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Abstract

Dynamical processes in supercooled AsSey liquid are studied using 1D and 2D "’Se NMR
spectroscopic techniques. The results demonstrate the coexistence of two distinct dynamical
processes: one is a slow process related to the chemical exchange between the various Se
environments by bond scission/renewal and the other is the fast Se chain segmental motion,
which leads to the rapid averaging of the chemical shift anisotropy. The timescales of these
two processes become increasingly similar as the glass transition is approached from above.
The slow process is found to be closely coupled to viscosity over the entire temperature range
of investigation and its activation energy is consistent with the Se-Se/As bond energies. On
the other hand, the activation energy of the fast process is significantly higher, which may be
indicative of its cooperative nature. This process becomes coupled to viscosity only in the

immediate vicinity of the glass transition.



1. Introduction

The structural relaxation processes near the glass transition region are key in controlling the
technological utility of glasses and glass-ceramics. For example, glass products retain thermal
stress caused by quenching, which decreases the strength and durability of the product and needs
to be removed after forming via annealing [1]. This stress removal proceeds with structural
relaxation at temperatures close to the glass transition via processes that are closely related to the
viscous flow with an identical activation energy. On the other hand, for glass-ceramic processing,
the crystallization is controlled by self-diffusion which is inversely proportional to the viscosity,
as predicted by the Stokes-Einstein equation. These relaxation processes have been treated in the
literature principally as macroscopic phenomena within the framework of phenomenological
models [2-5]. However, a direct mechanistic understanding of the structural relaxation process at
the atomic scale often remains lacking.

Previous dynamical studies of supercooled oxide network liquids have suggested a close
mechanistic association between the local bond-breaking and reforming of the network and
viscous flow. For example, high-temperature 2°Si, ''B, 170, *'P and *’Al NMR spectroscopic
studies have shown that in borate, silicate and phosphate liquids the average time scale of the local
Si-O, B-O or P-O bond breaking and chemical exchange between Si or P atoms belonging to
different Q-species or between B atoms in BO; and BO4 species correspond well with the shear
relaxation time scale derived from viscosity data [6-12]. The flow mechanism appears to be
facilitated by the ability of oxygens to reconfigure between bridging and non-bridging
arrangements, with corresponding changes in silicon, phosphorus or boron configurations. It may
be noted here that, although these studies were the first of their kind for high temperature oxide

liquids and they provided a tremendous wealth of structural and dynamical information, they have



so far been primarily restricted to 3-dimensional oxide networks. On the other hand, little is
known regarding the structural relaxation mechanisms in chalcogenide liquids, characterized by
networks with a wide range of connectivity and topological characteristics. For example, Se or S
rich chalcogenide liquids are characterized by low-dimensional polymer-like networks of sparsely
cross-linked Se and S chains, while over some composition ranges the structure of these liquids
may be dominated by molecular units [13-17]. Increasing addition of Ge or As, on the other hand,
results in predominantly corner-shared tetrahedral or pyramidal networks. The viscous flow
mechanism in these liquids at the atomic scale remains poorly known to date.

Raman spectroscopic studies of structural changes accompanying aging in Ge-Se and Si-
Se glasses and in situ high-temperature Raman spectroscopy of a GeSes supercooled liquid have
indicated temperature dependent conversion between the edge- and corner-sharing GeSes or
SiSes) tetrahedra via Ge-Se or Si-Se bond scission and rearrangement [18,19]. The timescales of
such processes were reported to be consistent with that of shear relaxation. On the other hand,
high-temperature *'P and "’Se NMR spectroscopic studies of the speciation equilibria and chemical
exchange kinetics in P-Se liquids were carried out by Eckert and coworkers [20-22]. These studies
have revealed two important aspects of the dynamical processes in these topologically complex
networks. First of all, similar to oxide liquids, P atoms are chemically exchanged between the
P4Se; molecules and the surrounding P-Se-P network via P-Se bond scission and renewal. Second,
the orientational averaging of the 3'P chemical shift anisotropy (CSA) of the molecular and
network P sites occurs at a rate that is significantly faster than that of chemical exchange,
presumably via fast rotation of the molecular units and network segments of PSes» pyramidal units
linked by short Se-Se chain moieties. When taken together, these results indicate the presence of

