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Abstract: Antimony oxides are important materials for catalysis and flame-retardant applications.
The two most common phases, a-Sb,O3 (senarmontite) and B-Sb,O3 (valentinite), have been studied
extensively. Specific focus has been placed recently on their lattice dynamics properties and how they
relate to the a-p phase transformation and their potential anharmonicity. However, there has not been
any direct investigation of anharmonicity in these systems, and a surprising lack of low-temperature
structural information has prevented further study. Here, we report the powder neutron diffraction
data of both phases of Sb,O3, as well as structural information. a-Sb,O3 behaved as expected, but
B-SbyO3 revealed a small region of zero thermal expansion along the c axis. Additionally, while the
phase matched well with reported atomic displacement parameters, the « phase displayed a marked
deviation. This data will enable further investigations into these systems.
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1. Introduction

Antimony is a toxic group 15 element mainly found in trace amounts in the Earth’s
crust (0.2-0.5 ppm) as the mineral stibnite (Sb,S3). Antimony oxides find many uses
in industrial processes such as in flame retardants, polymerization catalysts, and as an
additive in brake linings [1]. The oxide Sb,Oj3 is found in several forms, including cu-
bic senarmontite (¢-Sb,O3) [1], orthorhombic valentinite (8-Sb,O3) [2], and the more re-
cently discovered high-temperature and high-pressure phase, orthorhombic y-Sb,Os [3].
As shown in Figure 1-Left, a-SbyO3 forms isolated cages of Sb4Og that are isomorphous to
arsenolite (c-AspO3) and finds use in catalysis [4,5], as an enamel opacifier [6,7] and as a
fire retardant [8,9]. In contrast, B-Sb,O3 forms a layer-chained ladder structure with the
Sb and O atoms forming the side rails and another O forming the rungs; see Figure 1-
Right. This compound is often found in Sb,O3-B,O3 glasses to enhance nonlinear optical
properties [10-12].

An interesting aspect of both structures is the presence of stereo-active electronic
lone pairs, nonbonding electrons that can alter and stabilize chemical structures [13] such
as a-SbyO3, with its isolated cages and large void volume, that might otherwise adopt a
structure similar to the long unbroken chain structure of Sb,Ss. These lone pairs often create
large, empty cavities in structures such as f-Sb,O3 and the isomorphous €-BipO3. This
also leads to emergent properties such as low thermal conductivity [13,14] and catalytic
activity [15]. A recent study of B-SbpO3 under high pressure revealed a potential new phase
and indicated changes in the interactions between lone pairs at several critical points [16].
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Figure 1. Crystal structure of (Left) a- and (Middle) B-SbyO3. The a-b plane of the B phase
(Right) shows the space between the ladder structures.

There is extensive work concerning the phase transformation of a-Sb,O3; to
B-SbyO3 [17-27]. However, we did not find any investigation of the lattice anharmonicity or
of the lattice constants below room temperature in either the « or § phases. While a-Sb,O3
is stable at ambient temperatures, the § phase is considered metastable, although it is stable
for long periods of time [28]. A recent work that investigated the lattice dynamics and vi-
brational modes of both phases and their influence on the phase transformation that occurs
around 570-606 K used Mossbauer spectroscopy, nuclear inelastic scattering, and inelastic
neutron scattering [29]. This work confirmed the presence of a debated Sb-O-Sb wagging
band in &-Sb,O3 and also revealed that oxygen vibrational modes play an important role in
the phase transition, as they contribute half of the reported phase transition entropy [30].
Additionally, the temperature dependence of the Mossbauer data raised an important
question. In a-SbyOj3, the atomic displacement ((#?)) matches what is expected from a
harmonic model extrapolation from the Sb-specific phonon data. However, in -SbyO3,
the Lamb-Mossbauer factor (fr1), which is directly related to the atomic displacement
parameter, deviates from a harmonic model at low temperature, suggesting that the Sb
displacement increases more slowly than expected for a harmonic solid at higher tempera-
tures [29]. A potential culprit is the significant anharmonicity in this system. Considering
the structure, such behavior can be rationalized: populating the vibrational modes of the
rung oxygen atoms could lead to an overall contraction of the ladder structure (along the c
axis). Another indication of structural modification comes from the quadrupole splitting
and asymmetry parameters in the Mossbauer spectra which show signs of evolution with
temperature, implying anisotropic thermal expansion, which might be expected for a low
symmetry structure. Unfortunately, the lack of low temperature structural data makes it
difficult to interpret these findings.

