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The cluster compounds MsOyly;; (M = Nb, Ta) and TasOulis(Tals) were obtained from heterogeneous
solid-state reactions and structurally characterised by single-crystal X-ray diffraction. Their crystal struc-
tures are based on the novel [IM5O4] cluster core with metal (M) atoms arranged following the motif of a
square pyramid. lodide ligands contribute to different connectivities in the structures, resulting in (van der
Waals type) waved layer structures. Two structural modifications exist for TasOuly;, denoted as 0-TasOulyy
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and m-TasOylyy, and the compound TasOy4ly4(Tals) encloses [Tals] molecules within voids of the structure.
The two-dimensional nature of the structures and the presence of metal-to-metal bonding motivated
investigations of the electronic properties through optical band-gap measurements, electrical conduc-
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Introduction

The chemistry of reduced niobium and tantalum halides is
characterised by metal cluster compounds that are usually
achieved through solid-state synthesis at elevated tempera-
tures." These compounds display a wide range of structural
motifs and oxidation states, with a pronounced tendency to
form clusters featuring octahedral Mg (M = Nb, Ta) cores.”
Many transition metal (M) halide (X) clusters crystallise in
either the [MgX1,]- or [MgXg]-structural types.’® The [MgX,]
structure consists of twelve halide ligands bridging the edges
of an M, octahedron which generally favours combinations of
larger metal atoms with smaller halides. In contrast, [MXs]
clusters, in which eight halides cap the faces of the octa-
hedron, tend to form when smaller metal atoms are paired
with larger halide ions. Due to the spatial separation of adja-
cent clusters by outer ligands, these crystalline materials typi-
cally exhibit semiconducting behaviour with poor electrical
conductivity.””® The chemistry of binary niobium halide clus-
ters is further enriched by triangular Nb; clusters present in
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tivity studies, electronic band structure calculations, and X-ray photoelectron spectroscopy.

Nb;X; (X = Cl, Br, I), as well as Peierls-distorted NbX,.>'°
Metal-rich tantalum halides exist as TagX;s, TaeX;5 and
TaX4.5,11—15

Beyond these well-established binary systems, the range of
cluster compounds and structural diversity expands signifi-
cantly in heteroanionic halides of niobium and tantalum.
Among the most common examples are chalcohalides, which
include M; clusters, such as Ta;SBr, and ANDb;SBr, (A = Rb,
Cs),'®"® as well as M, clusters exhibiting planar, butterfly or
tetrahedral geometries (e.g. Nb,Ol;p; Ta,SoBrg; Ta,SBryy;
Nb,Se,l,)"">® Octahedral Mg clusters are also observed, as in
NbglsS.”” A notable characteristic of these compounds is the
presence of bridging halides along with the interstitial or
capping atoms, which are most often chalcogenides, and
rarely pnictides (Nb,PnXy,, Pn =N, P; X = CI, Br, 1).>°

Occasionally, molecular MX; units are found to be incorpor-
ated into a cluster network. A notable example is Nb,S;l;o
which can be represented as (Nb;SI),(Nbl;), emphasising the
stabilisation of thermodynamically unstable NbIs; monomers
within the inorganic framework of Nb;SI,. This structure
exemplifies a form of structural synergism, where the enclosed
molecule influences the topology of the surrounding cluster
framework.>® Similarly, space-filling [ZrCls]~ units are observed
in the compound described as Cs;Zr;Cl,)Mn and [TaBre]~
units in (TagBr;,)Br;(TaBre)g s6.”>>°

Less common is the occurrence of pentanuclear Ms clus-
ters. Reported examples generally fall into two categories:
those composed of two different metals, which give rise to a
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variety of geometries, and metal halide clusters that typically
adopt a square-pyramidal cluster core. The latter is commonly
observed in compounds with the general formula [MsX;3]"” (M
=Mo, W, Tc; X=Cl, Br, ; n=0, 1, 2, 3).3'73*

Oxyiodides of niobium and tantalum are reported as MO,]I,
MOI, and NbOI;.>*7*® More recently there has been some pro-
gress in the development of metal-rich oxyiodides.'>?” In the
course of this progress, we present a new class of metal-rich
oxyiodides based on a distinctive M5 cluster motif, observed
for both niobium and tantalum.

