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Anomalously large decoupling of rotational and shear relaxation in a molecular glass
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3Ip NMR spectroscopy is used to study the nature of the molecular dynamics in a P-doped molecular As
sulfide glass in the region of glass transition. Isotropic tumbling of the constituent molecules in the glass is
observed even at ~70 K below glass transition temperature, indicating an anomalously strong decoupling of
this motion from viscosity and diffusion. The presence of such dynamic orientational disorder at temperatures
where the positional disorder is likely to be nearly frozen in is unusual in molecular glass formers and may
have important implications in understanding the thermodynamic vs dynamic origin of glass transition.
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I. INTRODUCTION

A liquid, if it does not crystallize on cooling, can undergo
“glass transition,” a falling out of equilibrium in terms of
motion and rearrangement of its molecular constituents. The
rapid increase in viscosity of a glass-forming liquid by more
than 10 orders of magnitude on cooling and its divergence
near and below the glass transition temperature 7, transform
the flowing liquid into a rigid solid without the long-range
order characteristic of crystals. The glass transition has been
the subject of extensive thermodynamic, kinetic, and struc-
tural investigation and modeling at the molecular level.!~* In
spite of this, the dynamic and thermodynamic nature of the
glass transition remains one of the most fascinating and un-
solved scientific problems to date.’~¢

The structural changes that accompany the cooling of a
glass-forming liquid have been found to be small.!® There-
fore, the key ingredients in all modern theories of glass tran-
sition are the temperature-dependent changes in the nature
and time scale of the atomic or molecular dynamics in a
supercooled glass-forming liquid. Recent spectroscopic work
on molecular glass-forming liquids has indicated that the cor-
relation times associated with translational and rotational dif-
fusion of the constituent molecules are intimately related to
the shear and structural relaxation time scales.” Strong evi-
dence for spatiotemporal heterogeneities in these dynamical
processes near T, has also been reported.®'® However, the
origin of the slowdown of the translational and rotational
molecular motions remains controversial, and theoretical ar-
guments based on both thermodynamic (volumetric and en-
tropic) and dynamic transitions have been proposed in the
literature. '~

Previous experimental studies of molecular dynamics in
the glass transition region have entirely been limited to or-
ganic glass formers primarily due to the fact that inorganic
molecular glass formers are extremely rare. We have recently
reported the finding of molecular arsenic sulfide glasses con-
sisting of isolated cagelike As,S; molecules that are held
together by van der Waals forces, with Ge;Ass,S,5 being a
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representative composition.'!"!> These molecules consist of a
three-membered As; ring surmounted by an AsS; pyramid
with each S atom being bonded to an As atom in the As; ring
that is directly below it (Fig. 1). The small amount of Ge
doping is necessary in stabilizing this As-rich sulfide glass
from devitrification.!! This glass, owing to its molecular na-
ture, displays unusual physical properties including highly
fragile behavior in the temperature dependence of viscosity,
unusually low T, (~312 K), and high thermal expansion co-
efficient (96 ppm/K).!! It is interesting to note that, to the
best of our knowledge, the only other predominantly molecu-
lar inorganic glass that has been reported in the literature
belongs to the P-Se binary system and consists of isolated
P,Se; molecules that are conformationally similar to the
As,S; molecules.'>'* We report here the results of a
variable-temperature *'P nuclear magnetic resonance (NMR)
spectroscopic study of the tumbling dynamics of similar cage

FIG. 1. (Color online) Ball-and-stick model of the structure of
As,S; molecule. S and apical and basal As atoms are shown in
green, red, and yellow, respectively. P doping results in the replace-
ment of apical As (red) with P.
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molecules in a glass of composition GesP; 3Ass5,7S,5 in the
glass transition region.