We thus obtained structural data for the o and § phases of Sb,O3 for temperatures
between 20 and 300 K, and analyzed the anisotropic thermal expansion. The ladder
structure of B-SbpO3; does produce a zero or small negative thermal expansion along
the c axis at low temperature, although it is not sufficient to cause a contraction of the
total volume.

2. Materials and Methods

Powder of Sb,O3 with 99.99% purity is commercially available from Sigma-Aldrich
(St. Louis, MO, USA) . Despite the chemical purity, the X-ray diffraction pattern of the
commercial material showed a mixture of the « and f polymorphs; see Supplemental
Figure S1. Therefore, pure samples of the « and 3 phases were prepared as follows.

To convert the commercial powder to the pure a phase, we loaded 2.5 g of the as-
received material in a 23 mL Parr autoclave with a Teflon liner. For this hydrothermal
route, 10 mL of a 2.5 M NaOH solution was added to the Teflon liner, and the resulting
suspension was stirred briefly. The autoclave was then sealed and kept at 175 °C for 3 days
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in a convection oven. The material was removed from the autoclave and washed with large
amounts of deionized H>O (Biichner funnel, vacuum filtration) until the filtrate was pH
neutral. The recovered Sb,O3 material was dried overnight at 40 °C in a vacuum oven.
Its diffraction pattern showed pure a-Sb,O3. This synthesis was repeated several times
to produce enough material for neutron diffraction; a portion of the sample was used to
produce B-SbyO3, as described below.

For B-SbyO3, we compared two methods. First, a self-propagating metathesis reaction
was used to produce $-SbyO3 [31]. A mixture of SbClz and NaOH were ground in an
agate mortar for 3 min, and the product was washed with water and then ethanol, which
was followed by drying at 60 °C. Several reactions were conducted, and we note that a
minor &-Sb,O3 impurity was observed as a side product in some reactions. For the second
method, approximately 6 g of a-Sb,O3 produced by the hydrothermal route was placed in
a vacuum-sealed quartz ampule (10 mm diameter, 60 mm long). The ampule was placed
in a stainless steel crucible made with a piece of stainless steel tubing (12 mm diameter,
90 mm long) capped with Swagelok compression tube caps. This assembly was placed in
a tube furnace at 625 °C overnight and then quenched in water. The same method was
also used by heating commercial Sb,O3 directly to 650 °C for several hours, which was
followed by quenching in a bucket of ice water. The recovered material was pure 3-Sb,O3
for both of the latter routes. A very slight amount of preferred orientation was observed in
the Rietveld-refined X-ray diffraction pattern. We used the water-quenched samples for the
neutron diffraction measurements.

The phase purity of all samples was confirmed with XRD measurement using Cu K«
radiation with a wavelength of 0.154 nm. Low-temperature X-ray diffraction data were
collected using a Phoenix cryostat on a Panalytical X-pert Pro diffractometer.

For scanning electron microscopy (SEM), the samples were cold mounted in epoxy
and polished using standard metallography techniques. The samples were then sputter
coated with Au at 5 nm film thickness to increase conductivity. The SEM images and energy
dispersive spectroscopy (EDS) maps were collected using a TESCAN Mira 3 FEG-SEM
operated at 20 kV. An EDAX Octane Elect EDS detector was used for the EDS mapping.

The neutron diffraction data of a- and $-Sb,O3; were obtained from 20 to 300 K at a
wavelength centered at 0.8 A using the time-of-flight (TOF) powder neutron diffractometer
POWGEN at the Spallation Neutron Source (SNS) at Oak Ridge National Laboratory
(ORNL), (Oak Ridge, TN, USA) [32,33]. Rietveld refinements were performed using Fullprof
Suite [34].

3. Results

In order to assess the microstructure and homogeneity of the samples, we carried out
scanning electron microscopy (SEM) measurements of both phases. SEM images are shown
in Supplementary Figures S2 and S3 using secondary electron (SE) images. The main
difference between the & and  powders is in their morphology, with & powders being
more uniform and close to spherical and  powders being lamellar. While this may be
dependent on how the samples were ground, it makes sense that the « phase does not form
lamellar crystals, as it is more cubic and “molecular” in nature. EDS maps for the O and
Sb elements are presented in Supplementary Figures S2 and S3, and were obtained using
K and L lines, respectively. When overlaid on the SEM images, a uniform distribution of
both elements can be observed. These images also reveal the average particle size to be
about 2 x 2 um for the « phase. Pieces of the § phase are much less homogeneous in size
and shape, visually ranging between 1 and 50 pm on a side. No indication of particle-size
broadening was found in the diffraction data, which is consistent with the particle sizes
seen with SEM.