These clusters, of the general formula M;0,41;; with M = Nb
and Ta, are shown to exist in two polymorphic forms for tanta-
lum (0-TasO4ly;, m-TasO4ly4), as well as in the compound
Tas;0,41;4(Tal;), containing molecular [Tals] in its structure.
The syntheses and crystal structures of the compounds are
reported, and their electrical conductivities and electronic
structures are analysed through a combination of experimental
measurements and theoretical calculations.

Experimental
Preparations

Manipulations of starting materials, such as charging the
silica ampoules (estimated volume 5 cm?) with starting
materials were performed in an argon-filled glovebox (MBraun,
labmaster 130, O, < 1 ppm, H,O < 1 ppm).

0-Ta;041,,, m-Tas0,41;, and Ta;0,1,,(Tals)

A mixture of Tal; (144.8 mg, 0.178 mmol), Ta (6.1 mg,
0.03 mmol, Merck, 99.9%), Li,O (5.1 mg, 0.169 mmol, ABCR,
96%) and Li,CN, (4.6 mg, 0.085 mmol) was fused into an evac-
uated silica tube and heated with 0.5 K min™" to 500 °C in a
Simon-Miiller furnace. After heating at 500 °C for 48 hours,
0-Tas041;; and m-Tas0,41;; were obtained as black, plate-like
(0-Ta50,414;) and rod-shaped (m-Tas;0,I;;) crystals, which are
sensitive to moisture (estimated yield: ~30% (0-TasO4l4);
~10% (m-Tas04l;,); a powder X-ray diffraction pattern is
shown in Fig. S1, top). Reactions at 500 °C with a shorter reac-
tion time of 12 hours resulted in a few black crystals of
Tas0,41;4(Tals). Additional side phases were red TaO,I and
black, fibrous TaOl,, as well as Ta,0;I, and LiTa;0,1;, which
are reported in this study.

Nb;0,41;4

NbI, (160.8 mg, 0.268 mmol), Li,O (2 mg, 0.067 mmol) and
Li,(CN,) (7.2 mg, 0.135 mmol) were fused into a silica
ampoule and heated to 400 °C with a rate of 0.1 K min~". The
holding time was 24 hours before the reaction was cooled
down to room temperature with a rate of 0.1 K min™". Black,
plate-like crystals of NbsO,1;; were obtained at the walls of the
ampoule (yield: ~10%); NbOI, and NbI; were sublimed to the
cooler part of the ampoule, while Lil, Li;Nb,O51;5*® and an
amorphous phase were found in the hotter part at the bottom.
Crystals behave sensitive in moist air. A powder X-ray diffrac-
tion pattern is shown in Fig. S1, bottom.
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Nbl, and Tal; were synthesised according to literature by
reacting appropriate amounts of niobium or tantalum (Merck,
99.9%) with resublimed iodine (Merck, 99.999%) at
400-450 °C in evacuated quartz ampoules.*®

Li,(CN,) was synthesised as described before,*® by reacting
LiH (99.4%, Alfa Aesar) with melamine (>99%) in a 6:1 molar
ratio under argon.

Powder X-ray diffraction

All reaction products were investigated by powder X-ray diffrac-
tion (PXRD) using a StadiP diffractometer (Stoe, Darmstadt)
with Ge-monochromated Cu-K,; radiation, and a Mythen1
Detector.

Single-crystal X-ray diffraction

Data collections were performed on a Rigaku XtaLAB Synergy-S
single-crystal X-ray diffractometer equipped with HyPix-
6000HE detector and monochromated Mo-K, radiation (4 =
0.71073 A) and Cu-K, radiation (4 = 1.54184 A) at 150 K. X-ray
intensities were corrected for absorption with a numerical
method (crystal faces) using CrysAlisPro 1.171.43.121a (Rigaku
Oxford Diffraction, 2024). The structures were solved by direct
methods (SHELXT) and refined by full-matrix least-squares
methods performed with SHELXL-2019/3 as implemented in
Olex2 1.5.

EDX and SEM

Energy dispersive X-ray spectroscopy (EDX) and scanning elec-
tron microscopy (SEM) were performed on a HITACHI SU8030
scanning electron microscope with a Bruker QUANTAX 6G
EDX-detector. Single crystals of o- and m-TasO,1;; were
mounted onto carbon tape under an argon atmosphere during
sample preparation. For inert transfer, a vacuum transfer
device, similar to the one reported by Yao et al., was used.*’ In
our adapted design, it consists of a steel lid with an O-ring
seal (Fig. S2a). The lid is placed on top of the sample holder
and evacuated within the glovebox airlock. It is then rapidly
flooded with argon to create a reduced-pressure environment,
ensuring an airtight seal via the O-ring (Fig. S2b and c). Once
inserted into the SEM transfer chamber and evacuated, the
internal pressure becomes equal to, or slightly higher than,
the external pressure. This allows the magnetic lid to be lifted
using neodymium magnets from outside the chamber
(Fig. S2d).

