel,]- and different from that of
At 105 K these occur with frequencies #f0.4 and 0.2 meV,  the plastic phase of methafféwhere the molecules seem to
respectively. Also, we have detected reorientatiGjsabout  rotate without executing librations. It is also interesting to
[100] directions perpendicular to the C-O bond, those havingotice that the translational power spectrum shows linear be-
a lower frequency of 70ueV. We have been unable to de- havior asw—0 instead of the expectefl(w)xw? Debye
tect eitherC; or C, rotations during an evolution time of 500 law for the acoustic modes in a harmonic crystal. This also
ps for a given molecule. This means that such reorientationsappens in some other plastic crystals and has been tradition-
have a period of at least several hundreds of picosecondally ascribed to the effects of rotation-translation coupling
Summarizing, we get a picture in which the main reorientawhich hinders the existence of well definéce., propagat-
tional mechanisms are 90° rotations around the C-O bond#g) acoustic modes in the crystal.
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i TABLE I. ExperimentalF ¢ (Ref. 1) and calculatedF ., Bragg
0.9 1 ol ' ' I intensities using Eq(7).
06 | ;]\8: 4 (hkl) Fobs Fcal
= (110) 31.8(2) 30.9
< ol oo . | (200) 7.5(4) 10.5
0 10 20 30 (211) 5.6(5) 8.0
@(meV) (220) 2.5(7) 75
0.0 (310) 4.2(5) 35
(222) 1.9(9) 5.1
-0.3 ,
0.9 ' ' T . L
01 b 1 while the rotator-phase crystal shows a large deviation from
_ this in much the same way as commented above for the
0.6 | g 1 simulated spectra.
From a comparison of the graphs shown in Figs. 12 and
S 13 it is seen that both the maxima and the extent in fre-
U 03 B 0.0 L 1 T . . .
0 10 20 0 quency of experimental and calculated functions are in good
w(meV) agreement. Notice that the high-frequency tail of the experi-
0.0 | mental function contains contributions from the internal mo-
lecular dynamics which cannot obviously be accounted for in
the rigid-body model used for the calculation. Even so, both
03 | 2 experiment and calculation show maxima at about 6 meV

time(ps) and most of the spectral power is exhausted for frequencies

higher than 20 meV. In other words, the high-frequency dy-

FIG. 12. The upper frame shows the center-of-mass velocitynamics of the rotator-phase crystal seems to be well ac-
autocorrelation functioZ(t) and its Fourier transford(w) which counted for by the relatively simple model used to represent

is shown in the inset. The lower frame depicts the calculated anguwhe intermolecular interactions in the MD simulation.
lar velocity autocorrelation functio@(t) and its Fourier transform

C(w) (shown in the inset 4. Calculation of the elastic and inelastic structure factors

» ) ) To shed some additional light into the static structure of
The calculated quantities can readily be compared withpe rotator-phase crystal and thus overcome some of the dif-
experimental data measured at 105 K. The latter are showfiyjties referred to abovewhich arose as a consequence of
in Fig. 13, which in turn provides a comparison of the 1ow- \he reduced number of Bragg peaks seen in diffraction ex-
frequency data for the plastic and orientationally orderetheriments, we have calculated the the coherent elastic struc-
(monoclinig crystals. The latter, apart from showing a more e factor. It is derived from the coherent density operator
structured shape, approaches-0 following a Debye law,  anq is defined as the Fourier transform of the instantaneous
scattering length of the crystal:

0.08
1 ™, p(Q,)=2 biexdiQr(i,b], ®)
~ 006 f '
% . whereQ is the neutron momentum transfer amdand F(i Ry
g 0.04 are the coherent scattering length and the instantaneous po-
- sition of atomi. The elastic Bragg scattering arises from the
) i time average of the density operator:
~ 0.02 - .
N, l5=l(p(Q,1))[2. )
0.00 Using this expression, the calculation of the Bragg intensity
0 has been carried out for time averages of 500 ps and the

E v results are shown in Table | together with the experimental
(meV) intensities extracted from the powder-diffraction profile. As

FIG. 13. Experimental estimate for the frequency distribution of ©&" be inferred from the table the Bragg intensity pattern is
the plastic crystal as measured at 105 K on a full hydrogenout€asonably well described by experiment. Higher-order re-
sample(solid line) (Ref. 21). The dashed line depicts the spectrum flections are somewhat overestimated in the calculation be-
for the ordered monoclinic crystal measured at the same temper&ause of the use of a rigid molecule model. This is so be-
ture. Both spectra have been derived by means of procedures déause the internal molecular vibrations do play a role in
scribed in Ref. 22. Data for the plastic crystal at low frequencies’educing the intensities of these high-angle reflections by
would require the use of an extrapolation procedure similar to thoséneans of increasing the exponent entering the Debye-Waller
employed for liquidgsee, for instancgRef. 26]. terms. As regards the previous exercise carried out consider-
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ing diffraction data only, the present results show that a 350 — T —T—T T T

mode_l of fmne-angle jumps bet_ween symmetry—alloweq ori- 300 m Q = (0.9.0,0) _

entations(i.e., a Frenkel moddl is better suited for describ- SN — —~-Q=(1.500)

ing the nature of molecular rotations. 250 | AN —---Q=(3 0’05 =
We have also calculated the single-particle dynamic struc- LN Q= (4’0’0)

ture factor which is to be compared with that measured by 200
incoherent inelastic neutron scattering in order to study the=
single-molecule rotational dynamics. The spectra were calH-
culated to help with the analysis of experimental data. Inthe 149
case of incoherent scattering, the total scattering intensity is

the sum of the intensities scattered by every atom in the 50

crystal. For a giver(j we can define an instantaneous inco-
herent atomic density operator as

