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ABSTRACT: The compositional evolution of the structure and chemical order in
binary S,Sejq_, glasses (0 < x < 90) is investigated using a combination of high-
resolution 2D 7’Se isotropic—anisotropic correlation NMR and Raman spectroscopy.
The results indicate that the structure of S—Se glasses consists of two types of topological
elements, namely polymeric [Se,S], chains and eight-membered Se,Ss_, rings (0 < y <
8). The relative concentration of Se atoms monotonically decreases in the chain
elements and concomitantly increases in the ring elements with increasing S
concentration. Moreover, the Se speciation results are consistent with an average
heterocyclic ring composition of Se;S; at low S content (<40 at. % S), while the
composition shifts to Se; ;S¢s at higher S content (=60 at. % S), indicating increasing
incorporation of multiple Se atoms in each ring element. The Raman spectra suggest that
—Se—Se— association is favored, when more than one Se atom is incorporated in chains
and rings. As in their elemental forms, the S and Se atoms retain their preference of

forming rings and chains in binary S,Se q,_, glasses, which predicts a linear compositional variation in the relative fractions of
these topological elements. This structural evolution is consistent with the corresponding variation in the T, and molar volume,

both of which exhibit a linear decrease with increasing S concentration.

1. INTRODUCTION

Chalcogenide glasses consist of one or more of the chalcogen
elements S, Se, and Te and constitute an important class of
optical materials that has received great attention for a wide
range of applications in photonics, nonvolatile memories, and
remote sensing.l_3 The elemental chalcogens, ie., S, Se, and
Te, are also glass-formers by themselves, and their structure—
property relations have been extensively investigated. The most
stable form of S is its orthorhombic polymorph (a-S) which
transforms to the monoclinic form (f-S) at 95.6 °C, and the
latter undergoes melting at 119 °C.* The structural building
blocks in both a-S and f-S polymorphs are eight-membered Sg
rings. The structure of glassy S obtained from quenching the
melt also consists predominantly of these Sg ring molecules.
Molten sulfur is characterized by a rather unique property
known as living polymerization, which corresponds to a
reversible transformation between Sg ring molecules and [S],
chains at 159 °C.>° The transformation of Sg rings to [S],
chains results in a relatively sudden rise in viscosity with
increasing temperature beyond the transition point.” Con-
sequently, this transition renders the chain:ring ratio in glassy
sulfur dependent on the cooling rate of the melt.® Se is
chemically similar to S as the former can also exist in crystalline
structures which are made of Seq rings, namely, the monoclinic
polymorphs a-Se and f-Se. However, the most stable and
commonly occurring polymorph of Se has a trigonal crystal
structure consisting of covalently bonded parallel helical [Se],
chains.” Although the structure of glassy Se remained
controversial in the past regarding its ring vs chain content,
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recent two-dimensional (2D) 7’Se nuclear magnetic resonance
(NMR) spectroscopic studies have conclusively demonstrated
that the structure of glassy Se essentially consists solely of [Se],
chains.'’ The element Te crystallizes in a hexagonal structure
with spiral [Te], chain elements, which is analogous to trigonal
Se. However, compared to Se, the shorter second neighbor
interaction distance in crystalline Te leads to quasi-metallic
behavior.”'" This enhanced metallic character results in an
extremely poor glass-forming ability for Te compared to that
for S and Se. Similar to glassy selenium, the structure of
amorphous Te is also composed of disordered [Te], chains,
but with significantly weaker interchain interaction."”

