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Abstract

The application of solid-state high-resolution NMR spectroscopy in the structural
investigation of chalcogenide glasses in Ge/As/P/Si-X (X= S, Se,Te) systems has remained
challenging even for the spin-1/2 nuclides (**Si, *'P, "’Se, '**Te), owing to their low natural
abundance (except for *'P), slow spin-lattice relaxation rate and large CSA and chemical shift
distribution induced line broadening effects. However, most of these deleterious effects can be
successfully overcome in two-dimensional (2D) isotropic-anisotropic correlation NMR
experiments, especially when performed at high magnetic field and in conjunction with the Car-
Purcell-Meiboom-Gill (CPMG) echo train acquisition. In this contribution we present a short
introduction to the basic principles of such experiments and review their applications over the
last decade in deciphering various short- and intermediate- range structural characteristics of
chalcogenide glasses in S-Se, Se-Te, Ge-Se, As-Se and Si-Se systems as well as in investigating
the molecular dynamics in a P-Se supercooled liquid. We anticipate possible future applications
of these 2D isotropic-anisotropic correlation NMR experiments, particularly in conjunction with
density functional theory-based calculations of NMR chemical shift tensor parameters and
additional signal enhancement schemes, in addressing complex structural correlations and

distributions in chalcogenide glasses.



1. Introduction

Chalcogenide glasses constitute an important class of materials that has gained much
technological attention and found a wide range of applications in photonics, imaging, sensing
and memory devices owing to its infrared transparency, high optical non-linearity and rapid
phase change kinetics [1-4]. These glasses are sulfides, selenides or tellurides of group III, IV
and/or V elements such as As, Ge, P, Ga and In. The elemental chalcogens S, Se and Te can all
be synthesized in amorphous form, however, only Se can be readily quenched into stable bulk
glass, while glassy S crystallizes over time at ambient temperature and amorphous Te can only
be synthesized as thin films. Although the element Se itself is a good glass-former, it is typical
to add elements from group III-V to vastly increase the glass-forming range and capability. The
unique compositional flexibility of these glasses in the form of continuous alloying and the
structural peculiarities such as formation of homopolar bonds, molecular and other low-
dimensional structural units and violation of chemical order are expected to control a wide range
of physical properties relevant to various technological applications of these materials. Since S,
Se and Te are nominally twofold coordinated in chalcogenides, the structure of glassy Se and Te
consist primarily of polymeric [Se], or [Te], chains, while the structure of glassy S is
characterized predominantly by Sg ring molecules. Increasing addition of Ge, P or As to S or Se
results in an increasingly cross-linked network of corner-shared Ge,P (S,Se)4/, tetrahedra or As,P
(S,Se);), trigonal pyramids[5-11]. On the other hand, over some chalcogen-deficient composition
ranges the structure of these liquids may be dominated by homopolar metal-metal bonds (e.g.
Ge/As/P-Ge/As/P bonds) and /or molecular units such as Ass4S;, PsSe; and AssSs cage-like
molecules[6, 12, 13]. Such structural variation with continuous alloying leads to a wide range of

topology and network connectivity (Fig. 1).



Nuclear magnetic resonance (NMR) spectroscopy is one of the most powerful, non-destructive
element-specific technique that has been used extensively to investigate the short and
intermediate range atomic structure of glasses. The chemical shift, 8, of a nuclide as measured by
NMR spectroscopy is highly sensitive to its bonding environment. This second rank tensor can
be described using the principal components Oy, Oyy, and &,,. The average of these three

components Ojs, i the isotropic chemical shift:

1
Oiso = § (6xx + 5yy + 622)
These principal components follow the Herzfeld-Berger convention [ 14] such that:
Idzz - 6iso| = |6xx - 6iso| = |5yy - 6i50|

More commonly, the tensor is reported using the isotropic chemical shift and its anisotropy, the
latter being characterized by the reduced anisotropy A, and the asymmetry parameter, n, defined

as:

A =16,,—bis
_ Oxx — Oyy
622 - 61’50

These chemical shift anisotropy (CSA) parameters A and n represent the deviation of the tensor
from spherical and uniaxial symmetry, respectively. While dis, of a nuclide is characteristic of
its coordination environment, the CSA carries important complementary information related to

the symmetry of the local electronic environment of a nuclide and, in combination with 0is,, can



often be useful in deciphering the intermediate-range order in glass structure beyond the nearest-
neighbor length scale (vide infra).