Electrical conductivity

Conductivity measurements were performed in a Lake Shore
Cryotronics CRX-6.5K probe station with a Keithley 2636B
source meter unit. Rod-shaped crystals of o- and m-Tas0,4I;4
were contacted on a silicon substrate with 770 nm oxide layer
using silver paste (Fig. S3, right) and transferred into the
measuring chamber under protective gas. The conductive
silver pads at each end of the crystals were connected to the
circuit with gold coated tungsten tips. The chamber was kept
under vacuum (<5 x 10> mbar) and the temperature was
varied between 140 K and 350 K. Before each measurement,

This journal is © The Royal Society of Chemistry 2025
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sufficient time was allowed for the sample to reach the chosen
temperature. Two-point conductivity measurements were per-
formed by varying the applied source-drain voltage from —2 V
to 2 V while detecting the current. For time-resolved photo-
current measurements, using a picosecond pulsed laser driver
(Taiko PDL M1, PicoQuant) together with a laser head 779 nm
(pulse length < 500 ps) the crystals were illuminated at
~55 mW cm™? laser output power using the continuous wave
mode under a constant bias of 1 V. The electrical measure-
ments shown in this work had crystal dimensions (length L;
width W; height H) of 0-Tas0,1;1: L = 205 pm; W = 124 pm; H =
75 pm and m-TasO4ly;: L = 119.4 pm; W = 32.4 pm; H =
27.3 pm.

DRIFT (diffuse reflectance infrared fourier transformation)
spectroscopy

Samples were measured at room temperature under inert con-
ditions in diffuse reflectance with a Harrick Praying Mantis
attachment using a Bruker Vertex 70 infrared spectrophoto-
meter with a deuterated triglycine sulfate (DTGS) detector and
KBr beamsplitter. The background spectra were collected
using pure dried KBr in powder form.

TXRF (total internal reflection X-ray fluorescence) spectroscopy

TXRF studies were performed using a S2 Picofox (Bruker AXS
Microanalysis, Berlin, Germany) equipped with a Mo X-ray
tube, which was operated at 50 kv and 600 pA. The measure-
ment period for each sample was 1000 s (live time). Fitting of
the resulting spectra was done using the Spectra software
(Bruker Nano GmbH) in the super bias mode (maximum strip-
ping cycles of 2000).

XPS (X-ray photoelectron spectroscopy)

XPS measurements were performed under ultra-high vacuum
(UHV) conditions (8 x 107'° mbar) using an XR50 Al-K, stan-
dard source equipped with a PHOIBOS 100 hemispherical ana-
lyser (SPECS GmbH, Berlin, Germany). Since 0-TasO4l;; rep-
resents the major phase of the synthesis, the crystals used for
XPS measurements were carefully selected under the optical
microscope. To avoid exposure to air and prevent oxidation,
the synthesised samples were mounted on a double-sided con-
ductive carbon tape under argon atmosphere. For inert trans-
fer into the spectrometer, a custom-built vacuum transfer
device (an enlarged version of the design used for SEM/EDX)
was employed. This device consists of an aluminium lid with
an O-ring that seals the sample holder under reduced pressure
within the glovebox airlock (Fig. S4, SI). Upon evacuation of
the XPS transfer chamber, the external pressure drops below
the internal pressure, causing the lid to detach and fall off,
thereby revealing the sample without contact to air. The
chamber is then further evacuated to UHV before transferring
the sample into the measurement chamber (see Fig. S5, SI for
details).

The binding energy scale was calibrated to the signal posi-
tions of Au 4f,, (84.0 eV), Ag 3ds,, (368.2 eV) and Cu 2p;,
(932.6 eV). To take charging effects into account, the acquired
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Ta 4f spectrum was referenced by setting the I 3ds/, peak to a
binding energy of 619 eV. Peak fitting of XPS spectra was per-
formed using the software Unifit 2018 (Unifit Scientific
Software GmbH, Leipzig, Germany).