Structural studies have also been extended in the past to
binary chalcogen systems. In particular, several excellent
studies were reported on the structure of binary Se—Te
glasses. It may be noted here that Se and Te can form a
continuous solid solution where Se and Te atoms are believed
to form composite chains in the crystal structure.”” In a more
recent study of Se—Te glasses, Bureau et al. used "’Se NMR to
demonstrate a random distribution of Se and Te atoms in the
chain elements, with some preference for heteropolar
bonding.'* Tverjanovich et al. used a combination of Raman
spectroscopy and density functional theory based calculations
of the vibrational spectra to confirm this structural model of
Se—Te glasses.'”
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Unlike the Se—Te system, where the size and the bonding
preferences of the two elements are similar, S and Te
constitute a binary system where the elements are quite
different in size and electronegativity. Whereas Te prefers to
form [Te], chains, S prefers to form Sg rings. As a consequence
of these differences between S and Te and of the metallic
nature of Te itself, the formation of homogeneous binary S—
Te glasses is rather challenging, although a previous study
claimed to have been able to obtain glasses over a limited
composition range (20—50% Te) by splat quenching.m

The structural evolution in the S—Se binary system, on the
other hand, has been studied primarily in the crystalline and
molten states and on quenched products dissolved in CS,,
using X-ray diffraction, Raman, and "’Se NMR spectro-
scopy.'”™* Unfortunately, the structural disorder in the
S.Sejgo_x crystals did not allow for the determination of
atom positions via diffraction measurements.”’ The spectro-
scopic studies of crystalline and molten S Se,y,_, indicated the
presence of a mixture of Se,Sg_, ring molecules, with S;Se
being the predominant molecular species at low Se
concentration (<25 at. % Se), while the concentration of
Se¢Se, molecules became comparable to the latter at ~40 at. %
Se.!??0 Moreover, it was suggested that the Se atoms prefer to
form Se—Se linkages in the S¢Se, molecules.'”*" Additionally,
77Se NMR of molten S,Se;q_, indicated that a significant
fraction of Se and S atoms take part in polymeric structural
moieties in the form of [Se,S], chains. However, to the best of
our knowledge, no systematic structural study of glasses in this
system has been reported in the literature to date.

In this study, we report the results of a structural
investigation of binary S,Sejg_, glasses with 0 < x < 90,
using Raman spectroscopy and high-resolution 2D magic-
angle-turning phase adjusted spinning sideband (MATPASS)
77Se NMR spectroscopy.”” The 2D 7Se MATPASS NMR
spectra allow for the identification and quantitation of different
Se environments in glasses with high accuracy based on the
separation of isotropic and anisotropic chemical shift in two
different dimensions and the correlation between them. The
compositional evolution of the chain and molecular topological
elements thus obtained is used to build a structural model of
these glasses that is shown to be consistent with their
thermophysical properties, namely, molar volume and glass
transition temperature T

2. EXPERIMENTAL SECTION

2.1. Sample Preparation. Binary S,Se q,_, glasses with x
= 0, 10, 30, 45, 60, 75, and 90 were synthesized in 7—1S5 g
batches using the conventional melt quench method.
Elemental sulfur and selenium (Alfa Aesar, 99.999%) were
mixed together in stoichiometric ratios and subsequently
flame-sealed in evacuated (10™* Torr) quartz ampules. The
fused ampules were placed in a rocking furnace, slowly heated
to 673 K over 8 h, and subsequently held at this temperature
and rocked for 48 h. The melts were then quenched by dipping
the ampules in water.

2.2. 2D 7’Se MATPASS/CPMG NMR Spectroscopy. The
2D 77Se MATPASS NMR spectra for all glasses were acquired
at the National High Magnetic Field Laboratory using a 63
mm bore 18.8 T magnet equipped with a Bruker Avance III
HD console operating at the resonance frequency of 152.7
MHz for 7’Se. Glass samples were crushed and packed into 3.2
mm ZrO, rotors and were spun at 10 kHz. Samples with high S

content (S > 45 at. %) are soft and malleable at ambient
temperature and therefore were blended with small pieces of
dry ice to crush into powder. All 77Se NMR data were collected
at 263 K to avoid heating of these glass samples above their T,
during magic-angle spinning (MAS). The pulse sequence used
a series of five MAT z-pulses (4.0 ps) with incremented
interpulse delays according to the timings detailed by Hung et
al.”* The method of States et al.>> for hypercomplex data
acquisition was applied to the Carr—Purcell-Meiboom—Gill
(CPMG) pulse phase and the receiver phase. Acquisition
consisted of 16 hypercomplex t, increments each with 24
transients and 90 s recycle delay. A total of 30 CPMG echoes
were coadded for signal:noise improvement before the
processing of 2D spectra. All spectra were externally referenced
by recording the '"O signal of natural abundance H,O and
then using the appropriate frequency ratio reported in the
ITUPAC recommendations.