0 s ol caawnl ol e

0.01 0.1 1 10 100
t (ps)

pi(Q.t)=biexdiQr(i,t)], )
FIG. 14. A set of calculated5(Q,t) curves for momentum
wherei labels the different atoms in the crystal dotlis the  transfers given as insets.
incoherent scattering lengthrf,.=27b%?). An incoherent
intermediate autocorrelation function can be calculated as deviation from ideal behavior arises from the widely differ-
ent time scales found for different kinds of reorientations.

FQ.H= 2.: (PF(QO)PT(Q1), © V. DISCUSSION AND CONCLUSIONS

such that the incoherent inelastic spectra would be its Fourier he main aim of the present study has been the identifi-
time transform. Here(---) means time average over all cation of the microscopic entities causing relaxations at

instantaneous configurations along the MD runs of typicallyScales of pico- and nanoseconds within the rotgtastio
1000 ps in our case. phase of ethanol. The material has been recently used as a

The FS(G,t) functions decay with time to a constant model fqr i_nvestigating_the glas_sy dynamics qnd, in view of
value which is equal to the incoherent elastic contributionthe proximity O.f _dynamlc behavior of the plastic- and super-
arising from the time-averaged scattering terms: cooled liquid, it is expec_ted that some of the results should
' be of relevance for studies on glassy matter.
From data and arguments described in the preceeding sec-
$.dQ)= E 1(pS(Q,1))|2. (10  fion a tentative assignment of the broadenings detected in the
i quasielastic neutron-scattering experiments to molecular re-
_ orientations can be made. Motions taking place within the
It is usually convenient to subtract this term fré#(Q,t) in meV (picoseconiiscale nicely correspond to tho€g rota-
order to get a function which decays to zero for long times asions about the C-O bond and ti@; rotations around the
it is in the coherent case, also avoiding truncation errorsC-C bond found in the MD simulations. Such reorientations
when calculating its time Fourier transform. should involve excursions of angles as large as 90° and 120°
In this way, we have calculated the intermediate autocorabout the referred axes. On the other hand, the quasielastic
relation function for different values of the scattering vector.signals observed within theeV scale do have to be iden-
Long runs of 1000 ps have been used in order to achievgfied with thoseCj; and C, motions also referred to in the
convergence in the estimation of the elastic incoherent ternprevious paragraphs.
In spite of this, some curves still show a decay to a constant As mentioned above, while experiment shows that both
value which differs slightly from zero. Whether this result is the quasielastic linewidth and the spectral intensities increase
fully significant and underpins some long-time feature charyjth temperature, only an increase in the intensity of the
acteristic of glassy-dynamicéi.e., a two-step relaxation quasielastic spectrum is clearly observed in the simulations
could not be ascertained. At any rate, such a feature does ngjr temperatures above 95 K. Rotational freezing below this
Significantly affect the calculation of the characteristic relax-temperature as Observed experimenta”y is accounted for by
ation times obtained from an exponential fit of the curves. the calculation, although it appears as a process significantly
The most significant result from the calculatEd(Q,t) more sluggish than that actually observed. Whether the
concerns their strong, nonexponential shape. A set of suctiuasielastic linewidth of the simulated spectra increases with
functions is displayed in Fig. 14 for several values oftemperature or not could not be ascertained. The main diffi-
momentum-transfe®. A minimum of four exponential de- culty lies in the fact that, as shown by experiment, one would
cays are required to fit the shapes of the calculated curves, aleed to achieve very high statistical accuracy to mimic the
of them having well separated decay constants. In fact theariations in linewidth actually measured.
curves show a first short-time decay arising from collective The complicated picture that arises from the MD study,
(phonon modes having characteristic times of the order ofallows one to infer the reasons why the wave-vector depen-
hundredths of a picosecond or lower, a second decay of dence of the quasielastic structure factors depart substantially
few tenths of a ps, and two additional relaxations with timesfrom that corresponding to simple models of molecular
of a few and close to 10 ps. In other words, the observedeorientatior?. Such a complex pattern of reorientations gives
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rise to strongly nonexponential relaxations as a direct consezooled liquid can be assigned to precise microscopic mo-
guence of the disparate time scales involved. The resulions. The results may help to shed some light onto some
seems to be of relevance regarding present debates on “d§epics currently under discussion on matters concerning the
namic heterogeneity?® of relaxation patterns in disordered dynamics of glasses as well as the glass transition.