two distinct dynamical modes, consistent with the nature of the topological elements in these



liquids. However, the relative contributions of these two processes to shear relaxation in these
liquids remains poorly understood. Recent shear relaxation measurements on supercooled
chalcogenide liquids have also indicated the presence of two distinct dynamical processes in Se-
rich As-Se and Ge-Se liquids [23]. The slow process was reported to be coupled to viscous flow
at all temperatures, while the fast process becomes a major contributor to viscosity only near the
glass transition [24]. Here we report the results of a high-temperature 1D and 2D 7’Se NMR
spectroscopic study of the AsSe9 supercooled liquid near its glass transition to reveal the atomistic
nature of these dynamical processes. The relative coupling of these processes to viscous flow and
shear relaxation are shown to be crucial in understanding the nature of the glass transition of

chalcogenide liquids.

2. Experimental
2.1. Sample synthesis

The AsSey glass was synthesized from the constituent elements (=99.999% purity, metal
basis) that were melted in an evacuated (10~® Torr) and flame sealed fused silica ampoule (8 mm
I.D., 12 mm O.D.) in a rocking furnace at 650°C for 24 hours. Finally, the melt was quenched to

glass by dipping the ampoule in water.
2.2. High-temperature static 1D "’Se NMR

The high-temperature static ’’Se NMR spectra of the supercooled AsSes liquid were acquired
using a Bruker Avance500 spectrometer operating at 11.74 T (7’Se Larmor frequency 95.4 MHz)
and a Bruker wideline probe. Crushed glass was packed and flame-sealed in an evacuated Pyrex
ampoule and heated using nitrogen gas. Temperature of the probe was calibrated externally using
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the well-known temperature dependence of the **Cu chemical shift of CuBr [25]. A Hahn echo
pulse sequence (/2—t—n—acquisition) was employed for spectral acquisition with 7/2 pulse length
of 3.5 us and t =63 ps. The recycle delay was varied from a maximum of 60 s at room temperature
and near the highest temperature of ~ 500K to a minimum of 5 s near 430 K. Each spectrum was

obtained by Fourier transforming the average of 1024 free induction decays.
2.2. Static 2D 7’Se Exchange Spectroscopy (EXSY)

2D EXSY (n/2—t1—m/2—tmix—m/2—acquisition) spectra were acquired at the National High
Magnetic Field Laboratory in Tallahassee, Florida on a Bruker Avance NEO console operating at
a "’Se Larmor frequency of 114.4 MHz (Bo = 14.1 T, vo('H) = 600 MHz). Experiments were
performed with a static HX Low-E probe designed and built at the NHMFL, which has a horizontal
5 mm solenoidal detection coil. Crushed glass powder was packed in a Bruker 4 mm ZrO; rotor.
Each 2D spectrum was acquired with a total of 32 hypercomplex #; data points, 128 to 512
transients per point depending on the mixing time (#mix), and 3 ps m/2-pulses. Recycle delays of 3
and 10 s were used at T = 358 and 348 K, respectively. Temperature was controlled to within 0.1
K, for the entire duration of the experiment. The 7’Se NMR spectra were referenced to neat
(CH3)2Se with 8iso = 0 ppm by using the 7O signal of H>O and the frequency ratios listed for !0

and "’Se in the IUPAC recommendations [26].

3. Results and Discussion
The temperature dependent evolution of the 1D 7’Se NMR line shape of AsSes supercooled
liquid at temperatures ranging between 405 and 499 K is shown in Fig. 1. The ”’Se NMR spectrum

at 405 K is characterized by 3 resolved resonances centered at 900, 840 and 650 ppm. Following



