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Despite its chemical simplicity, a definitive description of the structure of TeO, glass has remained elusive due to
the complexity of the Te-O coordination environment. In this work we probe the Te-O coordination environment
in glassy TeO, using 2D '?*Te isotropic-anisotropic chemical shift correlation nuclear magnetic resonance (NMR)
spectroscopy. The NMR results are consistent with the presence of two Te-O environments in this glass, char-
acterized by their distinct set of 125Te chemical shift parameters. The dominant environment (~89%) is a dis-
torted trigonal bipyramidal TeO4 unit, reminiscent of that observed in crystalline y-TeO,. A second, minor

(~11%) component can be assigned, on the basis of its chemical shift parameters, to a TeO3 unit. The resulting
average coordination number, nr.o, measured by '>>Te NMR (nteo = 3.9) is higher than its previously reported
value obtained using neutron diffraction (neo = 3.7).

1. Introduction

TeO, based glasses are promising materials for non-linear optical
devices due to their high refractive index and non-linear optical (NLO)
susceptibility, that are some of the highest among oxide glasses [1]. The
origin of these optical properties is attributed to the presence of long
and weak Te-O bonds and to the lone pair electrons on the Te atoms
[2,3]. However, the establishment of structure-property relationships in
tellurite glasses has remained challenging, primarily owing to their
structural complexity. The nature and variety of the Te-O coordination
environments remain poorly understood even in the chemically sim-
plest glass-former TeO, [4-6]. Important insight in this regard can be
gained from a consideration of the structure of crystalline polymorphs
of TeO,, [7,8]. One of the distinguishing features of tellurite compounds
is the stereochemical effect imparted by the lone-pair electrons on Te
which results in a strong asymmetry of the Te-O coordination poly-
hedra. The crystal structure of the polymorph a-TeO consists of corner-
sharing TeO, trigonal bipyramids with the lone pair electrons occu-
pying one of the corners of the bipyramid (Fig. 1). The central Te atom
in this bipyramid }olas two short (1.88 /o\) equatorial bonds (Te-Ocq) and
two longer (2.12 A) axial bonds (Te-O,,). In the structure of a-TeO,
each TeO,4 bipyramid shares its corners through an alternating pattern
of equatorial and axial Te-O bonds i.e. through the Te-.,0.«-Te bridges.
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These asymmetric bridges play an important role in the structural ar-
rangements of the Te-O coordination polyhedra in tellurite compounds.
Additionally, the unique charge distribution arising from the asym-
metry and the weak Te-O,x bonds is believed to be responsible for the
large NLO susceptibility found in TeO, [2].

It was originally assumed that the structure of glassy TeO, should
resemble that of the a-TeO,, in the sense that the Te-O network is made
up of similar TeO,4 bipyramidal units, except with a distribution of
lengths for the axial and equatorial Te-O bonds. However, since the
discovery of the metastable polymorph y-TeO,, it is now widely be-
lieved that the structure of glassy TeO, should resemble that of y-TeO,,
a hypothesis that is corroborated by the similarity in their vibrational
spectra and by the observation that y-TeO, crystallizes from TeO, glass
before the a phase [9,10]. Similar to a-TeO,, the structure of y-TeO,
also contains trigonal bipyramidal Te-O coordination polyhedra, except
the Te-O bond lengths of the axial and equatorial bonds in the latter
phase are all dissimilar, with the Te-O.q distances beipg 1.859 and
1.948 A while the Te-O,, distances are 2.019 and 2.197 A (Fig. 1). The
bipyramidal units in y-TeO, are bridged via Te-¢qOax-Te in the same
way as a-TeO,, however, due to the asymmetry of the TeO, structural
unit, the connectivity alternates between nearly symmetric
(1.95-2.02 A) and asymmetric (1.86-2.20 Z\) bridges. Through this
discrepancy in Te-O-Te bridges, the symmetrical bridges can be viewed
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Fig. 1. Schematics of Te-O trigonal bipyramidal coordination polyhedral configuration in: (a) a-TeOs, (b) y-TeO» and (c) MgTe,Os Tellurium atoms are represented
in red and Oxygen atoms in blue, with the lone pair electrons by two black spheres. Bold black lines indicate the Te-O.q bonds and bold dashed lines represent Te-O,x
bonds. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

as forming a polymeric chain-like structure [8]. In fact, since one of the
Te-O,x bonds in y-TeO, is substantially longer (~2.2 A) than the others,
the Te-O polyhedron in this polymorph is occasionally designated as
TeOs3 . rather than TeO4. However, more typically the TeOs, 1 poly-
hedra in tellurite crystal structures (e.g. MgTe,Os) are characterized by
significantly longer Te-O distances on the order of ~ 2.5 A.