The application of NMR spectroscopy in the structural investigation of chalcogenide
glasses in the Ge/As/P-X (X= S, Se,Te) systems has primarily been limited to the spin-1/2

3P, 7Se and '*Te, since NMR of the other quadrupolar nuclides such as *Ge, °As and

nuclides
338, characterized by either low-gamma and low natural abundance and/or extremely large
quadrupolar interaction has remained prohibitively difficult to practically impossible [5-7, 10,
12, 13, 15-25]. Among these, ''Se and '*Te NMR spectroscopy have the unique ability to
provide key information regarding the structural and topological evolution in all selenide and
telluride glasses as the low-dimensional Se/Te chains transform into a cross-linked 3-
dimensional network upon addition of Ge/As/P. However, high-resolution solid-state ’Se and
2Te NMR spectroscopy remain challenging in chalcogenide glasses due to the low natural
abundance of these nuclides (~7% each), their long spin-lattice relaxation times, large CSA and
chemical shift range, which are particularly problematic for '*Te. The structural disorder in
glasses results in large chemical shift distribution in these relatively heavy nuclides causing the
isotropic peaks to broaden and overlap. Additionally, the CSA is often too large, even at
relatively low magnetic fields, to be averaged via magic-angle-spinning (MAS) at spinning
speeds typical of 4 mm and 7 mm MAS probes with sample volumes sufficient to obtain
reasonable signal intensity. These issues, compounded by the lowering of sensitivity at
relatively low magnetic fields (< 7.0 T), result in lengthy data collection and broad and
unresolved NMR spectra in the conventional MAS NMR experiment as the spinning sidebands

overlap with the broadened isotropic resonances. The overlap affects not only the identification

of isotropic peaks, but also impinges on the information that can be learned from the CSA.



Although it is possible to spin samples at speeds fast enough to completely average the CSA, this
can only happen at the expense of sample volume and therefore, the signal. The other issue with
fast spinning speeds is that the CSA information is completely lost.

Some of these problems can be alleviated quite effectively via the implementation of
two-dimensional (2D) techniques where the CSA is separated from the isotropic chemical shift
into a correlated second dimension. The isotropic-anisotropic correlation experiment allows the
use of high magnetic fields for increased sensitivity and resolution without requiring faster
spinning with small sample volume rotors. There are a variety of 2D techniques that have been
successfully used to probe the structure of glasses, including Phase Adjusted Spinning Sidebands
(PASS), Magic Angle Turning (MAT), Magic Angle Flipping (MAF) and combined techniques
such as MATPASS [5, 7, 16, 26-42]. For chalcogenides only the MAT, PASS and the
MATPASS techniques have been applied to date, and this review focuses on the basic principles

and recent applications of both techniques in the structural studies of these glasses.

2. Basic principles of PASS and MATPASS NMR
2.1. PASS NMR

The PASS NMR experiment was originally proposed by Dixon in 1981 and further
developed by Antzutkin et al. [43-45]. The pulse sequence (Figure 2) uses a n/2 pulse followed
by a train of five m pulses. The temporal spacing between the m pulses is based on the PASS
equations that have nonlinear, numerical solutions, which depend on the spinning frequency v,
and will not be examined in detail here. In each t; increment, the spacing between the pulses is
adjusted. In this experiment, the phase of the spinning sidebands is adjusted by changing the
inter-pulse timings over the course of a rotor period. As the timings are adjusted, the phases of

all the sidebands are incremented over 360°, while the isotropic peaks remain at a fixed phase.
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This manipulation results in a separation of the spinning sidebands by their order k in separate
rows of a 2D experiment, while a properly sheared projection of the 2D spectrum yields an
isotropic spectrum free from any sidebands in the direct dimension i.e. it is equivalent to a high-
resolution MAS spectrum at infinite spinning speed that is free of any CSA-related broadening.
At any given J;s, the second dimension will contain a series of sidebands than can be simulated
to extract the corresponding CSA parameters. The frequencies of the spinning sidebands for
each isotropic position is given by 0j,tkv, where k represents the sideband order. Thus, the
number of PASS t; increments multiplied by v, must exceed the number of sidebands stemming
from the largest CSA. This condition could be difficult to meet in practice in a single PASS
experiment for situations where a nuclide is present in multiple environments characterized by a
wide range of CSAs. However, as discussed below, the PASS experiment works quite well for

. 31 - .
nuclides such as P in chalcogenides.

2.2. MATPASS NMR

The MAT experiment was invented by Gan in 1992 [46] and was further developed by
Grant and co-workers[47], such that, like PASS, MAT has a n/2 pulse followed by five © pulses.
In contrast to PASS, the MAT experiment has the timings of the five © pulses linearly varied
with the t; increment (Figure 2b). In contrast to PASS, MAT requires more t; increments, leading
to time-consuming experiments, and a double affine shearing transformation must be used to
obtain the isotropic-anisotropic correlation. It was realized by Hung et al. in 2010 [48] that the
n-pulse timings in PASS and MAT were related in the t; dimension and that by shifting the MAT

acquisition time the two experiments could be combined. Consequently, the MATPASS



technique was developed, which combined advantages from each technique, as it uses the linear
timings between the © pulses from MAT, but with the reduced t; increments and straightforward

processing of PASS. Thus, the same experimental considerations for the PASS technique (v; and

t; steps) can be used for MATPASS.

