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ABSTRACT: The structure of TcO, between 25 and 1000 °C has been determined in-situ using powder diffraction methods and is
found to remain monoclinic in space group P2,/c. The thermal expansion in TcO, is highly anisotropic with negative thermal ex-
pansion of the b-axis observed above 700 °C. This is the result of an anomalous expansion along the a-axis that is a consequence

of weakening of the Tc-Tc bonds.

Introduction

Technetium is the lightest element that does not have a sta-
ble isotope. The most abundant isotope is **Tc, which is a soft
B emitter (292 keV) with half-life of 2.11 x 10° years, that
forms as a product of the fission of uranium in a mass yield of
6.1%. The efficient and safe management of nuclear waste is
significantly impacted by the presence of *Tc, in terms of
both the amount of radiation produced and the mobility of this
in the environment. Paradoxically *"Tc, with a half-life of 6
hours, is the most commonly used medical radioisotope and
this is produced by the neutron irradiation of Mo to form *Mo
in uranium fission reactors. Currently there is no agreed
optimal method to manage *Tc, reflecting the paucity of
knowledge regarding the stability of the oxide phases that will
be involved in its long term storage ' and more fundamental
studies of technetium oxides are essential *.

The room temperature structure of technetium dioxide
TcO,, the simplest of the technetium oxides, has been studied
using X-ray powder diffraction (XRD) 3, neutron powder dif-
fraction (NPD) * and X-ray absorption spectroscopy (XAS) °.
Muller and co-workers © described TcO, as having a distorted
rutile structure and, following Magneli and Anderson ’, pro-
posed that this was isostructural with MoO,. This proposal
was confirmed in the recent neutron diffraction study of Ro-
driguez et al. * who successfully refined the structure in space
group P2,/c. The tetragonal rutile structure is based on edge-
sharing chains of MOg that run along the [001] direction with
the metal atoms equidistant in the chain, see Figure 1. In the
monoclinic MoO, structure strong M-M interactions between
the unpaired 4d valence electrons cause the structure to distort,
results in the formation of Mo —Mo pairs and each Mo —Mo

pair tilts away from a to create alternating short (2.508 A) and
long (3.114 A) Mo —Mo separations along the a axis in such a
way that the cations along the edge-sharing chains move clos-
er and further away . In space group P2,/c the chains of edge
sharing octahedra are along [100].

2,612 A

3.088 A

Figure 1. Comparison of the TiO, rutile and TcO, structures.
The changes in the Tc-Tc distances along the a-axis are high-
lighted by different colours for different Tc-Tc lengths, and
the effect of Tc-Tc dimerization on the separation of the ani-
ons across the shared edge is illustrated. The red spheres rep-
resent the anion oxygens and the cations are at the centre of
the polyhedra.
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There is considerable interest in low dimensional oxides
containing transition metals due to their unique electronic and
magnetic properties. Systems containing early 4d and 5d tran-
sition metals, especially Mo, Ru, W and Re, can potentially
exhibit direct metal to metal (M-M) bonding between the tran-
sition metal cations, as evident in MoO, and other oxides con-
taining one-dimensional infinite chains such as Ln,Mos0;, (Ln
= lanthanoid) ° *° or Y:Re,O;, ™ and in lower dimensional
oxides such as Li,RuO; **. Whilst M-M bonding in molecular
compounds has been extensively studied, there is a paucity of
reports of oxides with M-M bonds. Thermally induced break-
ing of M-M bonds is rare although it is observed in VO,
which, in its low temperature insulating phase, is isostructural
with TcO,. Above 340 K VO, adopts the regular rutile struc-
ture and is metallic ** **. Understanding the metal insulator
transition of VO, remains problematic despite the vast number
of studies of this oxide ' . It is generally accepted that the
metal-insulator transition in VO, is a consequence of breaking
of the M-M bonds formed between VO, polyhedra *'.

There have been a number of studies of the environmental
stability of TcO,, both in terms of its dissolution in water and
its precipitation from solutions of technetium'®. In oxygenated
environments, Tc(V1I) is soluble and mobile as the pertechne-
tate ion (TcO, ), but under reducing conditions, it precipitates
as Tc(IV) species. Iron(ll)-containing minerals are able to
reduce Tc(VI1) to Tc(1V) abiotically *°. The high temperature
behaviour of solid TcO,, to our knowledge, has never been
reported. The present work describes the investigation of the
high temperature behaviour of TcO, in-situ using SXRD and
NPD and we show a remarkable weakening of the Tc-Tc in-
teractions upon heating, and compare the observed structural
changes to those seen in other rutile type oxides.