It should be noted here that the literature on the structure of glassy
TeO, is relatively scant due to the difficulty in its synthesis as it devi-
trifies readily without addition of modifiers. Although small batches of
pure glassy TeO, have been synthesized using controlled quenching [9],
most of the structural studies on tellurite compounds and glasses have
focused on systems containing modifier cations such as alkalis and al-
kaline-earths [11-19]. Addition of a modifier cation to TeO, acts to
reduce the coordination number of Te to 3 and form Te(=0)0,,, type
TeOs units as well as to break up the Te-O-Te network via creation of
non-bridging oxygen (NBO) atoms on the 3- and 4-coordinated Te-O
units.

Recent neutron diffraction, Raman spectroscopy and molecular si-
mulation studies have indicated that the structure of TeO, glass pos-
sibly contains both TeO,4 and TeO3 units, resulting in an effective Te-O
coordination number that is significantly < 4 [4,9,20,21]. Among
these studies, the diffraction results are the most quantitative, which
yield an average coordination number nteo ~ 3.7 that is rationalized by
proposing that glassy TeO, is composed of TeO, and Te(=0)0,,, type
TeOs units, and the presence of the latter units promotes the formation
of NBO environments upon addition of modifier. Molecular dynamics
simulations have yielded similar nreo values, however, they predict a
distribution of Te-O units with 3, 4, and 5 coordinated Te [20,21].
Additionally, while assignments of the Raman spectra of TeO, has been
a source of debate, Kalampounias et al. have interpreted certain vi-
brational modes to be from TeOs units and estimated the average co-
ordination number from integrating the corresponding Raman bands
[9].

To date there are only a few reports utilizing '>>Te solid state nu-
clear magnetic resonance (NMR) spectroscopy to study the structure of
pure glassy TeO, [6,14]. Extensive work has recently been done by
Garaga et al. [ 6], which revealed that the static 125Te NMR spectrum of
glassy TeO, is similar to that of y-TeO, and could be described struc-
turally as a highly disordered form of y-TeO, containing TeOs3 ., units.
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Additionally, the 70O NMR results strongly suggest the lack of terminal
oxygen and thus, the absence of significant concentration of Te(=0)0,,
» type TeOs units in the glass. Further interpretation of the static '*°Te
NMR spectrum is hindered by the rather large broadening effects from
both chemical shift distribution and chemical shift anisotropy that is
also characteristic of the '>>Te NMR spectra of all tellurite compounds.
Despite the broadened and often unresolved *>Te NMR line shape
(often on the order of 1500 ppm), there are a plethora of '*>Te NMR
spectroscopic studies that can be found in the literature on crystalline
and glassy tellurites, that have been described in terms of the broad
125Te NMR chemical shift systematics of the TeO, and TeOs units
[6,11-15,18,19]. The '*°Te resonance of the TeOs environment be-
comes very prominent for the highly modified tellurite glasses. How-
ever, conventional 1D '>>Te NMR spectroscopy does not offer enough
resolution to distinguish whether such environments exist within glassy
TeOQ.

Here we report the results of a 2D isotropic anisotropic chemical
shift correlation >>Te NMR spectrum of glassy TeO, acquired using the
projection Magic Angle Turning (pjMAT) technique to separate the
chemical shift anisotropy (CSA) from the isotropic shift in two dimen-
sions. The CSA-free isotropic spectrum effectively represents a magic-
angle-spinning (MAS) spectrum acquired with infinite spinning speed
and therefore, is only broadened by isotropic chemical shift distribu-
tion. Thus, the isotropic '>Te NMR spectrum has a significantly nar-
rower line shape (~125kHz) compared to the static line width of
~400kHz, thus providing enhanced resolution to observe multiple
structural units based on their isotropic chemical shifts, with their
distinction being further aided by the difference in their CSA that can be
obtained from the anisotropic dimension. We demonstrate that this
technique offers unique insight into the structural units based on local
site symmetry, which is used in an attempt to resolve the long-standing
structural issues in glassy TeO-.