II. EXPERIMENT

A. Sample preparation

The glass was synthesized by melting a mixture of the
constituent elements (=99.9995% purity, metals basis) in an
evacuated (107® Torr) fused silica ampoule and by subse-
quently quenching the ampoule in cold water. In this glass, a
small amount of As (1.3 at. %) from the original composi-
tion has been replaced with P such that *'P NMR spectros-
copy can be used as a probe for studying the molecular
dynamics.'6

B. 3'P NMR spectroscopy

All *'P NMR spectra were collected with a Bruker
Avance 500 solid-state spectrometer equipped with a 11.74 T
wide bore magnet (*'P Larmor frequency of 202.45 MHz).
Crushed glass samples were taken in ZrO, rotors. A 4 mm
and a 7 mm Bruker cross-polarization magic-angle spinning
(CPMAS) probe were used for static NMR experiments at
temperatures above and below ambient, respectively. The
sample temperature in all experiments was controlled to
within £2 K using hot or cold N, gas. Pb(NO;), was used as
an external standard to calibrate the sample temperature
against the temperature of the exhaust N, gas. The tempera-
ture calibration was performed using the well-known tem-
perature dependence of the 2°’Pb chemical shift of
Pb(NOs),."% The static spectra were collected with pulse
lengths adjusted to yield a magnetization tip angle of 60° at
all temperatures. A recycle delay of 15-30 s was used and
100-200 transients were averaged to obtain each spectrum.
The ambient temperature magic-angle spinning (MAS) spec-
trum was collected with a 4 mm Bruker CPMAS probe and
the crushed sample was spun at a rate of 14.5 kHz. A mag-
netization tip angle of 60° (1 ws pulse duration) and a re-
cycle delay of 30 s were used, and 32 transients were aver-
aged to obtain the MAS spectrum. The *'P chemical shift
was externally referenced to 85% H;PO, in all experiments.

III. RESULTS AND DISCUSSION

P atoms at such small doping levels are known to prefer-
entially replace the apical As atoms in the molecules to form
the top PS; pyramid in PAs;S; molecules as shown in Fig.
1.1 This atomic environment for the P atoms is corroborated
by the *'P MAS NMR spectrum (Fig. 2) that shows a single
sharp peak at a chemical shift of ~126 ppm, consistent with
a phosphorus atom bonded to three nearest-neighbor sulfur
atoms.!”18

The static °'P NMR spectrum of this glass at 7=231 K
shows a typical powder pattern for a spin-1/2 nuclide that
can be simulated well with three principal components of the
chemical shift tensor: o;=66 ppm, 0,,=113 ppm, and o33
=199 ppm (Figs. 2 and 3). This chemical shift tensor indi-
cates a distortion of the ideally uniaxial site symmetry of the
P nuclides in PS5 pyramidal environment in the PAs;S; cage
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FIG. 2. (a) >'P static NMR powder spectrum of GesPq 3As507S45
glass at T=231 K. (b) 3P MAS NMR powder spectrum of the same
glass at ambient temperature.

molecules (Fig. 1). This static *'P line shape does not show
any significant change upon lowering the temperature to
222 K. In contrast, the line shape changes rapidly with in-
creasing temperature above 240 K until it finally collapses to
a single narrow Lorentzian peak at the isotropic chemical
shift at 7=301 K, indicating rapid tumbling motion of the
PAs;S; (and thus As,S;) molecules (Fig. 3). These dynami-
cal changes in the 'P line shape are found to be completely
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FIG. 3. Experimental 3p  static  NMR spectra  of
GesP | 3As507S45 glass and supercooled liquid at temperatures indi-
cated (left) and corresponding simulated spectra (right). Note the
effect of motional narrowing on the line shape with increasing tem-
perature. See text for details of the simulation procedure.
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FIG. 4. Comparison between my\gr (squares) and 7y, (circles)
for GesPy3Ass507S45 glass and supercooled liquid at different tem-
peratures. The average shear relaxation times 7y, at temperatures
T=T, have been calculated from the shear viscosities 7 of the
GesP| 3Ass07S45 supercooled liquid reported in the literature (Ref.
11) using the Maxwell’s relation 7y, = 7/ G, Where G, represents
the infinite frequency shear modulus which is nearly independent of
temperature and can be treated as a constant ~3 X 10'" Pa, for a
wide variety of glass formers (Refs. 1 and 2). The arrow pointing
upward marks T,, while the arrow pointing downward marks the
temperature (7=302 K) across which the activation energy of Tayr
changes from ~35 kJ/mol at lower temperatures to ~50 kJ/mol at
higher temperatures.