DFT (Density functional theory)

DFT calculations were performed in the software package
Abinit (v. 10).*> The Perdew-Burke-Ernzerhof exchange-corre-
lation functional was used with the dispersion correction of
Grimme.**** Calculations were performed using a plane wave
basis set and the PAW formalism,**> with an energy cut-off of
100 Ha inside the PAW spheres and 24 Ha outside. A4 x 2 X 2
(0-Tas041y4) or 3 x 2 x 2 (m-Tas0,1;;) Monkhorst-Pack grid*® of
k-points was used to sample reciprocal space. These quantities
were chosen following convergence studies. Methfessel-Paxton
smearing was used to determine band occupation.’”” PAW data
files were used as received from the Abinit library. The struc-
tures were relaxed to an internal pressure of 2 MPa prior to cal-
culations of the electronic band structure.

Results and discussion
Synthesis and crystal structure

The two most stable compounds reported in the Ta-O-I
system appear to be TaO,I and TaOl,, both of which were syn-
thesised via transport reactions involving Ta, I, and Ta,Os in
temperature gradients of 450-550 °C.>*****® In our study, we
aimed to access more metal-rich compounds in this system by
further reducing tantalum below the Ta(iv) oxidation state in
TaOl,. For this purpose we have explored Li,CN, as an uncon-
ventional reduction agent, which has previously been shown
its reducing nature, as demonstrated in metathesis reactions
of NiCl, with Li,CN,, yielding elemental Ni, along with LiCl,
C3N, and N,.*°

The employment of Li,CN, into the Ta-O-I system triggers
reduction reactions likely above 300 °C, marked by the emer-
gence of a violet gas phase. As the temperature exceeded
400 °C, this gas phase darkened significantly. Upon cooling,
crystalline iodine was found deposited on the cooler part of
the ampoule, indicating that molecular iodine is present in
the gas phase, likely along with reactive precursors that con-
tribute to the observed cluster formation.

Additionally, slightly increased pressure was observed in
the ampoules, indicating the formation of N,. Amorphous
C;3;N, was identified as a side product via infrared spectroscopy
(see Fig. S6, SI). These findings further confirm that Li,CN,
acts as a reducing agent in our system, consistent with its pre-
viously reported behaviour in the reduction of NiCl, to elemen-
tal Ni.

Thermal analysis of reactions aimed to investigate the
impact of Li,CN, on the Ta-O-I system proved to be complex,
as the reaction pathways are intricate. In addition to the
observed cluster compounds (discussed in detail in this
study), various crystalline and amorphous by-products were
detected.

Dalton Trans., 2025, 54,16593-16604 | 16595
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Each experiment resulted in the formation of multiple pro-
ducts, indicating that several reactions occurred simul-
taneously. The spatial distributions of these products within
the reaction container suggests the occurrence of partial trans-
port reactions along a narrow temperature gradient.

Among the consistently identified side products were Lil,
TaOl, and TaO,l, as well as two previously unreported com-
pounds: LiTaz0,l;, and Ta,0;1,. While these compounds are
not the focus of this study, their structures have been charac-
terised by us and are briefly described as follows. Both com-
pounds feature Ta>* ions in distorted octahedral coordination
environments. The structure of LiTa;zO,I;, forms kinked
strands of [TazO,l;0ly]” units which are separated by dis-
ordered lithium ions (Fig. 1 left). In Ta,031,, each Ta’>" ion is
coordinated by three oxygen and three iodide ions, forming
octahedra that connect via corner-sharing oxygen atoms and
edge-sharing iodides, with one terminal iodide per octahedra.
This connectivity results in zig-zag layers (Fig. 1 right).

Efforts to minimise the amount of these side products by
adjusting reactant ratios frequently resulted in lower yields of
the desired cluster compounds. Likewise, prolonging the reac-
tion duration to steer the system toward thermodynamic equi-
librium did not improve reaction selectivity or reproducibility.
This suggests that the cluster formation may proceed under
kinetic control, potentially influenced by the side phases.
Notably, the cluster compounds were consistently found in
close proximity to TaO,l, implying that this phase could serve
as a precursor in the cluster-forming process.