Powder neutron diffraction data were collected from 20 to 300 K on a- and -SbyO3; see
Figure 2 (Presented in g-space in Supplemental Figure S4) and Table 1. Rietveld refinements
of the cubic a phase (space group Fd3m) revealed no anomalies in the thermal expansion of
the lattice, as shown in Figure 3-Left and refinements of the orthorhombic B phase (space
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group Pccn) revealed unusual behavior in the thermal expansion of the ¢ parameter, as
shown in Figure 4. For the a phase the linear thermal expansion coefficient can be extracted
from the high-temperature values to give 1.49 (2) x 107> K~!. The relative positions of the
Sb and O atoms both decrease by 0.2-0.3% within the unit cell from 20 to 300 K, as seen
in Figure 5. This indicates that the size of the Sb,Og¢ cages shrink slightly with increasing
temperature, with Sb-Sb distances within the same cage decreasing, at the edge of the
error bar, from 3.621(1) A at20K to 3.619 (1) A at 300 K. In contrast, the overall distance
between Sb;O¢ units increases with temperature from 2.897(1) A at20K t02.916 (1) A at
300 K, which provides ground for thermal expansion. Isotropic (B;s,) atomic displacement
parameters (ADPs) yielded good refinements. Figure 3-Right indicates a clear increase
with temperature for B;;, of both Sb and O, as expected for increasing thermal vibration-
induced displacement. However, there is some deviation from the previously reported B;g,
(dashed purple line in Figure 3-Right), derived from the temperature-dependent Mossbauer
data [29].
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Figure 2. (Red points) Powder neutron diffractograms of (Top) « and (Bottom) B-Sb,O3 and (black
curves) Rietveld fit at 20 K. The blue curves are the fitting residuals. R, values are 17.1 and 10.8 for «
and B-SbyO3, respectively.
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Table 1. Cell parameters, atomic positions (in fractional coordinates), and isotropic atomic displace-
ment parameters (Bjs,) of a- and B-Sby, O3 at (Top) 20 and (Bottom) 300 K.

20 K a (A) b (A) c(A) V (A% Wyck. X Y z Bis, (A2)
P Sb 32  02402(1) 0.5098(1) 0.0098 (1)  0.159 (5)
Fasm (L1081 11108(1)  11108(1)  1370685(8) o 4gr  031216(6) 0625 0125  0.325(4)
Sb 8e 00390 (2) 0.1277(1) 0.1773(2) 0.064 (15)
Pﬁ L 48910(1)  12430(1) 54058(1)  328637(8) Ol  4e 0.25 0.25 00210 (3)  0.17 (2)
02 8  0.1507(3) 0.0586(1) 0.8540(2) 0.232(15)
300 K a(A) b (A) c(A) V (A% Wyck. X Y z Biso (A2)
P Sb 32  02398(1) 05102(1) 0.01021(1) 0.709 (9)
gy 111496 111496 (1) 111496 (1) 1386.039.(10) 3 e 051 0625 0105 0.883 (8)
Sb 8e 0.0407 (3) 0.1278(1) 0.1783(3)  0.839(2)
pﬁ 49125(1)  12470(1) 54154(1)  331.75(1) O1  4c 0.25 0.25 0.0238 (4)  0.830 (3)
cen 02 8  01532(4) 0.0588(1) 0.8558(3) 0.849 (2)
The O-Sb-O and Sb-O-5Sb bond angles were relatively constant across all temperatures
at 95.94 (4)° and 131.4 (4)°, respectively. These compare well with the reported angles of
95.87 (5)° and 132.51 (7)°, respectively [35]. Previous work reported good fits with slightly
anisotropic ADPs for Sb,O3 and isostructural c-AspOs, although both had multiple negative
values [36]. Using anisotropic ADPs was attempted with the current & phase but did not
improve the refinement.
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Figure 3. Temperature-dependent lattice parameter (Right) and isotropic ADP values (Bjs,-Left)
obtained from Rietveld refinements of a-Sb,O3. The lattice parameter is given in absolute values, and
the adjacent axis indicates the relative change. The purple inverted triangle is the B;;, value extracted
from Sb-specific NIS data, and the dashed purple line is the extrapolated Sb Bjy, using the NIS data
in the harmonic approximation [29]. Error bars are approximately the size of the data points.