In the case of nuclides with low natural abundance such as ”’Se and 125Te, MATPASS
with Car-Purcell-Meiboom-Gill (CPMG) echo train acquisition [49, 50] (typically 16-32 echoes)
can reduce the data collection time significantly. This echo train acquisition may be appended to
the end of the pulse sequence as a series of © pulses, evenly spaced with alternating phase to
refocus the spins undergoing T,-decay to form an echo in between the 7w pulses, thereby
maximizing the amount of signal that can be obtained in a single experiment. The details of
applying and processing echo train acquisition for PASS and MATPASS experiments are beyond
the scope of this review, but has been discussed in excellent detail by Walder et al.[41]. A
distinct advantage of the MATPASS/CPMG technique compared to PASS/CPMG is that it
avoids the 1/\2 loss in sensitivity, making MATPASS/CPMG a powerful technique for rapid

acquisition of multidimensional NMR spectra of chalcogenide glasses.

3. Applications of PASS/CPMG and MATPASS/CPMG NMR spectroscopy in
Chalcogenide glasses
3.1. Structure of low-dimensional chalcogenides in the system Se-S-Te by "Se MATPASS

NMR

We start this section with the application of /’Se MATPASS/CPMG NMR as a probe for

understanding the structure of amorphous Se and of the glasses in the binary elemental systems



Se-S and Se-Te. As mentioned above, the chalcogens S, Se and Te are predominantly twofold
coordinated in chalcogenide glasses, which give rise to low-dimensional structural elements such
as polymeric chains and rings. = While the structures of crystalline S and Te at standard
conditions are characterized, respectively, by Sg rings and [Te], polymeric chains, crystalline Se
can exist in a stable trigonal and metastable monoclinic forms that consist of helical [Se], chains
and Seg rings, respectively. Therefore, despite its chemical simplicity, the structure of
amorphous Se remained quite controversial in the literature with structural models suggesting a
coexistence of chain and ring elements [27, 51, 52]. The similarity in the short-range structural
aspects between [Se], chains and Seg rings including the nearest neighbor distances, bond angles,
and dihedral angles has made it challenging for diffraction and vibrational spectroscopy to
unequivocally distinguish the two types of structural units[51, 52]. In sharp contrast, a recent
77Se MATPASS/CPMG NMR study[27] has shown that the Se nuclides in the chain and ring
environments are easily distinguishable based on their 8is,, A andn (Fig. 3). The Se chain
environment in trigonal Se polymorph is characterized by 0iso = 795 ppm; A = =260 ppm and n =
0.7, while these NMR parameters for the 8 different Se sites in a Seg ring in monoclinic Se vary
within the following ranges: 528 < &;5, < 668 ppm; —450 ppm < A <—425 ppm and 0.2 <1 <0.4.
Amorphous Se displays only one Se environment with NMR parameters 0is, = 85075 ppm; A =
—150 £15 ppm and n = 0.9 0.1, which are quite similar to those characteristic of the chain
environment in trigonal Se[27]. These results thus, conclusively prove that the structure of

amorphous Se consists exclusively of [Se], chains.

Further corroboration to this conclusion comes from a structural study of binary S-Se
glasses. Glasses can be made continuously between these two elemental endmembers in this

binary join [35]. Glasses with high S content display two distinct ''Se isotropic resonances in



the NMR spectrum: one is centered at ~ 850 ppm with 4 =~ —153 ppm and # = 0.80, typical of the
-Se-Se-Se- environment in [Se], chains, while a second resonance at 65, ~ 640-660 ppm with 4
~ —500 ppm and # = 0.15 can be readily assigned, on the basis of the discussion above, to Se
atoms in a ring environment (Fig. 4). It is well known that the structure of amorphous S consists
predominantly of Sg rings. Therefore, the NMR results suggest that the addition of Se to S
results in the replacement of one or more S atoms in these rings. Additionally, the d;s, of the
[Se], chain environment was found to shift systematically to higher frequencies upon addition of
sulfur, which was shown, using density functional theory (DFT) based calculations, to be
indicative of incorporation of S atoms into the [Se], chains and the consequent formation of -Se-
Se-S- and -S-Se-S- linkages [35]. The compositional variation of the chain vs. ring speciation of
Se atoms obtained from the isotropic projection of the MATPASS spectra were shown to be
consistent with an average ring composition ranging from Se;S; to Se; sS¢s (Fig. 5). Therefore,
when taken together, these results indicate that the S and Se atoms in binary S4Sejgo.x glasses
retain their respective preference for forming rings and chains, as in their stable crystalline

polymorphs.

As mentioned above, the structure of the stable crystalline polymorphs of Se and Te
consists of two-coordinated [Se], or [Te], helical chains, respectively. However, unlike the
SxSei00x system, the glass-forming composition range for TexSejgox 1S significantly limited as Te
itself, owing to its high metallicity, is a poor glass-former that can only be vitrified as thin films
and readily crystallizes upon supercooling the melt in bulk [34]. Previous MAS NMR studies of
TexSejpox glasses utilized experimental conditions that precluded complete separation of
spinning sidebands from isotropic peaks due to the relatively large CSA and chemical shift

distribution for 7’Se ('**Te) that are characteristic of the constituent Se (Te) environments[34].
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Therefore, the CSA and chemical shift distribution related line broadening was found to be too
large to retrieve precise information regarding Se/Te speciation. Below we discuss the