The 7’Se chemical shift anisotropy (CSA) tensors reported
here follow the Haeberlen convention™ defined as

|5zz - §iso| 2 |5xx - 5iso| 2 layy - 5isol

1
6iso = 5(5& + 6xx + 5yy)

A =95, -6

2z iso
A

where J,, 6,, and &, are the principal components of the
chemical shift tensor and Jj, is the isotropic chemical shift.
The magnitude of the CSA is A, and its asymmetry is denoted
as 1.

2.3. Density and T, Measurement. The density of
S,Sejgo_ glasses was measured using a Micromeritics Accupyc
II gas expansion pycnometer under a helium environment of
6N purity. Each measurement was performed on ~2.0 g of
sample loaded into a 1 cm® cup. Density values reported in this
study are averages of 10 consecutive measurements at room
temperature. The glass transition temperature T, of the
S.Sejgo—x glasses was measured using a Mettler-Toledo DSC1
differential scanning calorimeter. Approximately 15 mg of glass
was loaded in a hermetically sealed 40 pL aluminum crucible,
and scans were performed at 10 °C/min under a flowing
nitrogen environment. T, was determined to within +2 °C as
the onset of the glass transition.

2.4. Raman Spectroscopy. The Raman spectra of all
glasses were collected in backscattering geometry with a
resolution of 1 cm™' using a Renishaw 1000 Raman
microscope system equipped with a diode laser operating at
a wavelength of 785 nm. Backscattered light was detected using
a charge-coupled device cooled at 200 K.

3. RESULTS AND DISCUSSION

3.1. Physical Properties. The T, density, and molar
volume of all S,Sejyy_, glasses are listed in Table 1, and the
compositional variation is displayed in Figure 1. These results
are in good a§reement with the previously reported values in
the literature.”" ">’ Both T, and molar volume of these glasses
decrease approximately linearly with increasing S content
(Figure 1). This trend in molar volume for S,Seq_, glasses is
reflected in a similar trend in the crystalline state, as

exemplified by orthorhombic sulfur and trigonal selenium

DOI: 10.1021/acs.jpcb.8b10052
J. Phys. Chem. B 2018, 122, 12219—12226


http://dx.doi.org/10.1021/acs.jpcb.8b10052

The Journal of Physical Chemistry B

Table 1. Glass Transition Temperature T, Density, and
Molar Volume of S,Se,q,_, Glasses

Tg
(2.0 °C)

38.8
30.5
20.7
14.4
4.0
-7.1
—18.5

molar volume
(cm?/mol)
18.49 + 0.01
18.28 + 0.01
17.97 + 0.01
17.67 + 0.01
17.43 + 0.02
17.19 + 0.03

density (+0.002
g/em’)
4.270
4.063
3.612
3.275
2916
2.548

composition
Se
S10Se90
S30Sez0
S4sSess
Se0Seqo
S75Sess
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Figure 1. (a) T, values of binary S,Sejq_, glasses obtained in this
study (filled trlangles) and values reported in the literature>* >’ (open
squares). (b) Molar volume of binary S,Se q_, glasses determined in
this study. Straight lines through the data points in (a) and (b)
represent linear least-squares fits to the data collected in this study.