reversible upon cooling. The *'P NMR spectral line shapes
in Fig. 3 have been simulated over the entire temperature
range 231 K=T7=319 K using a model of reorientational
exchange of PAs;S; molecules among N different orienta-
tions under the rigid molecule (7<231 K) powder pattern
via isotropic tumbling. The analytic expression for the result-
ing line shape is given by the real part of g(w), where
g(w)=(1/N)L/[1-(L/ rymg)] and L=2_; \li(w—w))+1/T5;
+N/ ymr]™", where w; is the frequency, T; is the reciprocal
of the intrinsic linewidth corresponding to the orientation j,
and 1/ g is the frequency of the reorientational exchange
or tumbling frequency of the PAs;S; molecules. In this
analysis, the frequencies w; corresponding to 400 orienta-
tions (V) were generated by taking that many angular steps
through the expression for the uniaxial powder pattern.!® The
value of T,; has been kept constant as 0.3 ms for all orien-
tations in all of the simulations. A single average
temperature-dependent tumbling frequency T&}\AR is found to
be sufficient for simulation of all spectra.

The time scale mr of the molecular tumbling is com-
pared with that of the macroscopic shear relaxation process
Tanear derived from the viscosity data in an Arrhenius plot in
Fig. 4. At temperatures above T\, the two time scales tend to
converge, indicating a coupling between the two processes.
However, 7., diverges and strongly decouples from myyr
below T, by several orders of magnitude (Fig. 4). This strong
decoupling is in sharp contrast with the results obtained in
previous studies on organic molecular glass-forming liquids.
In the latter, the rotational diffusion time scales remain
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strongly coupled to viscosity, while the translational diffu-
sion time scales become faster and decouple near the glass
transition region. Previous studies have shown that this ap-
parent violation of the Stokes-Einstein and Debye predic-
tions can be accounted for when the dynamical heterogeneity
is taken into consideration.”® Clearly, significant diffusive
motion of the constituent molecules in this chalcogenide
glass is not expected at temperatures below 7, and the po-
sitional disorder of these molecules in the structure is ex-
pected to be frozen in at the experimental time scale. In
contrast, the frequency of rotational reorientation of these
molecules is found to remain surprisingly fast (~2 kHz)
even at ~70 K below 7,. Hence, dynamically, the glass be-
haves like a system where the molecules reorient relatively
freely over a time scale during which their average positions
remain fixed in space. It is interesting to note that such dy-
namics is somewhat similar to the molecular dynamics en-
countered in plastic crystals where the molecules reorient
while their positions remain fixed at the lattice sites of the
structure. In fact, high-temperature polymorphs of As,S; and
P,S; are examples of such plastic crystalline phases.’*?3
Since plastic crystals can form orientational glasses on
quenching, the similarity in the molecular dynamics between
plastic crystals and a structural glass as observed here may
imply fundamental mechanistic similarities between glass
transition processes in orientational and structural glasses. It
should be noted here that the temperature dependence of the
rotational dynamics and the associated heat capacity changes
in molecular plastic crystals are similar to those of the main
or «a relaxation in structural glasses.?*> On the other hand,
the temperature dependence of the molecular dynamics ob-
served here has similarities with that of the slow (Johari-
Goldstein) 3 processes in glass formers.?%2” However, recent
NMR studies have shown that the slow B processes in mo-
lecular glasses are fundamentally different in that they in-
volve highly restricted reorientation of the molecules and not
isotropic rotational tumbling as has been observed here.?’