application of combined "’Se and

2Te MATPASS/CPMG NMR in a recent study [34] in deciphering the structure of binary
TexSejpox glasses with 0 < x < 35. It may be noted here that compared to 77Se, 125T¢ is
characterized by significantly larger CSA and chemical shift range and hence, the projection
version of the MATPASS pulse sequence p/MAT/CPMG was used for covering the wide 15Te
frequency range. The isotropic ''Se NMR spectra of these glasses (Fig. 6) show significantly
improved resolution compared to the previously published MAS spectra and allow the
identification of three partially resolved resonances with dis, ~ 870, 750 and 600 ppm. The
resonances at ~ 750 and 600 ppm appear and grow in intensity with progressive addition of Te to
Se. The resonance at ~870 ppm can be unambiguously assigned to Se—Se—Se environment, while
those at 750 and 600 ppm can be assigned to Se—Se-Te and Te—Se-Te environments,
respectively. The compositional variation of the relative fractions of these Se environments (Fig.
6) shows excellent agreement with a model of random distribution of Se and Te atoms in
copolymeric [Se,Te], chains with an equal preference for Se (Te) atoms to form Se—Se (Te-Te)
and Se—Te bonds. Compared to '’Se, the '*Te isotropic line shapes display lower resolution and
signal:noise ratio as the latter are severely broadened by the large '*Te chemical shift
distribution (Fig. 7). These '**Te isotropic line shapes were simulated in a consistent fashion by
the authors using three resonances centered at dis, ~ 1100, 1300 and 1500 ppm, corresponding to
Te-Te-Te, Te-Te—Se and Se—Te-Se environments, respectively, where they were able to keep
the relative areas of the three peaks constrained to those expected for a random distribution [34].

Thus, both "’Se and '*Te NMR spectra were shown to be consistent with a random distribution
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of Se and Te atoms in the copolymeric [Se,Te], chains in the glass structure. The same study
showed that further insights into the bonding environments in these glasses at the next-nearest
neighbor level could be obtained from a consideration of the compositional variation of the "’Se
CSA parameters [34]. The average 4 for the Se-Se-Se sites was shown to decrease systematically
from —150 to —170 ppm as dis, decreased from ~ 880 to 825 ppm, with increasing Te content,
which was suggested to be consistent with the replacement of a Se next-nearest neighbor by a Te
atom. As discussed in the following section, similar trends were also reported for the Ge-Se
system and could be related, with the help of DFT based calculations, to the progressive

replacement of Se with Ge as next-nearest neighbors with increasing Ge content.
3.2. 7Se MATPASS NMR spectroscopic study of the structure of Ge,Se;.. and As.Se;.. glasses

Binary GexSejgox glasses have been treated in the literature as model systems for
understanding structure-property relationships in complex chalcogenide glasses [7, 10, 11, 22,
53-60]. 7’Se MAS NMR was found to be insufficient to average out the CSA-induced spinning
sidebands for these glasses. Increased resolution from removal of CSA-induced line broadening
could be immediately observed in the isotropic projection of the ”’Se MATPASS NMR spectrum
of Ge;7Sess glass when compared with the MAS spectrum collected at the same v, and magnetic
field (Figure 8). The compositional evolution of the isotropic NMR spectra for these binary
glasses are shown in Figure 9 [7]. Analyses of these line shapes in Figure 9 and of the variation
of the CSA as a function of J;s, (Figure 10) allowed for the identification of 4 distinct Se
environments with 8i, at ~ 850 (Se-Se-Se), 600 (Ge-Se"-Ge), 550 (Se-Se-Ge) and 400 ppm (Ge-
Se€-Ge) that are characterized by their unique A values. Here the Ge-Se®-Ge and Ge-Se*-Ge
environments correspond to Se sites that belong, respectively, to corner and edge- shared GeSea/,

tetrahedra. The compositional dependence of the relative fraction of Se-Se-Se sites in these
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glasses could be shown to follow the trend predicted by a stochastic random network model (Fig.
9) where the structural network consists of randomly connected GeSey/, tetrahedra and Se-Se-Se
chain elements.With the success in demonstrating the applicability of "’Se MATPASS NMR for
the identification of Se nearest neighbor environments, Kaseman et al. [61] carried out a careful
analysis of the compositional variation of the Se A vs. 8 for the -Se-Se-Se- chain
environments in the structure of Ge,Sejgox glasses. As Figure 11 shows, A continually increases
across this chemical shift range by 20 ppm, which could be shown using DFT based quantum
chemical calculations to be fully consistent with the effect of adding Ge in the NNN position. In
fact, a similar, but larger effect is seen in A when Ge is added in the NN position. Such analysis
enabled the identification and quantitation of three distinct —Se-Se-Se- linkages with different
number of Ge next-nearest-neighbors (NNN) in GexSejgox glasses with 5<x<20 that are: Se-Se-
Se-Se-Se, Ge-Se-Se-Se-Se and Ge-Se-Se-Se-Ge [61]. The resulting distribution of Se chains
terminated by GeSe, tetrahedra was shown to closely follow the Flory-Schulz statistics, which
was originally developed to describe the chain length distribution for a polymerization process
and consistent with the abovementioned stochastic random network model for the short-range
order in these glasses. Therefore, such isotropic-anisotropic correlation NMR experiments in
combination with DFT-based calculations could be used successfully to investigate the

intermediate-range structural order in these chalcogenide glasses at the NNN length scale.