2. Experimental methods
2.1. Synthesis and characterization

Samples of glassy TeO, were prepared by melting reagent grade
crystalline oxide (Sigma Aldrich, Co.) in a platinum crucible, at 1000 °C
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for 10 min followed by intermittently quenching the bottom of the
crucible in ice-water, a method described in detail in previous pub-
lications in the literature [5]. Glassy samples, of about 0.5g to a few
grams, were obtained. These small pieces of yellow-green glasses were
easily removed from the crucible.

The amorphous character of the TeO, sample was verified by X-ray
diffraction using a PANalytical XPERT PRO diffractometer equipped
with a Cu Ka source. The density of the TeO, sample was measured
using a Micromeritics AccuPyc II gas expansion pycnometer under a
helium environment of 6 N purity on about 0.5 g of glass pieces. The
reported density is an average of 10 consecutive measurements at 25 °C.
The glass transition temperature T, was determined using differential
scanning calorimetry (DSC). The DSC scans were performed with a
Mettler-Toledo DSC1 calorimeter. As noted previously by Tagiara et al.,
pure TeO, glass crystallizes readily during a conventional DSC scan and
prevents any observation of T,. However, through a combination of
annealing above 100°C to drive off the moisture and using a fast
heating rate, a glass transition can be observed [5]. In the present study
T, was measured on bulk flakes of glass after using the following heat
treatment: the glass sample was first heated to 120 °C and held for
40 min, followed by heating to 450 °C at a rate of 40 °C/min.

The unpolarized Raman spectrum of the glass sample was collected
using a Bruker RFS 100/S Fourier-transform Raman spectrometer
equipped with a frequency doubled Nd:YAG laser operating at
1064 nm. The spectrum was collected in backscattering geometry with
a laser power of 50mW, a frequency resolution of 2cm™!, and by
averaging 256 scans.

2.2. 12°Te NMR spectroscopy

The '?*Te pjMATPASS/CPMG NMR measurement was carried out at
the National High Magnetic Field Laboratory on a Bruker Avance III HD
console equipped with a 18.8 T medium bore (63 mm) magnet, oper-
ating at a '**Te Larmor frequency of 252.4 MHz. Crushed glass powder
was packed and spun at 10kHz in a 3.2mm ZrO, rotor. The
DIMATPASS/CPMG experiment separates isotropic and anisotropic
chemical shift in two dimensions regardless of how large the CSA is,
relative to the spinning frequency. The '>°Te pjMATPASS/CPMG NMR
spectrum was acquired using 64 hypercomplex t; data points, with 72
transients per point, 320 CPMG echoes per transient, and a recycle
delay of 40s. Fig. 2 shows the pf/MATPASS/CPMG pulse sequence with
its details outlined elsewhere [22]. CPMG echo acquisition was ap-
pended to the sequence to enhance the signal to noise and reduce the
data collection time. A 2 us 5t/2 pulse was used for both the projection
pulse and for the CPMG pulse. This pulse length is sufficient to ensure
uniform excitation of the whole powder pattern, which spans
~400 kHz. Full-echo processing was employed to avoid any ambiguity
in phasing. The '*Te NMR spectrum was referenced to neat (CHg),Te
with 8;;, = 0 ppm by using the 70O signal of H,O and the frequency
ratios listed for 170 and '?°Te in the IUPAC recommendations [23]. The
resulting 2D isotropic-anisotropic correlation spectrum was obtained by
summation of the CPMG echoes followed by Fourier transformation and
shearing along both the F1 and F2 dimensions. The projections along

L= *‘L’R/Z — +1'R/2

|(4rh + tl)/3M I(M” + r,)/3

Journal of Non-Crystalline Solids 513 (2019) 183-190

1200
g-TeO,
1000
2 |
5 800
°
g
2 600
172
(=}
2
RS
400
200 +
M B B B BB BUNLEL L B BRI B
20 25 30 35 40 45 50 55 60
20 (degrees)

Fig. 3. X-ray diffraction pattern of TeO, glass sample used in the present study.

the isotropic and anisotropic dimensions were simulated using the
software Dmfit [24]. The principal components of the chemical shift
tensor (84, 8yy, and 3,,) are expressed in terms of the isotropic chemical
shift 8;50, the magnitude of anisotropy A, and the asymmetry parameter
1, in accordance with the Haeberlen convention [25]. These parameters
are defined as:

5yy — 8

1
Siso = = (827 + 8yy + 8x); A =8, — (Oxx + 8yy)/2; M = ————
3( i ) ( yy)/ K 522 - 5150.

where, SZZ - 6,'50 = 6xx - 61’50 = 6yy - 6,‘50.