with molar volumes of 15.50 and 16.45 cm?/mol, respec-
tively.””*" It is now well established in the literature that while
the structure of amorphous S is predominantly composed of Sg
molecular rings, that of amorphous Se consists practically
exclusively of polymeric [Se], chains, with chain lengths on the
order of ~200 atoms.*'®3* Therefore, if S and Se maintain
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their preference in binary S,Seqo_, glasses to form respectively
rings and chains, then progressive addition of S to Se should
result in a concomitant replacement of polymeric chains with
ring molecules. Such compositional variation of the atomic
structure is expected to result in a progressive weakening of the
chain—chain interaction as they get interspersed with weakly
bonded molecules and, thus, is consistent with the observed
linear decrease in T, and in the atomic packing efficiency of
S,Sejgo—, glasses Wlth increasing S content (Figure 1).

3.2. 77Se NMR. Typical examples of 7’Se 2D MATPASS/
CPMG NMR spectra of S,Sejy_, glasses are shown in Figure
2. The 2D MATPASS experiment separates spinning sidebands
along the anisotropic dimension and projects the isotropic
spectra to the other dimension as if the spinning speed is
infinitely fast (Figure 2a). The ”’Se isotropic NMR spectrum of
glassy Se displays a single broad resonance centered at ~850
ppm that corresponds to the —Se—Se—Se— environment in
[Se] chains, consistent with previous literature reports (Flgure
2b). fo.33 Addition of S to Se results in the shift of the peak
position of this resonance to ~880—900 ppm and in the
appearance of a second well-resolved resonance in the isotropic
77Se NMR spectra that is centered at &, ~ 640—660 ppm
(Figure 2b). This second resonance increases monotonically in
relative intensity with progressive increase in S content (Figure
2b). The shift of the amorphous Se resonance to higher ppm
(higher frequency) values upon addition of sulfur is indicative
of the effect of incorporation of S atoms into the [Se], chains.
It was shown in a previous ”’Se NMR study of S Seq_, melts
by Chivers et al. that progressive replacement of Se nearest
neighbors by S in [Se], chains, i.e., the formation of —Se—Se—
S— and —S—Se—S— linkages, results in the shlft of the
corresponding 7’Se resonance to higher frequencies.”” More-
over, Chivers et al. also demonstrated that the 7’Se 8, for the
Se sites in Se,Sg_, ring molecules ranges between 600 and 730
ppmin S Se100 _, melts. This assignment is consistent with the
range of 530—670 ppm recently reported for —Se—Se— Se—
sites in Seg rings in the crystalline monoclinic allotrope a-Se.'’

Further insight into the structural assignment of these "’Se
resonances in the isotropic NMR spectra of S,Sejy_, glasses
can be gained by considering the corresponding chemical shift
tensor parameters A and 7, which can be obtained from
simulation of the corresponding spinning sideband spikelet
pattern in the anisotropic dimension (Figure 3).>* The
simulation of the anisotropic slices at and around J,, ~ 850
ppm results in average values of A & —153 ppm and 7 = 0.80.
These A and 7 values are completely consistent with those
reported for the —Se—Se—Se— environment in [Se], chains in
amorphous Se.”> On the other hand, the simulation of slices at
and around J;;, ~ 650 ppm yields a rather different average A
and 7 of ®—500 ppm and ~0.1S, respectively (Figure 4).
These A and 7 values are quite comparable with those (A
ranging between —430 and —450 ppm and #; ranging between
0.2 and 0.4) recently reported for —Se—Se—Se— sites in Seg
rings in a-Se."” Taken together, the d;,, A, and 7 values for the
two 7’Se resonances in the isotropic NMR spectra of S Se;go_.
glasses in Figure 2b suggest that the replacement of nearest-
neighbor Se with § in Se,Sg_, rings and [Se], chains has a
relatively minor effect on the anisotropy parameters A and #.
To test this hypothesis, we have performed ab initio
calculations of the 7’Se chemical shift tensor parameters for
such Se environments in SeSs_, ring molecules using the

gauge- including projector augmented wave (GIPAW) meth-
0d.® The —S—Se—S— environments were obtained by
DOI: 10.1021/acs.jpcb.8b10052
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Figure 2. 7’Se NMR spectra of S,Sejq_, glasses. (a) Representative
2D 7’Se MATPASS/CPMG NMR spectrum of S,5Se,s glass with total
projection along isotropic dimension (solid blue line). (b)
Experimental (solid black line) and simulated (red dashed line)
77Se isotropic NMR spectra of S,Sejq_, glasses with compositions
denoted alongside the spectra. Gaussian simulation components are
shown in pink and blue.