Leveraging the CSA in a correlated dimension proved to be effective in establishing
structure-property relationship in AsiSejoox glasses, where a wide range of physical properties
show strongly nonlinear compositional variation [5, 62-64]. The composition dependence of the
77Se MATPASS isotropic projections for these glasses are show in Figure 12. The isotropic

projections of Se-rich glasses display 2 resonances with at dj5, ~ 850 and 600 ppm that can be
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assigned readily to Se-Se-Se and As-Se-Se sites. With the addition of 20-40% As, the relative
fraction of Se-Se-Se chains diminish, while a third resonance at J;s, ~ 450 ppm corresponding to
the As-Se-As sites begin to appear and rapidly increase in intensity (Fig. 12). At >50% As, a
resonance at the isotropic position of the Se-Se-Se chains reemerges, which at first sight seems
anomalous at such high As content. However, an inspection of the CSA at 0;,,=850 ppm for
isotropic spectra of glasses with 90% and 60% Se shows clear differences with A~ —150 ppm
and 800 ppm, respectively (Fig. 13). While A ~ —150 ppm is consistent with Se-Se-Se chain
environment, that of ~ 800 ppm was shown to be related to the appearance of AssSe; molecular
units in AsxSejoox glasses with >50% As. The existence of the Se-Se-As sites in the most Se-
deficient glasses is an intriguing result, which was related on the basis of Raman spectroscopic
results to be related to the formation of As-rich clusters and AssSes; molecules with a connective

“tissue” that contains the excess Se in these sites.

When taken together, the structural information obtained from the '’Se MATPASS NMR
data suggest the presence of 3 different structure types in AsiSejpox glasses that are fully
consistent with the corresponding compositional variation of the physical properties. The
composition regions for these three structure types are: (i) that with excess Se (> 60at.% Se)
where, upon addition of As to Se, the AsSes, pyramids progressively crosslink the Se chain
environments; (i1) that with 40-50 at. % Se characterized by significant AssSe; molecule
formation; and lastly (iii) the As-rich region with <40 at.% Se, characterized by As-rich clusters
and AssSe; molecules separated and connected by Se-Se-As linkages (Fig. 14). In region (1)
increasing cross-linking of the Se chain environments results in a monotonic increase in density
p and glass transition temperature T, as well as a monotonic decrease in the coefficient of

thermal expansion a. The formation of isolated and van der Waals bonded AssSes molecular
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units in region (ii) lowers the connectivity of the network, which gives rise to a lowering of p and
T, and an increase in a. Finally in region (iii) with Se contents <40 at.%, a rapid decrease in the
concentration of the Ass;Se; molecules and the formation of As-rich clusters are consistent with
the observed increase in p and T, and decrease in o. These results reveal an intimate connection
between the composition dependent variation in the physical properties of AscSejgox glasses and

their short and intermediate -range structure and bonding.

3.3. ¥Si and "Se MATPASS NMR spectroscopic study of the structure of Si,Se;.. glasses

The ambient pressure structures of the crystalline and amorphous tetrahedral networks of
composition AX, in oxides (e.g. SiO,), halides (e.g. BeF,) and chalcogenides (e.g. GeSe;) are
characterized by either exclusively or predominantly corner-shared AXy/, tetrahedra with a minor
fraction of tetrahedra that participate in edge-sharing. In this regard SiX, (X=S, Se) is unique as
at ambient pressure its crystalline polymorphs are characterized by structures with exclusive or
predominant edge-sharing of the constituent tetrahedra [65]. A recent study of a low-
temperature crystalline polymorph of SiSe,, using a combination of "’Se and *’Si MAS NMR
and DFT calculations of the CSA parameters, has conclusively established the systematics for
these nuclides in both corner- and edge- shared tetrahedral environments [65]. The results of this
study show that "’Se &;s, and A for the corner-shared Si-Se-Si site are ~ 200 ppm and 140 ppm,
respectively, while those parameters for the edge-shared Si-Se-Si sites are significantly larger
and range between 280-350 ppm and 250-315 ppm, respectively. On the other hand, the *’Si &;s,
and A for the doubly edge-shared SiSey, tetrahedra (E?) are significantly different (-85 ppm and

135 ppm, respectively) from those (—63 ppm and —100 ppm, respectively) characteristic of
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tetrahedra that share a single edge (EY). Exclusively corner-shared Si tetrahedra (E) are
characterized by an even higher 8, in the range of —30 ppm. However, unlike crystalline
polymorphs, glasses in the binary Si,Se; x system are characterized by the coexistence of a wide
variety of Si and Se species associated with EO, E' and E? tetrahedra as well as SiSey, tetrahedra
cross-linking —Se-Se-Se- chain segments in Se-rich glasses, with each NMR signal being further
broadened by structural disorder and CSA (Fig. 15). These issues led Marple et al. [28] to use a
combination high-resolution *’Si and ’Se MATPASS NMR spectroscopy and DFT-based
calculations to study the composition dependent Si and Se speciation in SixSe; (0.05 <x <0.33)

glasses.