3. Results and discussion

Given the inherent difficulty to synthesize amorphous TeO, due to
its propensity to crystallize during conventional quenching techniques,
it was necessary to verify the glassy character of the sample under
study. The XRD pattern of the glass sample used in the present study is
shown in Fig. 3, which displays a typical powder pattern for an amor-
phous sample which is devoid of sharp Bragg peaks corresponding to
long-range order. Furthermore, the sample displays a glass transition at
~308°C and has a density of 5.61 + 0.01 g/cm®, both of which are in
excellent agreement with previous reports in the literature [5,26].
These measurements indicate the sample is of good quality and can be
considered a representative sample of glassy TeO, synthesized via the
intermittent quenching technique. This conclusion is further corrobo-
rated by the Raman spectrum of this sample as shown in Fig. 4, which is
virtually identical to those previously published in the literature [6,9].
The high frequency region of this spectrum is decomposed into four
bands centered at ~ 617, 660, 715 and 776cm™! following Ka-
lampounias et al., where the first two bands are assigned to the sym-
metric stretching modes of TeO, trigonal bipyramid units and the last

20
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Fig. 2. Schematic of the 2D pjMATPASS/CPMG pulse sequence including timing durations used experimentally in this work. A constant delay of 4z, where zy is the
sample spinning period, is introduced in the t;-evolution for full echo CPMG signal acquisition. The timing of the three t;-evolution segments is separated by 120° in
terms of the rotor phase. For additional information regarding the pulse sequence, please see Ref. 22.
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Fig. 4. Unpolarized Raman spectrum of TeO, glass sample used in the present
study.

two bands correspond to the symmetric stretching modes of TeOj tri-
gonal pyramid units [27]. Therefore, assuming that these stretching
modes have comparable Raman cross-sections, their relative areas can
be used to estimate the average coordination number for Te in glassy
TeO,. This procedure yields nteo = 3.63, which agrees well with pre-
vious estimates obtained using Raman spectroscopy and neutron dif-
fraction [4,27].

The static *Te NMR spectrum of glassy TeO, was previously re-
ported by Garaga et al. and was interpreted to be composed of a single
environment whose '**Te chemical shift tensor can be described by
8iso = 1570 ppm, A = —1260ppm and n = 0.5 [6]. These authors,
however, noted that the spectrum can also be represented equally well
by a two-component fit, although the tensor parameters for the two
environments could not be uniquely determined.

The 2D '?*Te pjMATPASS/CPMG NMR spectrum of glassy TeO,
acquired in the present study and its isotropic projection are shown in
Fig. 5. The isotropic spectrum, which is equivalent to an MAS spectrum
at infinite spinning speed, is dominated by a broad resonance centered
at ~1500 ppm, which if symmetric, suggests the presence of a minor
component centered at ~1700 ppm that is manifested as a high-fre-
quency asymmetric tail. Additionally, a third narrow resonance cen-
tered at ~1491 ppm can be readily identified, implying that a small
fraction of the glass has crystallized. The CSA parameters A and n ob-
tained from the simulation of the anisotropic line shapes of these iso-
tropic resonances can provide further information on the local site
symmetry of the corresponding Te environments. The representative
slices along the anisotropic dimension, taken at the isotropic shifts of
1541 ppm and 1735ppm (Fig. 5, dashed lines) corresponding to the
major and minor Te environments in glassy TeO, are shown in Fig. 6.
These two isotropic shifts are chosen at first since the major and the
minor components will have only little overlap at these two positions
and at the same time the anisotropic line shape on the high-frequency
side will have enough intensity to provide reliable CSA parameters. It is
clear that the anisotropic line shapes for these two Te environments in
the glass are different. These anisotropic line shapes can be simulated to
determine their CSA parameters A and n (Fig. 6). It may be noted that A
and 1 denote, respectively, the departure of the chemical shift tensor
from spherical and axial symmetry. Both A and n for the isotropic shift
at 1541 ppm are distinctly larger than that at 1735 ppm and hence, the
chemical shift tensor for the latter Te environment is more symmetric
compared to the former. Fig. 7 shows the variation of the CSA para-
meters A and n through the entire isotropic line shape, if the anisotropic
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Fig. 5. Contour plot of 2D '**Te pjMATPASS/CPMG NMR spectrum of glassy
TeO,. Total isotropic projection of the spectrum is shown on top. The dashed
vertical lines indicate the 8;, location for the anisotropic slices shown in Fig. 6.
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Fig. 6. Experimental (solid line) and simulated (dashed lines) anisotropic '>°Te
NMR spectral line shapes of glassy TeO,, taken from the '**Te pjMATPASS/
CPMG NMR spectrum in Fig. 5 at different §;, values indicated on the left of
each line shape.