Experimental

Caution! *Tc is a B- emitter (Epax = 0.29 MeV). All ma-
nipulations were performed in a laboratory designed for radio-
activity using efficient HEPA-filtered fume hoods, and follow-
ing locally approved radiochemistry handling and monitoring
procedures. Laboratory coats, disposable gloves, and protec-
tive eyewear were worn at all times. Samples were transport-
ed in approved containers.

Synchrotron X-ray powder diffraction (SXRD) data were
collected over the angular range 5 < 20 < 85°, using X-rays of
wavelength 0.72800 A, calibrated using a NIST SRM 660b
LaBg standard, on the powder diffractometer at beamline BL-
10 of the Australian Synchrotron®. The sample (~ 3 mg) was
housed in a 0.3-mm-diameter quartz capillary, which were
rotated during the measurements. The capillary was flame
sealed for protection against the spread of radiological materi-
al. The data were obtained using a bank of 16 Mythen detec-
tors, each of which covers 5 degrees of data. Diffraction data
were collected for 5 min at each of the two detector positions,
to avoid gaps in the data from the individual modules. Neutron
powder diffraction experiments were performed on a 2g sam-
ple sealed in 6 mm diameter vanadium can at the high-
resolution powder diffractometer Echidna® at ANSTO’s
OPAL facility at Lucas Heights. The SXRD and NPD data
were refined by the Rietveld method using the GSAS refine-
ment program “°. A pseudo-Voigt function was chosen to gen-
erate the line shape of the diffraction peaks. No regions were
excluded in the refinements against the SXRD data. The fol-
lowing parameters were refined in the final analysis: scale
factor, zero-point error, background (12 (neutron) or 24

(SXRD) term shifted Chebyschev) coefficients, lattice pa-
rameters, positional coordinates and isotropic atomic dis-
placement.

X-ray absorption near edge structure (XANES) spectra were
collected from TcO, and SrTcO; standard at the Tc K-edge on
beamline BL-12 # at the Australian Synchrotron in transmis-
sion mode using argon-filled ionisation chambers *. 2 mg of
Tc-containing powder sample was first mixed with an appro-
priate amount of BN, and the mixture was then loaded into a
3.5 mm diameter hole at the centre of a 1 mm thick Al plate.
The samples were sealed using two Kapton tapes on both sides
of the Al plate. The energy calibration was carried out using
the Mo K-edge at 20000 eV. The software package Athena
was used for background subtraction and normalisation *.

Results and Discussion
Room temperature structure

The synthesis of TcO, was achieved via the decomposition
of (NH,)TcO, under an Ar atmosphere at 750 °C. The syn-
chrotron X-ray diffraction (SXRD) pattern of the sample was
well fitted using the monoclinic P2,/c model described by
Rodriguez et al.,* and there was no evidence for any crystal-
line impurities. Subsequently the structure was refined against
a combined SXRD and Neutron Powder Diffraction (NPD)
data set and as evident from Figure 2 and Table 1 this resulted
in acceptable fits to both data sets. The SXRD data provide
more precise information on the lattice parameters and cation
position, whereas the NPD data give much more precise in-
formation on the oxygen positions. As described previously
TcO, has a distorted rutile-type structure with alternating short
and long Tc-Tc bond distances of 2.612(1) and 3.088 (1) A
respectively. There are two crystallographic distinct anions
and the average Tc-O1 and Tc-O2 distances, 2.006(3) A and
1.960(3) A, are essentially identical. These structural features
are in good agreement with the literature *.
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Figure 2. Rietveld refinements of SXRD and (inset) NPD data of
TcO, at room temperature. The lower line is the difference be-
tween the data (symbols) and the calculated profile (solid line).
The vertical markers show the positions of the Bragg reflections
allowed by space group P2,/c. The gaps in the neutron profile are
excluded regions containing reflections form the Nb heating ele-
ments of the furnace.

X-ray absorption near-edge structure (XANES)



The normalised Tc K-edge XANES spectrum of TcO, at
room temperature is shown in Figure 3. The spectrum of the
perovskite SrTcOs, in which Tc exists in a tetravalent state in
an octahedral environment, is also shown. Whilst the energy
of the absorption edge of the two oxides is similar and con-
sistent with the Tc** state, there are significant differences in
the lineshape of the two spectra. These differences reflect the
greater distortion in TcO, as a result of the Tc-Tc pairing.
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Figure 3. Normalised Tc K-edge XANES spectra of TcO,, and
SrTcOs. The similarity in the edge position demonstrates the pres-
ence of Tc** in both oxides.