The *°Si 2D MATPASS NMR spectrum of the Si Se;, glass with x= 0.30 (Fig. 16)
demonstrates as a representative for this composition series the unique information content of a
two-dimensional isotropic-anisotropic correlation spectrum[28]. This spectrum displays three
well-resolved resonances centered at —25, —60, and —90 ppm that are characterized by their
distinct A and n. Analysis of the anisotropic line shapes indicate that the resonance at —25 ppm
has a composite nature consisting of two components at —28 and —17 ppm, which are
characterized by positive and negative A values (Fig. 16). As discussed above, the resonances
centered at —28, —60, and —90 ppm can be readily assigned to Si in E’, E' and E* environments,
respectively. On the other hand, DFT based calculations by Marple et al. [28] indicated that the
resonance at —17 ppm could be assigned to Se;;,-Si-Se-Se sites, i.e. to SiSey, tetrahedra linked to

a Se chain segment.

The "’Se MATPASS NMR spectra of these glasses allowed for the identification of two

main groups of resonances centered at ~ 850 and 275 ppm, along with a broad and partially
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overlapped signal at ~ 650 ppm [28]. The anisotropic line shapes of these resonances yield their
characteristic A and n parameters, and when taken together with Jj,, the resonances at ~ 850,
650 and 275 ppm could be assigned to Se-Se-Se, Si-Se-Se and Si-Se-Si sites, respectively.
Furthermore, the isotropic ''Se NMR spectra of glasses near the stoichiometric (x=0.33)
composition revealed the presence of two broad resonances centered at ~ 325 and 225 ppm (Fig.
17), which could be assigned on the basis of the NMR results obtained on the low-temperature
polymorph of SiSe,, to Se sites of the type E'-Se-E' and E*-Se-E'/E?, respectively. The
compositional evolution of the relative fractions of these Se environments, as obtained from the
77Se MATPASS NMR spectra, indicated the progressive replacement of Se chains with corner-
and edge- sharing SiSes tetrahedra in the structure of Si,Se; x glasses with increasing x.
However, unlike 298i, the ’Se MATPASS spectra of the SixSe;_x glasses were found to be non-
quantitative as different resonances in the spectra were characterized by different spin-lattice
relaxation rates and fully relaxed spectra could not be collected due to time constraints.
Therefore, the compositional variation of the relative fractions of the four Si environments, as
obtained from the *Si MATPASS NMR spectra, was used by Marple et al. [28] to test three
distinct structural scenarios for these glasses: the chain-crossing model, the cluster model and the
stochastic random network (SRN) model. The chain-crossing model is based on the perfect
avoidance and maximum separation of the SiSes, tetrahedra, while the clustering model
corresponds to a complete separation of the Se chain and SiSes/, tetrahedral environments such
that all SiSes, tetrahedra are connected via corner- and edge—sharing. In contrast, the SRN
model is characterized by random connectivity between the SiSes, tetrahedra and the Se-Se
chain elements. Marple et al.’s analysis indicated that the structure of SixSe;_x glasses could be

best described using the cluster model where the network is formed by randomly interconnected
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small nanoclusters of E, E' and E? tetrahedra interconnected via Si-Se-Se linkages [28]. These
clusters coalesce near x >0.2, and ultimately form a low-dimensional network consisting of short
chains of edge-sharing tetrahedra cross-linked by corner-shared tetrahedra at the stoichiometric

composition (x=0.33).
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3.4. °*'P PASS NMR spectroscopic study of the rotational dynamics in a molecular glass

While structural characterizations have been highlighted throughout this manuscript, we end
this review with an application of *'P isotropic-anisotropic correlation spectroscopy using the
PASS experiment to study the rotational dynamics of the constituent P4Se; molecules in a P-Se
glass-forming liquid of composition PsSes [37]. The P4Ses cage like molecules, which are held
together via Van der Waals forces, result in a low T, (298 K) for this glass. The P PASS
experiment was carried out at a low spinning speed (3 kHz), which resulted in a sideband pattern
for the apical and basal P atoms in the molecule that closely mirrored the static powder pattern
(Fig. 18). The rotational motion of these molecules was shown to result in dynamic averaging of
the *'P CSA (Fig. 19), which was successfully simulated using a model of isotropic rotational
reorientation to extract the timescale of the dynamics tr at different temperatures [37]. This
timescale showed a nearly-Arrhenius temperature dependence with anomalously large
decoupling from the shear relaxation timescale ty of the liquid i.e. tr <<ty (Fig. 20). This
behavior, along with the behavior observed in AssS; glass [66], is in sharp contrast with those
reported in previous studies on organic molecular glass-forming liquids [67-69], which indicated
that the average rotational correlation times of the constituent molecules are strongly coupled to

the shear and structural relaxation time scales at all temperatures above 7.