The ladder-like structure of f-Sb, O3 is quite different from that of the a phase, which
is comprised of spherical buckyball-like Sb4Og units. The § phase diffraction data was
also fit well by isotropic ADPs (see Figure 4). In contrast, the refined ¢ parameter exhibits
a much smaller expansion, as well as a decrease from 5.40575 (7) A to 540572 (7) A
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upon increasing from 20 to 40 K. Since this decrease is within the error bar, and it can
be viewed as a zero thermal expansion region along this axis. From the linear regions
at higher temperatures, we can calculate the linear thermal expansion parameters («)
of 1.59 (1) x 107>, 1.29 (1) x 107>, and 9.2 (3) x 10~® K~! for a4, b, and c, respectively.
As typical values for linear thermal expansion occur between 1 x 107> and 5 x 107> K1,
these values are not unusual although they are smaller than average. The difference in
the expansion behavior of the a and b axes may be influenced by the weak interladder
Sb-O bonds, preventing stronger expansion between the ladder structures. While the
expansion is largest along the b axis, the relative change is smaller than along a but larger
than along ¢, being only ~0.3% from 20 to 300 K compared to ~0.4% and ~0.2% along a
and c, respectively. In the a direction, bonding is essentially through lone electron pairs.
and it is thus not surprising that the relative expansion along a is quite similar to that in
«-SbyO3 (see Figure 1-Right).

543}
5.42} I
og 5.41_
§ -
S 12481
E L
© 12.46}
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o 12441
i) -
= Sb
S 491t O1 ——
0.2t 02 ——
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NISHarm T
4.89t oo
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Figure 4. Temperature-dependent lattice parameters (Left) and isotropic ADP values (B;s,-Right)
obtained from Rietveld refinements of B-Sb,O3. Lattice parameters are given in absolute values,
and the adjacent axis indicates the relative change. Unless noted, error bars are approximately the
size of the data points. The purple inverted triangle is the B;;, value extracted from Sb-specific NIS
data, and the dashed purple line is the extrapolated Sb B;s, using the NIS data in the harmonic
approximation [29].

We also measured temperature-dependent powder X-ray diffraction from 15 to 300 K
with Cu K, radiation on 3-SbyO3. This seemed to confirm a zero thermal expansion along
the c axis below 50 K; see Supplemental Figure S5. The lattice parameters are slightly
different but within reason for differences between X-ray and neutron diffraction.

The isotropic ADPs (B;s,) range from 0.065(15) to 0.232(15) A2 at 20 K and gradually
increase and converge with increasing temperatures. At 300 K, all three possess similar val-
ues of ~0.84 A2, The Sb Bjs, compares well with the values extrapolated from the reported
nuclear inelastic scattering (NIS) data in the harmonic approximation although there is
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some deviation below 40 K [29]. The extracted B;,, value from NIS at 35 K matches well
with the values for Sb.
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Figure 5. Temperature-dependent atomic positions of (Top) «- and (Bottom) B-Sb,O3. Coordinates
for Sb and O atoms are given in absolute coordinates of the corresponding axis.

While isotropic ADPs provided a satisfactory refinement of the g-Sb,O3 data, we also
used anisotropic ADPs to determine if they provided a better model. When refining all
anisotropic ADP values, only the B1; values showed any appreciable temperature depen-
dence; see Supplemental Figures S6 and S7. The B1; values rose linearly with temperature,
but all other B;; values hovered close to zero (ranging from —0.0041 to 0.0021 A? across all
temperatures), so they were fixed. Fixing these values did not significantly affect the 811
values. The anisotropic fits provided a slightly better fit, with an average x? value of 6.61
vs. 7.42 for the isotropic fits.

The atom positions exhibit consistent shifts with temperature; see Figure 5. The O1
atom constitute the rungs in the ladder structure, while the O2 makes up the side rails;
see Figure 1. The O1 atom is symmetry locked in the X and Y directions at 0.25 fractional
coordinates but has a minor shift in the Z direction. The Sb and O2 atoms shift slightly in
the X and Z direction but show little change in the Y direction.