High temperature synchrotron X-ray and neutron powder
diffraction

Muller et al. reported that TcO, was stable up to 1100 °C,
although they did not investigate the temperature dependence
of the structure ®. The high temperature behaviour of the
structure of TcO, was investigated using SXRD and NPD. The
temperature dependence of the unit cell parameters obtained
by Rietveld refinement against SXRD data are shown in Fig-
ure 4. The thermal expansion of TcO, is anisotropic. Posi-
tive thermal expansion of the c lattice parameter was observed
over the whole temperature range studied (25-1000 °C).
However, whilst approximately linear positive thermal expan-
sion was observed for the a and b lattice parameters below
600 °C, at temperature above this the rate of expansion of the
b lattice parameter changed with temperature exhibiting a
maximum near 700 °C and negative thermal expansion at
temperatures above this. The rate of thermal expansion along
the a-axis is observed to increase more rapidly above 700 °C.
The monoclinic angle mirrors the thermal expansion along the
b-axis, decreasing to a minimum value near 700 °C, above
which it begins to increase. Despite this unusual behaviour
there is no evidence for any structural transition, and the P2,/c
model fits the data up to 1000 °C. Indeed the unit cell volume
showed typical positive thermal expansion. Fitting this to a
quadratic function showed there was small deviation from this
at the highest temperatures, although no additional reflections
were evident in the diffraction pattern suggesting little, if any,
decomposition of the sample had occurred.

Table 1 Structural parameters of TcO, at room temperature
and at 900 °C refined against combined SXRD and NPD data
sets.

Temp (°C) 25 900

a(A) 5.6918(2) 5.7562(2)
b (A) 4.7621(2) 4.7752(2)
c(A) 5.5231(2) 5.5605(2)
B(°) 121.5457(4) 121.4875(2)
Vol (A% 127.58(1) 130.336(8)
Tc 4e (x,y,2)

X 0.2631(1) 0.2613(1)
y 1.0048(4) 1.0067(3)
z -0.0155(1) -0.0126(1)
Uis, X100 (A% 0.51(1) 1.34(1)
01 4e (x,y,2)

X 0.1043(5) 0.0946(6)
y 0.1897(5) 0.2005(7)
z 0.1953(5) 0.1945(6)
Uis X100 (A% 1.13(4) 2.35(7)
02 4e (x,Y,2)

X 0.3906(5) 0.3864(6)
y 0.7096(5) 0.7039(6)
z 0.2731(4) 0.2767(6)
Uis, X100 (A% 1.01(4) 2.52(7)
R, (NPD) 0.0376 0.0342
R, (SXRD) 0.0477 0.0372
R, (Total) 0.0472 0.0343
Ru, (Total) 0.0582 0.0501
Tc-01 (A) 2.012(2) 2.063(3)
Tc-01 (A) 2.011(3) 2.008(3)
Tc-01 (A) 1.994(3) 1.974(3)
Tc-02 (A) 1.958(3) 1.996(3)
Tc-02 (A) 1.967(3) 1.986(3)
Tc-02 (A) 1.954(2) 1.946(3)
Tc-Ogvg () 1.983 2.005
Ad x 10 5.78 12.9
BVS 4.02 3.90
Tc-Te (A) 2.612(1) 2.679(1)
Tc-Te (A) 3.088(1) 3.084(1)

Following Rogers et al.?° the c/a ratio for the rutile pseudo-
cell of TcO, was estimated as c/a = a/(b + csin8). The c/a
ratio for the monoclinic MoO, type oxides is systematically
smaller than that of the tetragonal rutiles and Rogers and co-
workers *°concluded that this is indicative of M-M interactions
with the length of the shorter M - M distance reflecting the
strength of the bond. Bolzan et al. ¥’ postulated that, even in
the absence of the dimerization observed in the MoO, type
oxides, metallic bonding in rutiles results in a contraction in ¢
and consequently a small c/a ratio. As evident from Figure 4
the c/a ratio in TcO, initially decreases upon heating and then
increases. Remarkably there are relatively few crystallograph-



ic studies of the thermal expansion of rutile type dioxides. It
appears that for TiO, itself both a and c increase with increas-
ing temperature, such that the c/a ratio shows a small approx-
imately linear increase 2. A similar situation occurs for the
high temperature tetragonal phase of VO,. Conversely for
MnO, the c/a ratio decreases, approximately linearly, upon
heating . Caution must be exercised in extrapolating from
these observations, since the literature studies typically cover
limited temperature ranges and were conducted at relatively
coarse temperature intervals.  Nevertheless it is tempting to
postulate that the non-linear change in the c/a ratio in TcO, is
significant and is indicative of a weakening of the Tc-Tc inter-
actions above ~ 700 °C. Evidence to support this postulate
comes from the temperature dependence of the Tc-Tc distanc-
es shown below.