line shapes are simulated with a single set of such parameters. At high
frequencies (8i50 = 1715ppm), the CSA can be characterized by
A= -1032 * 50ppm and n = 0.30 *+ 0.05. With decreasing che-
mical shift, the magnitude of both A and n gradually increase until &;5,
~1600 ppm, at which point the isotropic line shape is dominated by the
major Te environment in the glass structure and is characterized by A
and n of —1215 + 30 ppm and 0.50 = 0.03, respectively. These va-
lues of A and n remain practically unchanged, within error, between
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-900 T T T 1 T T 0.60 1600 ppm and 1400 ppm and then change to —1125 + 50 ppm and
_950_' :~0 - 0.45 = 0.05, respectively, between 1400 and 1350 ppm (Fig. 7). The

| E continuous change in A and n between ~1600 and 1700 ppm (Fig. 7)

-1000 :_0'50 suggests significant overlap between the two Te environments, which

0 _1050_' s [ warrants simulation of the anisotropic line shapes in this region with
g | oL Lo45 = two components. Examples of such simulations are shown in Fig. 8,
< -1100 [ ? which indicate that the anisotropic line shapes in this region can be
& Fo40 £ described well in terms of the two sets of A and n parameters that are
£ 11504 i characteristic of the two Te environments. The corresponding varia-
.g 12004 :'0'35 < tions of the CSA parameters obtained from these simulations, and the
< | :_030 relative contributions of the two Te environments thus obtained, are
-1250 i shown in Fig. 9. Following this line of argument, the isotropic **Te
_]300_' 5_0.25 NMR spectrum can indeed be simulated well with the two glassy and

| b one crystalline environment, as shown in Fig. 9. Furthermore, the re-

-1350 ——F————7————————— —————7—+ 0.20 lative contributions of the two glassy environments obtained from this
1800 1700 1600 1500 1400 1300 fit agree reasonably well with those obtained from the simulations of

'"Te Isotropic Chemical Shift (ppm)

Fig. 7. Variation of anisotropy A (black squares) and asymmetry parameter n
(blue circles) of the '?*Te NMR chemical shift tensor with isotropic chemical
shift, as obtained from simulation of each anisotropic line shape with a single
set of A and n. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

the anisotropic line shapes (Fig. 9c¢).

The two glassy Te environments with corresponding resonances
centered at 1518 and 1705 ppm are present in a 86:11 ratio and con-
stitute 97% of the isotropic signal, while the crystalline environment
makes up for the rest 3% (Fig. 9). The major component at 1518 ppm
can be identified as a somewhat distorted TeO, trigonal bipyramidal
environment as this '*°Te 8, is very close to that of y-TeO,, while the
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Fig. 8. Experimental (black solid line) and simulated (red dashed lines) anisotropic 1?*Te NMR spectral line shapes of glassy TeO,, taken from the 12°Te pjMATPASS/
CPMG NMR spectrum at a series of J;, values as indicated at the top left corner for each case. For two-component fits, individual simulation components are shown in
light orange and teal. Fit residuals are shown as blue lines. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)
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Fig. 9. (a) Experimental (solid line) and simulated (dashed line) ***Te isotropic
NMR spectrum of glassy TeO,. The three constituent simulation components
corresponding to y-TeO,, crystal, glassy TeO4 and TeO3 environments are shown
in red, light orange and teal, respectively. The line shapes of glassy components
are a mixed Gaussian-Lorentzian (78% Gaussian) while that of the crystal
component is 100% Gaussian. (b) Variation of A and n with isotropic chemical
shift, as obtained from simulations shown in Fig. 8. (c) Relative intensities of
glassy TeO4 and TeO; environments obtained from simulation of the isotropic
line shape (dashed lines) are compared with those obtained from simulation of
anisotropic line shapes (symbols) at various chemical shifts. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Table 1

Isotropic chemical shift, anisotropy A and asymmetry parameter 1 of crystalline
TeO, polymorphs and glassy TeO, from literature and obtained in the present
study. Numbers in parentheses indicate the error.