replacing the S2 site with Se, and the —Se—Se—S-—
environments were obtained by simultaneously replacing the
S2 and the S3 sites with Se in the Sg molecules in crystalline
orthorhombic sulfur.®” These structures were then optimized,
by allowing the atomic coordinates to vary, using density
functional theory as implemented in the code CASTEP (Biovia
Inc.) within the generalized gradient approximation (GGA)
and with the PBE (Perdew—Burke—Ernzerhof) exchange-
correlation functional.***® Forces less than ~30 meV A~ were
observed at the end of the optimization process. The 7’Se
chemical shift calculations were performed on these optimized
structures using the code CASTEP-NMR within the GGA and
with an energy cutoft of 600 eV.*® Ultrasoft pseudopotentials
were used to describe core—valence interactions. The Brillouin
zone was sampled using the Monkhorst—Pack scheme and a 4
X 4 X 4 k-point grid. The isotropic chemical shift &, was
obtained from isotropic shielding oy, using the relationship J;,
= —(0io — Or), Where 0, is the isotropic shielding of a
reference material. The trigonal allotrope of Se was used as a
reference, and the calculated 7’Se 6, of 784 ppm is equated to
the experimental J;;, value of 795 ppm for the single Se site in
this allotrope. We have shown in previous studies that such
calculations yield fairly accurate estimates of the "’Se &, and A
in the chain (trigonal) and ring (monoclinic) allotropes of Se,
except the calculated value of A needs to be scaled down by a
factor of 2."° The present calculations yield comparable values
of 7’Se &, (550—570 ppm), A (—430 ppm), and 1 (0.15—
0.30) for the —Se—Se—S— and —S—Se—S— environments in
Se,Sg_, rings, and these parameters are also similar to those
characteristic of the —Se—Se—Se— environments in Sey rings
in a-Se, as noted above. Therefore, the ’Se resonance at &, ~
640—660 ppm may correspond to any one or all of these ring
environments.

Additional constraints on the average stoichiometry of the
Se,Sg_, rings in these glasses can be imposed from the
simulation of these "’Se isotropic NMR spectral line shapes in
Figure 2b with two components to yield the relative fractions
of the Se atoms in chain and in ring environments from the
peak integrals. The compositional evolution of the ratio of
these two Se environments is shown in Figure S, which
indicates that for compositions near pure Se, most of the Se
atoms reside in a chain environment. On the other hand, for
glasses with composition near pure S, the majority of the Se
atoms are found in a ring environment, attesting to the strong
preference of S atoms to form Sg rings. It is therefore
reasonable to propose a structural model where in a glass of
composition S,Se;q,_, there are x/8 eight-membered rings per
formula unit, and on an average each such ring can
accommodate y Se atoms, i.e., these are Se,S;_, rings. This
model is equivalent to the substitution of y S atoms in each of
the x/8 Sg rings with y Se atoms. The substituted S atoms are
incorporated into [Se,S], chains. In this scenario, in one
formula unit of the S,Sejq_, glass there are (x-y/8) Se atoms
in rings and [(100 — x) — (x-y/8)] Se atoms in chains. The
ring versus chain Se speciation predictions of this structural
model for y = 1 and y = 1.5 are compared with the
experimentally observed Se speciation data in Figure 5. It is
clear from Figure S that the model prediction for y = 1 agrees
rather well with the experimental Se speciation for S
concentrations of up to 40 at. %. However, at higher S
concentrations of >60 at. %, the experimental speciation is
closer to the model prediction for y = 1.5. Therefore, the chain
versus ring speciation data for Se, as obtained from "’Se NMR,
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shown here for S;sSe,s glass.