As illustrated in Figure 5 both the short and long Tc-Tc dis-
tances in TcO, initially increase upon heating, although the
rate of increase of the shorter Tc-Tc distance is clearly greater.
That both distances initially increase is not surprising given
the increase in the unit cell volume, illustrated in Figure 4.
Around ~ 600 °C the rate of increase of the shorter Tc-Tc dis-
tance increases, such that at 1000 °C this distance is approxi-
mately 3% larger than the value estimated from a linear ex-
trapolation of the expansion between 25 and 600 °C. The
longer Tc-Tc distance reaches a maximum value near ~ 600
°C and then this begins to decrease. In the ideal tetragonal
rutile structure these two distances would be equal, however a
transition to such an arrangement appears remote. The tem-
perature dependence of the short Tc-Tc distance mimics that
of the a lattice parameter, reflecting the fact that the edge-
sharing TcOg chains run along [100] in the monoclinic cell.
Based on the changes in both the c/a ratio and the Tc-Tc dis-
tances it seems reasonable to conclude that the strong Tc-Tc
bonding weakens as the temperature increases.
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Figure 4. Temperature dependence of the lattice parameters, unit
cell volume and rutile c/a ratio extracted from Rietveld refine-
ments of SXRD data of TcO,.

The onset of the weakening of the Tc-Tc bond coincides
with the other structural changes, and is presumably the cause
of these. In general when M-M bonded dimers form the metal
ion shifts from the octahedron centre in the direction of the
corresponding octahedral edge, and the octahedra experiences
a large distortion. This is most evident in the O-Tc-O bond
angles in TcO,. The formation of the Tc-Tc bond results in
repulsion of the two bridging oxygen anions away from each
other and at all temperatures the O2-O2 distance across the

shorter shared edge is significantly longer than the O1-O1
distance across the longer shared edge, the values at room
temperature being 2.883 vs 2.604 A. This displacement of the
02 anions allows direct overlap between the Tc t,, orbitals.
The displacement of the anions is also evident from the bond-
angles with the Tc-O1-Tc angle being noticeably larger than
the Tc-0O2-Tc angle, 94.1(3) vs 81.7(4)°. Heating the sample
to 900 °C reduced the anisotropy in these with the 02-02 dis-
tance decreasing to 2.813 A and the 01-O1 distance increasing
to 2.716 A and bond angles changing to 92.4(4) and 83.5(4) °
for Tc-O1-Tc and Tc-O2-Tc respectively.
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Figure 5. Temperature dependence of the Tc-Tc distances in TcO,
established by Rietveld refinements against SXRD data. Where
not apparent the esds are smaller than the symbols.

The distortion of the TcOg octahedra can be quantified using
the quantity Ad = %Z(d‘;ﬂ)z where d,, is the average Tc-O

distance and d; the individual Tc-O distance. The distortion of
the TcOg octahedra at room temperature, Ad = 5.8 x 1074, is
greater than that observed in TiO, (2.1 x 10™) but is less than
that observed in the monoclinic oxides WO, (15.7 x 10™) and
MoO, (21.5 x 10™). VO, has a still greater distortion, 112 x
10*. Rogers et al. *® postulated that as the M-M distance
shortens the distortion of the MOy octahedra increases, this is
not the case since the Tc-Tc distance is similar to the V-V
distance in VO, but the distortion of the MOg octahedra are
very different. There is a systematic increase in Ad of TcO,
upon heating evident from analysis of the NPD data. Due to
the limited number of temperatures studied by NPD (8) com-
pared to SXRD (48) and the lower signal to noise in the NPD
data, it is not feasible to comment further on this.