4. Conclusions and Future Directions

This review demonstrates that in spite of the challenges associated with high-resolution
solid-state NMR spectroscopy of chalcogenide glasses, the utilization of the MATPASS/CPMG
isotropic-anisotropic correlation spectroscopy has provided a tremendous wealth of information

on the short- and intermediate- range structural attributes in a wide variety of chalcogenide glass
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systems to date. As noted in the previous sections, application of such spectroscopic technique
can be even more powerful in combination with DFT computations of the chemical shift tensor
for various structural moieties. This approach allowed for the identification of molecular units in
As-Se glasses, the quantitation of chain length statistics and next-nearest-neighbor environments
in Ge-Se glasses and conclusive distinction of Se in ring vs. chain environments in S-Se glasses.
We anticipate such combined use of DFT and isotropic-anisotropic correlation NMR in the
future in addressing a wider variety of structural problems including the determination of bond
angle distributions, bond length vs. bond angle correlations, inter-chain vs. intra-chain
correlations in chalcogenide glasses.

Sensitivity is always going to be an issue with NMR spectroscopy on chalcogenide
glasses in general, due to the low natural abundances and long spin-lattice relaxation times of
many of the constituent nuclei. While this issue is partially addressed with the incorporation of
CPMG echo-train acquisition, additional sensitivity may be gained, especially for 2D
experiments, using cross-polarization (CP) techniques. The efficacy of polarization transfer
from *'P to "’Se nuclides via *'P—"’Se CP has been previously demonstrated in P-Se glasses,
which led to enhanced "’Se signals [70]. However, majority of chalcogenide systems do not
contain spin-1/2 nuclides with high gyromagnetic ratio y in high enough abundance for routine
employment of CP. Although it requires specialized instrumentation, another polarization
transfer technique known as dynamic nuclear polarization (DNP) is an attractive alternative to
CP, which employs polarization transfer from unpaired electron spins in the system. Such
unpaired electrons can be introduced into the system via creation of stable radicals using e.g. y-
radiation or via purposeful doping with transition metals or rare earth ions into the matrix [71,

72]. We expect that in future applications of NMR spectroscopy in chalcogenides, CP or DNP
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will be used in conjunction with CPMG to provide a means for maximizing the signal to enable a

wide variety of 2D experiments.
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Figure Captions:

Figure 1. Evolution of structural moieties and connectivity in binary glasses. The molecular

AssSe; units coexist with network elements in high-As glasses (see section 3.2 for details).

Figure 2. Pulse sequences for (a) PASS and (b) MAT experiments. Both sequences have a 7/2
pulse followed by a train of five © pulses. The time between & pulses is varied in the 2D
experiments as shown by the solid blue and black lines perpendicular to the pulses. Note that for
MAT the timings are varied in a linear manner, while the PASS timings are not. The timings are
relative to the 7/2 pulse, but must be an integer multiple (b) of the rotor period (t;). Figure is

reproduced from [48] with permission.

Figure 3. 2D "7Se MATPASS spectra of amorphous Se (top) and of Seg ring environments in
crystalline monoclinic Se (bottom). The bottom panel also shows the spectrum of Se chain
environment in trigonal selenium (#-Se), which exist as an “impurity phase” in the sample. Note
the difference in the anisotropic scale between the top and bottom panels. Figure is reproduced

from [27] with permission.

Figure 4. 2D "’Se MATPASS spectrum of S7sSexs glass and its total isotropic projection
showing signal from Se in chain (left peak) and ring (right peak) environments. Figure is

reproduced from [35] with permission.

Figure 5. Left: Compositional evolution of the isotropic '’Se spectra of binary S-Se glasses.
Glass compositions are given alongside the spectra. Right: Relative fraction of Se in chains
(squares) and rings (circles) as a function of S content, in binary S-Se glasses. Dashed (dotted)
orange and blue lines are expected Se site fractions in chains and rings, respectively, for an
average 8-membered ring composition of Se;S7 (Se; sSe5) in these glasses. Figure is reproduced

from [35] with permission.

Figure 6. Left: Variation of (a) Se—Se-Se, (b) Te—Se—Se and (c) Te—Se—Te site fractions (black
squares) as a function of Te content in Te,Sego.r glasses, derived from simulations of 7S¢
isotropic NMR spectra on the right. Literature values from a previous ’’Se MAS NMR
spectroscopic study (purple triangles), chain crossing model (dashed black line), random
distribution model (solid red line), and partially random distribution model with some preference

for heteropolar bonding (dashed dotted black line). Right: Experimental (black solid lines) and
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simulated (red dashed lines) 7S¢ isotropic NMR spectra for Te,Sejgo.r glasses. Individual
simulation components for Se—Se—Se, Te—Se—Se and Te—Se-Te sites are shown in blue, green

and pink, respectively. Figure is reproduced from [34] with permission.

Figure 7. Experimental (black solid lines) and simulated (orange dashed lines) '**Te isotropic
NMR spectra for Te,Sejgo.r glasses. Individual simulation components for Se—Te—Se, Te—Te—Se
and Te—-Te—Te environments are shown in blue, green and pink, respectively. Figure is

reproduced from [34] with permission.