Finally, the temperature dependence of myr in the
Arrhenius plot in Fig. 4 shows a break in the slope at T
~302 K, a temperature near T,. The corresponding activa-
tion energies are found to be ~50 and 35 kJ/mol, above and
below T~302 K, respectively (Fig. 4). The weak coupling
of mymr With glass transition accompanied by an increase in
the activation energy above T~T, may be indicative of the
effect of the onset of significant long-range diffusion of the
molecules on the tumbling process.

The anomalously large decoupling between the time
scales of rotational reorientation and shear relaxation in a
molecular glass as observed here may have important impli-
cations in understanding the nature of the glass transition
process. As the heat capacity of a supercooled liquid is larger
than that of the stable crystals, extrapolation of the entropy
vs temperature curves of these two phases below T, results in
an intersection of the two curves at a positive temperature
Tk, known as the Kauzmann t(l,mpf:r21turf:.3’28 A further ex-
trapolation would lead to an entropy for the supercooled lig-
uid that is less than that of the crystal. Since the entropy of a
crystal goes to zero as T— 0 K, a lower value for the super-
cooled liquid would necessitate a negative value of entropy,
in direct violation of the third law of thermodynamics. This
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phenomenon is known as the Kauzmann catastrophe that can
be avoided if the supercooled liquid forms an ideal glass
with a unique configuration at T~ Tx.? According to the ther-
modynamic model of glass transition, the observed glass
transition is a kinetically masked manifestation of a true
second-order thermodynamic phase transition at T.
Previous studies have shown that the value of the constant
T, obtained from fitting the viscosity vs temperature data of
a supercooled glass-forming liquid with the Tammann-
Vogel-Fulcher (TVF) equation (log;, 7=A+B/T—-T,, where
7 is viscosity and A, B, and T, are constants) corresponds
closely to the calorimetrically determined Tk. This corre-
spondence is within 10% for fragile glass formers such as the
molecular chalcogenide glass studied here, characterized by
a fragility index m of ~102, where m is given by*® m
= dlogo(7)/d(T,/T)|7_r . A TVF fit to the viscosity data of
the chalcogenide glass results in a T, value of ~268 K (Fig.
3). At this temperature, the stable crystalline polymorph of
a-As,S; does not exhibit any rotational reorientation of the
constituent molecules, while the 'P NMR line shape of the
glass at similar temperatures indicates a relatively rapid tum-
bling motion of the PAs;S; and As,S; molecules with
Tamr ~ 107 s (Figs. 2 and 3). Therefore, at T~ T, this glass
is expected to have nonzero rotational configurational en-
tropy. This observation raises the question of whether the
corresponding supercooled liquid would display similar be-
havior if it could be equilibrated at Tk. If so, then such un-
usual molecular dynamics that continues down to the Kauz-
mann temperature may have important consequences in
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understanding the connection between dynamics and thermo-
dynamics in a glass-forming liquid and the Kauzmann catas-
trophe.

IV. SUMMARY

To summarize, *'P NMR spectroscopy has been employed
to study the tumbling dynamics of the constituent molecules
in a chalcogenide glass. A comparison between the time
scales for isotropic rotational reorientation and that for shear
relaxation indicates large decoupling of the two time scales
below T, a phenomenon that is unexpected in a simple mo-
lecular glass. The results imply that the positional disorder of
the constituent molecules is largely frozen below T,, while
the orientational disorder remains sufficiently rapid (several
kilohertz or faster) at least down to ~70 K below T,. Al-
though the characteristics of strong decoupling from shear
relaxation and near-Arrhenius temperature dependence of the
dynamics observed here are similar to those of Johari-
Goldstein-type [ processes, dynamically they are distinct.
The S process primarily involves highly restricted rotational
jumps of molecules in contrast with the isotropic molecular
tumbling motion observed in this study.
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