Considering now the anisotropy of the thermal expansion,
recall that anisotropic thermal expansion is not unusual in
metal oxides and can arise from cooperative displacements of
semi-rigid polyhedra, often described by rigid unit mode
(RUM) analysis. Negative thermal expansion (NTE) can re-
sult in the extreme RUMs. In the present case the distortion of
the TcOg octahedron suggests such an approach is inappropri-
ate. The linear thermal expansion coefficients (TEC) in TcO,

between 25 and 600 °C, defined as a; = W where | is
25%

the appropriate unit cell parameter (a, b or ¢) and AT the
change in temperature, are approximately equal, 8.74, 5.2 and
7.5 x 10° K for a, b and c respectively. Since the unit cell
volume shows conventional thermal expansion (the average



linear TEC & between 25 and 1000 °C, calculated in a similar
manner using the cube root of the volume, is 11.3 x 10° K™%
the expansion in a that occurs above 600 °C in response to the
weakening of the Tc-Tc bond needs to be compensated by
contraction elsewhere and this drives the unusual thermal re-
sponse of the lattice parameter b and the monoclinic B angle.
The TEC along the b-axis around 1000 °C is -24.9 x10° K™.
This compares to the TEC in NTE materials such as -
7.2x10°K " for Zrw,05 * or —33 x 10°° K™' for Cd(CN), *..

Finally we address the question of why TcO, is so different
to VO,. Comparing the short M-M distance for the isostruc-
tural series VO,, MoO, and TcO, (2.619, 2.508 and 2.612 A
respectively) it appears that the Tc-Tc and V-V bond orders
are one whereas the Mo-Mo bond order is two * ?°. This can
be explained using the molecular orbital (MO) approach of
Goodenough where for the d* dimers in VO, the electrons
form a o type M-M bond ¥. For the d* dimers of MoO, the
additional electrons occupy a M-M = type orbital. Due to dis-
tortion of the octahedra the degeneracy of the t,q orbitals is
lifted and for the d* dimers in TcO, the next level occupied is a
M-M =" type orbital which weakens the M-M bonding. The
formation of a single ¢ type M-M bond has been validated by
DFT calculations *, that reveals broadening of the bands as a
consequence of the diffuse nature of the 4d orbitals. Similar
broadening is expected to occur for TcO,. Since the bond
order in TcO, is comparable to that of VO, (with a metal-
insulator transition temperature, Ty ~340K *) and NbO,
(which has a subtly different structure and Ty,~1070 K *), it is
not unreasonable that the dimerization of the Tc ions may be
broken down by heating to modest temperatures. Such a tran-
sition is expected to be a metal-metal transition, rather than the
insulator-metal transition observed in VO, and NbO,. More
sophisticated analysis including cluster ** and DFT * calcula-
tions, augmented by high resolution X-ray photoemission
spectroscopy *°, of MoO, have demonstrated that splitting of
the t,, orbitals occurs as described by Goodenough®. Whilst
the Goodenough model provides a clear explanation for the
relative bond M-M strengths in these types of oxides, it does
not explain the thermally induced weakening of the Tc-Tc
bond, since an electron thermally excited from the M-M ©~
type orbital is likely to occupy a d type MO, see Figure 6.
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Figure 6. Molecular orbital ordering diagram for the d-
electrons involved in forming the metal-metal bond in TcO..

Conclusions

It is demonstrated that TcO, is stable to 1000 °C, and that
the structure remains monoclinic in space group P2,/c to this
temperature. The thermal expansion in TcO, is highly aniso-
tropic with negative thermal expansion of the lattice parameter
b observed above 700 °C. This is a consequence of an anoma-
lous expansion along the a-axis that is a consequence of weak-
ening of the Tc-Tc bonds. Whereas in the isostructural d*
oxide VO, the V-V bond is broken on heating, resulting in a
transition to the regular rutile structure, the tetragonal rutile
structure is not formed in TcO, up to 1000 °C. It is possible
that the rutile structure will form in TcO, at higher tempera-
tures, however experimentally accessing this is problematic
due to the radioactive nature of Tc. Irrespective of this, that
the Tc-Tc bond gradually weakens upon heating is unusual
and is apparently not duplicated in VO,. Whilst the MO de-
scribed by Goodenough * can be used to explain the effect of
increasing the d-orbital occupancy on the formation and rela-
tive strength of the metal-metal bonds in MoO, type oxides
and explains the relative stability of the regular versus distort-
ed rutile structure in TiO,, VO, and MoO, it does not provide
a reason for the thermally induced weakening of the Tc-Tc
bond observed in this work. Since TcO, with a regular rutile
structure is expected to be metallic, establishing the im-
portance of metallic conductivity on the stability of the M-M
bonds in rutile type oxides is clearly worthy of investigation.
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TcO, has a monoclinic structure in space group P2;/c between 25 and 1000 °C as established using a
combination of synchrotron X-ray and neutron powder diffraction methods and is found to remain mon-
oclinic in the same space group. The thermal expansion of the lattice is highly anisotropic with negative
thermal expansion of the b-axis observed above 700 °C. This appears to be a consequence of weaken-
ing of the Tc-Tc bonds that form along the a-axis.