are consistent with an average heterocyclic ring composition of
Se;S, for glasses with up to 40 at. % S. Further addition of S
promotes increasing incorporation of Se atoms in Se,Sy_, rings,
such that the average ring composition becomes Se; sS4 s for
glasses with >60 at. % S. It is to be noted that an average ring
composition of Se;S; does not preclude the presence of Se,S¢
rings since some of these eight-membered rings may be
homocyclic, i.e, Sg rings, and a coexistence of Sg, Se;S,, and
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Figure S. Compositional variation of Se site fractions in chains
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isotropic NMR spectra. Dashed (dotted) orange and blue lines are Se
site fractions in chains and rings, respectively, expected from the
structural model proposed in this study, for an average ring
composition of Se;S; (Se;sSqs). See the text for details.

Se,S¢ rings may be entropically favored in a glass. However, the
Se ring speciation in glasses, as obtained in this study from ”’Se
NMR, shows a trend that is opposite of that previously
reported in S,Se;qo_, melts by Chivers et al.”> Those authors
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Figure 6. Unpolarized Raman spectra of S,Se;o_, glasses. Inset to the right shows a magnified (10X) view of the ring bending modes in S4;Se,q

(bottom) and S,sSe,s (top) glasses.

suggested that the concentration of the Se,S4 rings increases
with increasing Se concentration, with the relative abundances
of the Se;S, and the Se,S4 rings becoming comparable at ~40
at. % Se.”” On the other hand, the Se ring speciation in
S.Sejpo_s glasses, as obtained in this study, shows that the
average ring composition is Se;S; at low S (high Se)
concentration and it becomes Se S5, thus suggesting an
increased fraction of Se,S4 rings and possibly rings with even
higher Se content (e.g., Se;Ss and Se,S,) in glasses with <40 at.
% Se. As discussed below, the Raman spectroscopic results are
consistent with this structural model.

3.3. Raman Spectroscopy. The Raman spectra of the
binary S,Sejy_, glasses are shown in Figure 6. All spectra
contain a relatively strong band centered near ~250 to 260
cm™' that can be readily assigned to the symmetric Se—Se
bond-stretching mode in [Se], chains.*® The incorporation of
S in these [Se], chains is presumably reflected in the
progressive shift of the frequency of this band from 251 to
261 cm™' with increasing S concentration (Figure 6). This
result is also corroborated by the fact that the "’Se NMR
spectra of all glasses contain the resonance corresponding to
the [Se,S], chains (Figure 2b). The relatively narrow and
strong vibrational bands located at ~150 and 216 cm™" in the
Raman spectra of the high sulfur containing glasses are
characteristic of Sg rings typical of crystalline S and correspond
to the antisymmetric and symmetric bending modes (Figure
6).%*" These vibrational bands are accompanied by another
strong and narrow band near 202 cm™" in the glass spectra in
Figure 6. Additionally, two more bands in the spectral region

between 160 and 190 cm™" appear in the Raman spectrum of
the Sq;Sey glass and become clearly resolved near 163 and 175
cm™ in the spectrum of the S,;Se,s glass (see Figure 6, inset).
The frequencies of these three bands at 202, 175, and 163
cm™' agree well with those predicted respectively for the
bending of Se;S;, Se,S¢, and Se;S; rings by Ward in a previous
Raman spectroscopic study of S,Sej_, crystals and melts."”
These predictions are based on the model proposed by Ward,
which assumed a linear scaling of the ring bending frequency
with the average force constant and with the inverse square
root of the molecular weight of the ring, where the average
force constant was further assumed to vary linearly with the
degree of substitution of S with Se in the Se Sy_, ring.17 This
structural assignment of these vibrational bands and their
relative intensities in Figure 6 clearly suggest the predominance
of the Se,S; rings among the Se-substituted Se,Ss_, ring
environments in S,Sey,_, glasses. Moreover, the appearance of
Se,S¢ and Se;S; rings in glasses with the highest S contents
suggests increasing incorporation of multiple Se atoms in the
Se,Sg_, rings. These results are qualitatively completely
consistent with the scenario of the evolution of the average
Se,Ss_, ring composition in S,Seyqo_, glasses, as obtained from
the 7’Se NMR results discussed above.