Figure 8. 2D 7Se MATPASS/CPMG spectrum of Ge7Seg; glass after data processing (bottom).
The isotropic projection (blue), is clearly more resolved than the MAS spectrum collected at the

same spinning speed (green). Figure is reproduced from [7] with permission.

Figure 9. (a) "’Se isotropic NMR spectra of Ge,Se 0o« glasses showing average chemical shifts
for various Se environments. (b) Simulation of the isotropic spectra provides the relative fraction
of Se-Se-Se sites (black squares), which is compared to the expected values from chain crossing
model (blue triangles), clustering model (red circles), and stochastic random network model

(green triangles). Figure is reproduced from [7] with permission.

Figure 10. Experimental CSA sideband patterns (black) for the 4 Se environments in GexSe;oox
glasses. The CSA parameters are listed for each environment and were obtained by simulation

(red) of the experimental spectra. Figure is reproduced from [7] with permission.

Figure 11. Dependence of the Se-Se-Se A as a function of d;y, for a variety of GexSejo.x glasses.
As the chemical shift decreases, the effect of having a Ge atom in a NNN position increases A,
eventually reaching a plateau as the Se NNN contributions diminish to a negligible fraction of
diso- The reduction in Se NNN occurs as both a function of 85, and the glass composition. Figure

is reproduced from [61] with permission.

Figure 12. Evolution of the 77Se isotropic NMR spectra of AscSe;go.x glasses showing average
chemical shifts for various Se environments. The experimental spectrum is denoted by the black
line and the simulated spectrum is given by the red line. Individual simulation components are
shown in blue (Se-Se-Se environments), red (As-Se-Se), green (As-Se-As), and orange (As-Se-

As environments in AssSes molecular units). Figure is reproduced from [5] with permission.
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Figure 13. CSA sideband patterns for the different Se environments in AsxSejoox glasses. Figure

is reproduced from [5] with permission.

Figure 14. Schematic of the structural evolution in AsySejgox glasses with composition. As and
Se atoms are shown in green and red, respectively. See text for details. Figure is reproduced

from [5] with permission.

Figure 15. Various structural moieties in SixSe; x glasses. Figure is reproduced from [28] with

permission.

Figure 16. 2D 2Si MATPASS NMR spectrum of Sip3Se 7 glass. The total isotropic projection
is shown with blue solid line. The experimental (black lines) and simulated (red lines) sideband
spike patterns (black lines) in the aniostropic dimension for the (Se)s2-Si-Se-Se, E’, E' and E?

environments are also shown. Figure is reproduced from [28] with permission.

Figure 17. ""Se MATPASS NMR spectra of (left) Sigp33Sep 67 and (right) Sig20Seo g0 glasses. The
total projection on the isotropic dimension for each spectrum is shown with blue solid line. The
broad resonances centered at ~ 325 and 225 ppm in the spectrum of Sig 33Se 67 glass correspond
to E'-Se-E' and E>-Se-E!/E” sites respectively. Peaks in the spectrum of Sig,0Seg gy glass at

~ 850 and 275 ppm correspond to Se-Se-Se and Si-Se-Si sites, respectively. Figure is

reproduced from [28] with permission.

Figure 18. 2D *'P PASS spectrum of PsSe; glass. This glass consists of P4Se; cage-like
molecules, in which the P atoms (orange) occupy the apical and basal positions. Se atoms are
shown in pink. The isotropic projection is shown above the 2D plot, while the low temperature
CSA projections for the apical and basal sites are shown to the right, clearly indicating difference

CSA parameters between the environments. Figure 1s reproduced from [37] with permission.

Figure 19. The averaging of the CSA for the apical sites (left) and basal sites (right) becomes
evident as the temperature is increased from 253K to 338K resulting in fewer observable

sidebands. Figure is reproduced from [37] with permission.

Figure 20. Comparison between the temperature dependences of tr (triangles) as obtained from
3'P NMR line shape simulations and that of Ty (solid line) for supercooled PsSes liquid. Red

circles correspond to Ty obtained from viscosity measurements. The tr (squares) and Tty (dashed
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line) for the P-doped Ge;Ass,Sys liquid, consisting of similar PAs;S; cage molecules as reported
in a previous study [65], are shown for comparison. Figure is reproduced from [37] with

permission.
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Figure 3
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Figure 4
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Figure 5
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Figure 7
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Figure 8
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Figure 9
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Figure 10
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Figure 11
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Figure 12
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Figure 13

a) Se-Se-Se

660 ) 460 ) 260 ) (; ) —2'00- —4'00' —6'00
Chemical Shift (ppm)
C) As-Se-As

a " l
600 400 200 0 200 -400 -600
Chemical Shift (ppm)

b) Se-Se-As
o1 | ‘ ‘ I,
600 400 200 0  -200 -400 -600

Chemical Shift (ppm)

d) As-Se-As (As,Se,)

|
400 200 0 200 -400 -600
Chemical Shift (ppm)

600

43



Figure 14

Region 1

Region 11

Region 111

I
<

<P

44



Figure 15
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Anisotropic Chemical Shift (ppm)

Figure 17
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Figure 18
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Figure 19
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Figure 20
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