matter since, as proven by a number of experimental tools

the reorientational dynamics of the SCL is expected to share ACKNOWLEDGMENTS
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seen by calorimetric means. Such a transition is of a purely

dynamic character and in fact, its main features are retained

by a conceptually simple model of hard needles reorienting APPENDIX

in a bec lattice®* A detailed comparison between the param- From Eq.(2) the spectrum for a given value of the mo-

eters used to monitor the rotational frgez%gho_ws that  mentum transfe® is modeled assuming that the instrumen-
molecular rotations ocurring at vastly different time scalesyy| resolution is given by a normalized Gaussian with stan-
arrest within a very narrow temperature interval. The impli- ya,q deviationo and the experimental frequency window

cations for the canonical liquig glass transition are clear gjjows us to resolve only one of the four Lorentzians. The
since the latter certainly involves a large reorlentatlonalexpre‘,;siOn then reads

componen®. Furthermore, such an analogy is also expected

on the basis of the remarkably close proximity of the local | r

structures of the SCL and rotator phase crys@iich simili- S(Q,w)= B e,5((1,))

tude leads one to expect that the torques experienced by in- T w?+T?

dividual molecules should be fully comparable in both )

phases and therefore the individual reorientations which ® 1 exp( _ “’_) (A1)
come as a consequence of such forces should share common 2702 252"

characteristics. This has been ascertained by dielectric
experiment$ which show that the similitude in behavior is It is given in terms of a quasielastic line strendth,, a
even closer for relaxations with frequencies beyond the maikorentzian of half width at half maximum linewidth and a

(@) peak. In fact, features on the leading high-frequencycomponent representing the elastic intensify The values
edge of such a pealthe “wing” or “shoulder” character-  for the relevant parameters are derived by fits to the mea-
istic of both PC and SClLas well as higher-frequencys} sured intensities, whiler is estimated from the measured
relaxations, show dependences with temperature describabRstrument response. The symbolstands for the convolu-

by basically the same parameters. tion operation.

A further point worth investigating concerns the possible Let o be the cutoff frequency imposed by the experi-
role of molecular rotations such as those described in th&ental setup. Such a cutoff frequency may be considered as
present work as the entities responsible for restoring ergodnfinite if compared with the Gaussian resolution function,
icity at temperatures above the glass transifigrout below ~ but has to be taken care of because of the slow decaying
that T, where motions are predicted to be arrested by theowings of the quasielastic signal.
ries of the mode-coupling familyMCT).2> As shown here, Under such conditions, the first three even frequency mo-
individual molecular reorientations can still take place undefments ofS(Q,w) as given by Eq(Al) are
huge viscosities since the SCL or PC retain a substantial free
volume in which rotations can take place. Such a mechanism Iw?
should, therefore, be in operation on most of the materials lor=kI" exp — 252
employed as benchmarks for tests of the MCT predictions
and therefore can account in part for the observed deviations. p( 5

arctafiw,) +1o,  (A2)

The comparison between the calculated and measured 2_ | 3ex

IPAtS . ; @[w—arctaniwg) ]+ | ojas,
spectral distributions has shown that the relatively simple Lo o)+ letas

207

model used to model the interparticle potential in the MD (A3)
study retains the most significant features up to frequencies

well within the microscopic realnfabove some 20 meV  __ 202 w0 _

Also, both calculation and experiment show some feature3u4=kl“5exp( - 5| ® ?C—wc+ arctaiw,) | + 3l g%,
commonly interpreted as fingerprints of “glassy dynamics.” 20

These are a substantial deviation of the frequency distribu- (A4)

tion Z(w) over the Debye law, i.e., the so-called “excess, ... — \/Elqe,/(mrﬁ) and @.=w./T. The convolu-

modes, the_ appearance 9f a negatlve” region in the Veloc't¥ions appearing in these expressions should be understood as
autocorrelation functiong“cage effect”) and the strong

damping of longitudinal-acoustic excitations because of the 242 . 2,2
translation-rotation coupling. exp ——— ®f(g,c):f dwexpg ——— f(De—w).
As a main conclusion, the present work shows that relax- 20 % 20

ations taking place within a model for the deeply super- (A5)
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Since the convolution products involving arctag( cannot T2 (Iiot—l e1as0) (@2 +302) = 3( 02—l 410502) ]
be done analytically, we have chosen to eliminate the con- .
volution with arctang,) between the zero and the second =3(0*~lejast™), (A8)

moments and the convolution with,— arctanfy,) between H
the second and the fourth moments. Once the remaining corf® that
volutions are calculated we obtain

- \/3(54—Ielaso-“)—(?—le.aso2><w§+3oz>

(ltot—lelad (02+302) = 3(w2—l gja0?)

— 2l el
U)Z:Fz(lelas_Itot)"'F%wc"'lelasgz’ (A6)
(A9)

- 2|qel 3 . .
0*=T2(lg1a0°— 0%)+T —— (0 +30%w¢) + 3l 0% The procedure we have followed thus involves calculating

3w the moments using the measured spectrum under the con-

(A7) straint given by the above expression. This was found to
Finally, eliminating terms linear i’ in the above equations improve the stability of the fitting problem to a very signifi-
leads to cant extent.
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