125Te Environment 8, (ppm) A (ppm) n Source

a-TeO, 1469 (2) —1107 (6) 0.66 (0.02) Garaga et al. [6]
v-TeO, 1509 (10) —1407 (12) 0.45(0.02) Garaga et al. [6]
g-TeO, 1570 (10) —1260 (45) 0.5 (0.01) Garaga et al. [6]
g-TeOy 1477 —1285 0.74 Sakida et al. [14]
g-TeO,, TeOy 1518 (10) —1215(30) 0.5(0.03) Present Study
g-TeO,, TeO3 1705 (10) —1032 (50) 0.3 (0.05) Present Study

CSA parameters are in between that of a-TeO, and y-TeO,, with A being
closer to that of a-TeO, and n being closer to that of y-TeO, (Table 1).
Based on these chemical shift parameters and on what is known about
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the local Te environments in the two crystalline TeO, phases, we argue
that this TeO4 environment in the glass is more akin to that in y-TeO, in
which all the Te-O bond lengths are dissimilar and, as reflected in its n
value, the environment likely includes one Te-O bond that is somewhat
longer than the others. In comparison with the major component, the
minor component at 1705 ppm is characterized by lower A and 1. These
CSA parameters A = —1032 ppm and n = 0.3 fall in the range expected
for either the TeOj; trigonal pyramid or the distorted trigonal bipyr-
amidal TeO3.; environment that are characteristic of a wide range of
tellurite crystals [13]. For example, the TeO3,; environment in the
MgTe,Os crystal is characterized by: 8;5, = 1669 ppm, A = —1130 ppm
and n = 0.29. This trigonal bipyramidal Te-O environment in the
structure of MgTe,Os (Fig. 1) consists of three short Te-O bonds (1.85,
1.86, and 1.97 A) and one long bond (2.40 Z\) [28]. The similarity of the
three short Te-O bond lengths and of the three O-Te-O angles in the
TeOs3 ., coordination polyhedra in MgTe,Os result in an increased
spherical and axial symmetry of the chemical shift tensor at the Te site,
compared to that for the Te sites in trigonal bipyramidal TeO, en-
vironments. Therefore, considering the similarity in the chemical shift
parameters between that of the minor component in glassy TeO» and of
the TeO3,; environment in the MgTe,Os crystal, it is quite likely that
the former indeed corresponds to TeOs, 1 environment in the glass. In
fact, the presence of long Te-O,, distances characteristic of TeO34
environments have previously been inferred from comparing the 'O
NMR chemical shift of glassy TeO, to that of K;Te4O9 which has Te-O,x
bond lengths upward of 2.5 A. It has been argued that the bond strength
of these long bonds is large enough to be considered a formal bond,
albeit weak [6].

On the other hand, the '**Te §;,, range for this minor glassy com-
ponent covers the §;5, range observed for TeO3 units in tellurite crystals.
The fact that the 85, distribution for this peak extends to higher fre-
quencies well beyond the range characteristic of TeOs3.1
(1599-1679 ppm) reported for tellurite crystals is a strong indication
that it may represent TeOs-like environment in TeO, glass. It is not
clear at this time whether these units are distinctly of the Te(=0)0/»
variety that contain a terminal oxygen or whether they are TeOs;
units with one rather long Te-O, distance. Garaga et al. has pointed out
that the 1”0 NMR spectrum of TeO glass is somewhat inconsistent with
the presence of a terminal oxygen atom in the coordination environ-
ment of Te [6]. However, the small fraction (~11%) of this Te en-
vironment in TeO, glass as determined in this study would predict that
only ~5-6% of the oxygen atoms would be of the terminal type, which
may go undetected in ’O NMR. It is important to note that if the co-
ordination number for Te in the minor Te-O environment is taken to be
3, then the relative fractions of the major and minor glassy resonances
corresponding, respectively, to TeO, and TeOs; environments as ob-
tained from the simulation of the isotropic '?*Te line shape shown in
Fig. 9, yield an average coordination number nr.o = 3.9 for glassy
TeO,. This coordination number is higher than the previous estimates
of nreo obtained from neutron diffraction and molecular dynamics si-
mulations using a Te-O nearest-neighbor coordination shell cut off
distance of 2.36-2.46 A [4,20,21].