previous high-resolution 7’Se NMR studies of AsxSei— glasses, and taking the well-known
temperature dependence of "’Se chemical shifts in chalcogenides into account, the resonance at
900 ppm corresponds to Se-Se-Se sites with Se next-nearest neighbors, while the one at 840 ppm
corresponds to Se-Se-Se sites with one or more As next-nearest neighbors [27-29]. The resonance
at ~ 650 ppm, on the other hand, can be assigned to Se-Se-As sites [27,28]. It is important to note
here that the 7’Se NMR line shape near 400 K provides significant enhancement in resolution
compared to the ambient-temperature ’’Se NMR spectra of AsxSei—xglasses [28]. The "’Se spectral
line shapes at low temperatures are known to be severely broadened by both the CSA as well as
the chemical shift distribution resulting from the structural disorder in glasses. The increased
spectral resolution at high temperatures near 400 K implies motional averaging of these broadening
effects. Further increase in temperature beyond ~ 400 K shows clear evidence for initial chemical
exchange induced broadening and subsequent collapse of the "’Se NMR line shape into a
symmetric peak in the motionally narrowed regime (Fig. 1). It is intuitively obvious that such
chemical exchange between different Se environments in the liquid can only occur via Se-Se and
Se-As bond scission/renewal dynamics. The timescale for this process can then be estimated by
simulating the high-temperature 7’Se NMR line shapes in Fig. 1 using a dynamical model of
chemical exchange. Here we use a random three-site chemical exchange model, where exchange
between any pair of Se environments is equally probable and, thus, all exchange events

characterized by the same timescale. The analytic expression for the resulting line shape is given

1 L
N 1-(L/TNymR)
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N/tymr| - In these expressions N is the total number of sites, @y is the frequency and 77 is the

reciprocal of the intrinsic linewidth corresponding to each site, and (tnmr)~! = Rex is the rate of



chemical exchange between the different sites. The value of 75, has been kept constant at 1 ms for
all sites in all of the simulations and only Rex is varied as a function of temperature. The shift in
the positions of the ”’Se resonances due to thermal expansion can be significant, but is known from
previous studies and has also been incorporated into all the simulations [29]. It is clear from Fig.
1 that this simple model of the chemical exchange dynamics is able to reproduce the experimental
77Se NMR line shapes quite well. On the other hand, the motional averaging of the CSA and
chemical shift distribution induced broadening effects for the —Se-Se-Se— resonance reaches a
maximum at ~ 385 K (Fig. 2). Such an averaging may come from rotational reorientation of these
selenium environments, resulting, for example, from the segmental motion of the -Se-Se-Se- chain
elements in the structure. Previous 7’Se NMR isotropic-anisotropic shift correlation spectroscopic
studies reported that the broadening effects for the —Se-Se-Se— resonance from both CSA and
chemical shift distribution are similar in magnitude, ~ 150 ppm (Fig. 2) [27]. Therefore, the

timescale 7 for the segmental chain rotation responsible for the averaging of the —Se-Se-Se— line
broadening at ~ 385K is on the order of the inverse of the linewidth, i.e., T; ~ 7% 107 s.

These dynamical processes can be probed at lower temperatures closer to glass transition
(T, = 344 K) using 2D 7’Se EXSY NMR. The static "’Se EXSY spectra of the AsSey liquid just
above Tg, at 348 and 358K, are shown in Fig. 3 as a function of the mixing time. While at the
shortest mixing time the spectral intensity is localized along the diagonal, it is clear that the Se-
Se-Se and Se-Se-As resonances broaden individually as the intensity for each Se environment
starts to expand off-diagonal with increasing mixing time. At around 100 ms (1000 ms) at 358 K
(348 K), the intensity for the —Se-Se-Se— site completely loses its diagonal character (Fig. 3). This
broadening corresponds to the averaging of the chemical shift interactions resulting from the

rotational reorientation of the selenium chain segments in the structure. The characteristic



timescale for this dynamical process is therefore semi-quantitatively determined as 7y ~ 100 ms
and 1000 ms at 358 K and 348 K, respectively (Fig. 3). More precise estimation of the timescales
requires direct simulation of these spectra, which remains prohibitively difficult due to the lack of
constraints on the relative broadening effects of the static line shapes from the distributions of the
isotropic and anisotropic chemical shift. Further increase in the mixing time results in a significant
development of cross-peak intensities associated with chemical exchange between the two basic
types of Se environments. However, due to the abovementioned difficulty with direct simulation,
an estimation of the timescale for the chemical exchange dynamics from the growth rate of the
cross-peak intensity is not attempted in this work. Finally, it is interesting to note that the EXSY
spectra are somewhat asymmetric about the diagonal, especially at 358K, with significantly higher
intensity in the lower right quadrant that is stretched out along the /2 dimension (Fig. 3). Such
asymmetry most likely results from the fact that the recycle delay of 3s used at 358K may not be
sufficient for complete relaxation of both selenium environments (see below) and that the spin-
lattice relaxation rate of the Se-Se-Se resonance is faster than that of the Se-Se-As resonance [31].
However, further systematic studies are required to test this hypothesis.