It is apparent from the Raman spectra in Figure 6 that
increasing S content also results in a concomitant increase in
the intensity of the band near 468 cm™, corresponding to the
symmetric S—S bond-stretching mode for the Sy rings.* In
addition, two more bands centered at ~360 and 379 cm™! with
a weak band present as a shoulder near 340 cm™" display a

12224 DOI: 10.1021/acs.jpcb.8b10052
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similar behavior of increasing intensity with S content (Figure
6). Previous Raman spectroscopic studies of S,Se;qo_, crystals
have assigned these bands to S—Se stretches as these
frequencies are intermediate between the S—S stretching
near 470 cm™' and Se—Se stretches near 260 cm™L'"'% As
such, the presence of these bands directly implies mixing
between S and Se in the chain and ring elements in the
structure.

In general, the Raman bands in the 340—380 cm™! region in
these materials are believed to represent two types of S—Se
stretching modes: (i) strongly coupled S—Se stretches in —S—
Se—S— linkages are manifested as vibrational bands near ~340
and 380 cm™! while (ii) isolated S—Se stretches in —S—Se—
Se—S— moieties appear as a band near ~360 cm™.'¥*"** It is
noteworthy that previous studies of binary S—Se crystals
concluded that both coupled and isolated S—Se stretching
bands are from Se S;_, ring molecules with adjacent Se atoms
in —S—Se—Se—S— moieties being the preferred bondin
scenario if more than one Se atom is present in these rings.'””
As shown in Figure 6, the intensity of the vibrational bands in
the 340—380 cm™' region is increasing significantly with
increasing sulfur content. This observation indicates that a
significant fraction of Se atoms is incorporated into the Se,Ss_,
ring structures as —S—Se—S— and —S—Se—Se—S— linkages,
when sufficient sulfur is present in the system. Moreover, both
Se,S; and Se,S¢ type rings may coexist in the structure. These
conclusions are completely consistent with the structural
model proposed above on the basis of the "’Se NMR
spectroscopic results. Finally, it may be noted that the band
near 360 cm™, corresponding to S—Se stretches in —S—Se—
Se—S— moieties, has a noticeable presence even in the Raman
spectra of glasses with low sulfur concentration (S < 30 at. %)
that have rather weak or no signature of the vibrational bands
corresponding to the Se,Sy_, rings (Figure 6). This result
suggests that all of the —S—Se—Se—S— moieties corresponding
to the 360 cm™' band may not belong to the Se,Sg_, ring
elements in the structure, but a significant fraction likely
belong to the [Se,S], chain elements.

4. CONCLUSIONS

The structure of S,Sejp_, glasses consists of copolymeric
[S,Se], chains and heterocyclic S Ses_, rings. Se and S atoms
show strong preference to form the chain and the ring
elements, respectively, which prevents a random or homoge-
neous mixing between these two elements. The compositional
variation of the chain versus ring speciation of Se atoms is
consistent with an average ring composition of Se;S; in glasses
with <40 at. % S. Further increase in S content results in the
incorporation of more Se atoms in the ring elements, resulting
in an average ring composition of Se; sS4 s. It is, however, not
the peculiar chemical order between S and Se but the total
chain versus ring content in the structure that controls both
the packing and the mobility of the constituent structural units.
As the total chain content increases with increasing Se
concentration in these glasses, the stronger interaction between
the chain elements compared to rings results in less efficient
atomic packing and lower mobility, which are manifested in the
decreasing molar volume and increasing T, respectively.
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