It may be argued that the significant change in A on the low-fre-
quency side of 1400 ppm (Fig. 7) warrants the incorporation of an
additional peak in the spectral fitting in this region. An example of such
a fit is shown in Fig. 10 and the resulting residual is compared with that
obtained from the fit in Fig. 9. Although the quality of the fit is
somewhat improved on incorporation of the low-frequency peak, its
isotropic shift centered near 1350 ppm does not correspond to any
known Te environment in crystalline tellurites. Therefore, it is perhaps
more reasonable to consider that the change in A near the low-fre-
quency tail is simply a result of the local variation in the distortion of
the same TeO, trigonal bipyramidal environment. It is worth noting
here that a recent study by Garaga et al. [29] has established an ap-
proximately linear correlation between the '**Te 8, and the Te-O co-
ordination number in tellurites. According to this correlation the
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Fig. 10. Top: Simulation of '?>Te isotropic NMR spectrum of glassy TeO, with 3
glassy environments. Bottom: comparison between the residuals of fits with 2
and 3 glassy environments, shown as solid and dashed lines, respectively.

isotropic shifts of five and six- coordinated Te are in the range of ~1120
and 750 ppm, respectively. Therefore, it is clear that the isotropic '*°Te
NMR spectrum in Fig. 9a does not provide any indication of the pre-
sence of significant concentration of such high-coordinated Te species
in TeO, glass (Fig. 9).

The sharp resonance at 1491 ppm, corresponding to the Te en-
vironment in the crystal phase, is most notable by the abrupt changes in
both A and 7 relative to the local trend for the glassy environments
(Figs. 7 and 8). Despite the relatively small fraction of the crystalline
component (vide infra), the A and n for the corresponding Te en-
vironment with 8;;, = 1491 ppm can be obtained with reasonable ac-
curacy and are found to be —1263 * 20 ppm and 0.47 * 0.03, re-
spectively (Fig. 8). These 8;50, A, and n values for the crystalline Te
environment are all similar to that reported for v-TeO,
(8iso = 1500 ppm; A = —1410ppm, and n = 0.45) [6]. The slightly
lower A of the crystalline environment compared to that reported in the
literature for y-TeO, is likely due to the fact that the anisotropic slice at
this 8, in the '>>Te NMR spectrum in Fig. 5 is a superposition of both
the crystalline and the glassy components [6]. The presence of the
crystalline y-TeO; in small amount in the glass sample is not surprising
as it has been noted previously that the y phase nucleates first upon
slow heating of glassy TeO, and at higher temperatures the y phase
transforms into a-TeO, [9,10]. The crystalline component constitutes
only ~3% of the glassy TeO, sample (Fig. 9). This low crystal fraction is
consistent with the absence of any indication of crystallinity in the XRD
powder pattern and the Raman spectrum of this sample (Figs. 3 and 4).
This result also serves to show the relative sensitivity of the 2D '*°Te
NMR technique to the presence of a small fraction of crystalline com-
ponent in a glass.

4. Conclusions

The '?°Te pjMATPASS/CPMG NMR spectrum indicates the possible
presence of two distinct Te-O coordination environments in glassy
TeO,. Detailed analysis of the NMR data suggests that ~89% of the Te
atoms are present in a trigonal bipyramidal TeO4 environment, similar
to that found in crystalline y-TeO,. The '?®Te NMR parameters of the
second Te site are consistent with either a TeO3 environment of the type
Te(=0)0,,, with a terminal oxygen or, a TeO3,; environment. Here
we assign the second Te site to a TeO3 environment. Approximately
11% of the Te atoms are present in this environment in TeO, glass. The
resulting average Te-O coordination number of = 3.9 is somewhat
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higher than those reported in previous studies based on neutron dif-
fraction and molecular dynamics simulation.
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