When taken together, the 1D and 2D 7’Se NMR spectroscopic results reveal two important
aspects of the dynamical processes in these topologically complex networks. First of all, similar
to oxide liquids, the bond scission/renewal dynamics and chemical exchange between Se
environments must play an important role in controlling the mass and momentum transport (i.e.,
diffusivity and viscosity, respectively) in this Se-rich As-Se liquid. Second, and in contrast with
the case of oxide liquids, the orientational averaging of the "’Se CSA of the Se-Se-Se and Se-Se-
As sites is complete at lower temperatures. The timescale of the dynamical process responsible

for this averaging is therefore significantly faster than that of chemical exchange. A similar



observation was also made in a previous high-temperature '’Se wideline NMR study on binary

As-Se supercooled liquids by Rosenhahn et al. [28].

The presence of two distinct dynamical modes is consistent with the coexistence of rather
different types of topological elements in these liquids, namely, the selenium chains and the
AsSes, pyramids. Fast rotation and/or segmental motion of the chain units can average the "’Se
CSA and chemical shift distribution, while the slow Se/As-Se bond breaking and chemical
exchange between the selenium environments control the collapse of the high-temperature line
shape. The assignment of the fast process to segmental chain dynamics also implies that this
process must disappear in chalcogenide liquids with progressive cross-linking of selenium chains,
e.g., via addition of As or Ge, which leads to the shortening and eventual disappearance of the
chain segments. This hypothesis was borne out in recent rheological studies of As-Se and Ge-Se
binary liquids [23], where liquids with >10-15 atom% Ge or As are indeed characterized by a
single relaxation process. The temperature dependence of the relaxation times 75 = Tyyg , for the
slow chemical exchange and 7 for the fast process, as derived from the NMR results presented in
this study, are shown as a function of scaled temperature 7,/T in Fig. 4. Here the calorimetric 7,

is used for the temperature scaling.

Nuclear spin relaxation is another technique that can provide complementary information
of the atomic dynamics including motional correlation times and activation energy. The 7’Se NMR
spin-lattice relaxation data were collected under non-spinning condition as a function of
temperature, using a saturation recovery pulse sequence. A comb of sixteen /2 rf pulses was used
to saturate the magnetization and spectra were collected as a function of magnetization recovery
delays of up to 10s following the saturation, using a /2 observation pulse. It may be noted that

the low natural abundance of 7’Se and its long relaxation time, combined with the probability of
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crystallization above Tg, severely limits the temperature range over which the spin-lattice
relaxation time T could be measured to obtain reliable activation energies. Therefore, we have
focused the measurements to obtain a precise location of the T; minimum for the Se-Se-Se
resonance, as it directly yields the correlation time g, at that temperature to be the inverse of the
Larmor frequency (Fig. 5). This data point is included in Fig. 4, which clearly indicates that tg; 5 is
consistent with 77 and, thus, the fast process is likely responsible for the spin-lattice relaxation of

77Se nuclides in the Se-Se-Se chain environments in this system, at least at elevated temperatures.

Although 74 and 77 are characterized by rather different activation energies, they both reach
the value of ~ 100 s near 7, (Fig. 4), which is the expected to be the structural relaxation time at
the calorimetric glass transition. The activation energy for 74 in the temperature range of our
measurements is ~180 kJ/mol, which agrees well with Se-Se and Se-As bond energies and provides
further support to the bond scission/renewal scenario for this process. On the other hand, the
activation energy of 7 is significantly higher and more non-Arrhenius (Fig. 4). Such a non-
Arrhenius temperature dependence for 75 is possibly indicative of a cooperative nature of the
segmental or rotational dynamics of the selenium chain moieties. Our recent rheological study of
the viscoelastic relaxation in supercooled liquid Se [24] has suggested that the relative
contributions of the slow and the fast processes to the viscosity 7 can be estimated by using a