To obtain a better idea of how these atomic position shifts affect the Sb-O bonding, we
calculated the bond valence sum (BVS) for the Sb atom in both phases. Although there is
some disagreement as to the optimal set of bond valence parameters for Sb-O bonds, here
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we used the rg and b values reported by Sidey [37] of 1.927 and 0.446, respectively. However,
these values are technically only valid for room temperature data and will overestimate the
BVS at low temperature. Thus, we applied a simple correction based on the unit cell volume
at each temperature [38]. Additionally, we used a coordination length limit of 3.5 A [39,40],
so 5 Sb-O bonds were included in calculation for the 8 phase. However, the BVS does not
change significantly with temperature, hovering around 2.973(13) [2.996(12)] valence units
(v.u.) when fit using isotropic [anisotropic] ADPs. In contrast, the BVS for the a phase
(which included 6 bonds) gradually drops by ~0.0085 v.u. from 3.0120(35) to 3.0035(41)
with increasing temperature. The temperature dependence of the BVS in both phases is
displayed in Supplemental Figure S8.

In the B phase, some slight changes in the bond angles occur with increasing temper-
ature; see Supplemental Figure S9. The Sb-O1-Sb and Sb-O2-5b bond angles gradually
increase by approximately 0.5°and 0.3°, respectively, from 50 to 300 K. However, both an-
gles show a slight decrease with increasing temperature from 20 K to 50 K of 0.07°and 0.14°,
respectively. With anisotropic ADPs, both angles are slightly lower across all temperatures
but still reasonably within the error bars. This initial decrease coincides with the region of
zero thermal expansion in the ¢ parameter, so this contraction of the bond angles might
have limited the expansion in this direction.

4. Discussion

The disagreement with the reported Bj;, data for the a phase raises questions. Be-
low 150 K, the harmonic model based on the NIS data matches reasonably well but deviates
more with increasing temperature. In fact, it is rather unexpected that the harmonic model
would match so well with the g phase B;;, data because both phases have similar thermal
expansion and hence anharmonicity. In Jafari et al., the « phase was fit well by the harmonic
model extrapolated from the NIS data, but the § phase showed significant deviation below
~100 K, which was attributed to anharmonicity in the system [29]. At this point, we do
not have a clear explanation of the mismatch of Bj;, in the « phase between the Mossbauer
spectral data and neutron diffraction; however, a possible cause could be that Mossbauer
spectroscopy measures the incoherent, Lamb-Mossbauer, displacement, whereas diffraction
measures the pair-correlated, Debye-Waller, displacement.

Because a-SbyO3 possesses a similar structure to arsenolite (c-Asp;Os), a comparison
is warranted. a-Sb,0Oj3 is a slightly distorted structure compared to As,O3 with angles of
(O-As-0) 98.4 (2)°and (As-O-As) 128.7 (3)°, being slightly larger and smaller than those
of a-SbyO3, respectively [36,41]. Similarly, B-Sb,Oj3 is isostructural with e-Bi;O3;. Here,
the Bi-O1-Bi and Bi-O2-Bi bond angles are both slightly smaller than in -Sb,O3 at 122.13
(19)°and 111.31 (13)°, respectively. Reports of diffraction data of this phase use anisotropic
ADPs [42,43]. Unfortunately, there is no published temperature-dependent diffraction data
on €-BiyO3.

B-SbyO3 exhibits a higher density and is more structurally complex than is the & phase,
which is one indicator that it may actually be the stable phase, whereas the & phase would
be metastable. However, the B phase is more difficult to synthesize, so this question remains
open. SbyOj3 likely exists close to a phase boundary within the group 15 elements. Phases
with discreet X4O¢ units (as for a-SbyO3) exist for P (although it is not a cubic phase) [44],
As, and Sb, but not for Bi. Bi;O3 does support a similar structure although it is a networked
structure as opposed to discreet Bi4Og molecules, likely due to the less repulsive lone
pairs [45]. B-Sb,O3 has an isostructural phase for Bi. As supports structures that resemble
the ladder of 5-SbyO3, but the side-rails are broken or severely distorted [46,47].

5. Conclusions

We analyzed the low temperature powder neutron diffraction data of both « and
B-Sb,O3. We found isotropic ADPs to provide good fits for both phases in contrast to
previously reported values. Anisotropic ADPs also gave a good fit for the  phase, revealing
a significant B value, and thus a pronounced atomic displacement along the a axis.
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However, while we sought out a possible negative thermal expansion in the g phase, we
found only a small region of zero thermal expansion along the ¢ axis.
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