modified Maxwell model: 77~ G;t5 + GfTf , where G and G correspond to the relaxation moduli

for the slow and fast processes, respectively. Furthermore, it was shown that G can be obtained
from creep measurements, as it is simply the reciprocal of the recoverable creep compliance
Js , while Gy is the high-frequency “glassy” modulus, which is on the order of ~ 5 GPa for the
AsSeo composition [32]. The J4(T) for the supercooled AsSey liquid used in the present analysis

has been taken from the previous work of Bernatz et al. [33]. The calculated contributions from
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the slow process 7; = G,7¢ and the fast process 7y = Gy7; are compared with the experimental

viscosity of the AsSeo liquid in Fig. 6. Clearly, 7(T) is consistent with 7,(T) over the entire
temperature range where experimental data are available for 7, (Fig. 6). In contrast, the
contribution to viscosity from the fast process is negligible at higher temperatures (Fig. 6).
However, it becomes increasingly significant with lowering of temperature and eventually
becomes almost identical to the contribution from the slow process as 7 is approached from above
(Fig. 6). The increased temporal coupling between the slow and the fast processes with decreasing
temperature near Ty is unusual (Fig. 3) in the sense that typically the faster processes in glass-
forming liquids get serially decoupled from the slower ones as temperature is lowered. The
fundamental origin of such intriguing behavior in AsSey liquid remains unclear but it agrees with
a similar observation made for supercooled liquid selenium in recent rheological studies [24]. It
is important to note here that in the high-temperature limit the timescale of all atomic dynamics
should converge to the phonon time (picoseconds) [34]. Therefore, it is likely that 7 and 7 would

converge again at high temperatures.
4. Summary

In summary, high-temperature ’’Se NMR spectroscopic results indicate the coexistence of two
distinct dynamical processes in AsSeo liquid. The slow process is related to the chemical exchange
between different Se environments via Se-Se and As-Se bond scission/renewal. The fast process,
on the other hand, is related to the Se chain segmental motion, which results in the dynamical
averaging of the 7’Se chemical shift distribution as well as the CSA at elevated temperatures. The
timescales of the two processes become increasingly similar as 7 is approached from above. The
viscosity contributions from the two processes are estimated using the Maxwell relation. The slow

process is coupled to viscosity over the entire measured temperature range, while the contribution
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from the fast process becomes appreciable only near 7,. The physical significance of the unusual

temperature-dependent temporal coupling between the two processes remain unclear at this stage.
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Figure captions

Fig. 1. Experimental (left) and simulated (right) "’Se static spectral line shape of AsSey liquid.
Temperatures and corresponding chemical exchange frequencies are denoted alongside each

spectrum.

Fig. 2. Comparison between 7’Se NMR isotropic signal for the —Se-Se-Se— site in AsSeo glass at
ambient temperature (red line) as reported in [27], and the corresponding ’’Se static line shape for
the same site in the supercooled liquid at 385 K (black line). The latter is shifted by 48 ppm to the
right for ease of comparison of the linewidth. The full-width-at-half-maximum of the isotropic
signal originating entirely from chemical shift distribution is ~ 150 ppm, which is fully averaged

to <25 ppm in the 7’Se static spectrum.

Fig. 3. Contour plots of 2D "’Se static EXSY NMR at 358 K (left column) and 348 K (right
column) obtained with different mixing times, as listed in each panel. The resonances for the two
Se environments are marked with red solid and blue dashed lines on the 1D projection along the
F2 dimension (top left) as well as on each contour plot. The diagonals are marked with black dotted

lines.

Fig. 4. Timescales for the slow (black symbols) and the fast (red symbols) processes as a function

of T,/T. The dashed lines are guides to the eye only.
Fig. 5. "’Se spin-lattice relaxation time T as a function of temperature.

Fig. 6. Contribution to viscosity from the slow (solid black circles) and the fast (open red circles)
processes as a function of 7/T. Experimentally measured shear viscosity from literature [31] is

shown as open black squares. The dashed lines are guides to the eye only.
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Figure 4
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Figure 6

log n (Pa-s)
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