Comparable unconventional reduction methods with
Li,CN, were recently reported in the Nb-O-1I system, resulting
in several novel niobium oxyiodides, such as the oxygen
centred Nb,Ol,,_, clusters with x = 0, 1, 2.1%%”

In extension of these findings, analogous reactions were
also performed in the Ta-O-I system, yielding distinct cluster
networks, referred to as 0-M50,1;; (M = Nb, Ta), m-Tas04l;1,

LiTa,0,l,

a (5
T_'b“ ¢

Fig. 1 Sections of the crystal structures of LiTazO,l, (left) and Ta;Osl4
(right). Tantalum atoms are depicted in blue, iodine pink, oxygen red and
lithium grey.
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and Tas04l4;(Tals), where o and m denote the orthorhombic
and monoclinic polymorphs, respectively.

The crystal structure of 0-Tas041;; was solved and refined
from single-crystal X-ray diffraction data in the orthorhombic
space group Pmc2; (No. 26). The characteristic motif of
0-Tas0,41;; is depicted in Fig. 2: The Tas cluster core adopts the
motif of a distorted square pyramid. At the base of the
pyramid, four p;-oxygen atoms bridge the edges between the
metal atoms. Each of the four outer metal atoms exhibits dis-
torted octahedral coordination by oxygen and iodide atoms
with additional metal-to-metal bonding with the central metal
atom on top of the pyramid (Fig. 2) with intermetallic dis-
tances given in Table 1.

The connectivity within and between -clusters can be
described using the notation [(Ta504)IiZIjI‘i‘5a/Z] where two inner
(i) iodide ligands cap the edges at the apex of the distorted
square-pyramidal cluster core, and four outer (a) iodides are term-
inally coordinated, one positioned above and three below the
base of the pyramid. Additionally, ten iodide ligands are shared
(10/2) between adjacent clusters, referred to as bridging outer (a-
a) iodides. This notation follows the convention originally devel-
oped for describing octahedral cluster compounds.’”"*

Each cluster is connected to four neighbouring clusters at
its corners through bridging iodide ligands, forming extended
layers expanding into the ac-plane. Along the g-axis, the Ta(2)

Fig. 2 Building block of isotypic MsOg4ly; structures (M = Nb, Ta), with
the [MsOy4] cluster core displayed for M = Ta, corresponding to
0-TasOyly4 (iodide atoms are shown in pink).

Table 1 Comparison of selected interatomic distances and bond
angles in 0-TasOy4l11 and NbsOy4lyy. For atom labelling, see Fig. 2

Distance/pm; £/° 0-Tas04141 Nb50,4144
Intra cluster

M(1)-M(2) 283.2(1) 285.2(1)
M(1)-M(3) 288.7(1) 287.8(4)
M(1)-M(4) 290.7(1) 290.4(4)
2M(2)-M(1)-M(2) 149.3(1) 148.9(1)
2M(3)-M(1)-M(4) 136.9(1) 131.3(1)
Inter cluster

M(2)-M(2) 435.7(1) 430.1(3)
M(3)-M(4) 388.4(1) 377.5(4)

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Cluster connectivities in the structure of MsOy4ly; along a (top)
and c (bottom), corresponding to 0-TasO4ly;. M atoms are depicted in
blue, oxygen in red and iodine in pink.

atoms are linked by two bridging iodides positioned perpen-
dicular to an (m,) mirror plane (Fig. 3 top). Ta(3) and Ta(4) are
connected by three iodide bridges along a (2;) screw axis that
runs parallel to the c-axis, creating a tilted arrangement of
clusters, as illustrated in Fig. 3, bottom. In the extended crystal
structure, this leads to the formation of undulating layers
which are separated by a van der Waals gap (Fig. 4).

A comparison of selected interatomic distances and bond
angles in 0-Tas041;; and the isostructural NbsO,l;; is given in
Table 1. As expected, given the similarity of ionic radii of
niobium and tantalum,®" the shortest M-M bond lengths for
both compounds fall within the same rang. However, the
£M(3)-M(1)-M(4) bond angle, which traces the undulation of
the layers along the c-axis, differs by around 6°. Furthermore,
the inter cluster M(3)-M'(4) distance in this direction is 11 pm
shorter in NbsO,1;;, resulting in a slightly more pronounced
corrugation of the layers.

The crystal structure of the monoclinic m-Ta;041;; contains
a [Tas0,] cluster core similar to that found in 0-TasO4l;;.
However, the core in m-TasO,4I;; is less distorted due to a

View Article Online
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Fig. 5 Building block of the m-TasO4ly; structure. Tantalum atoms are
depicted in blue, oxygen atoms in red and iodine atoms in pink.

different spatial arrangement of the iodine atoms, leading to
variations in how the cluster interconnect (Fig. 5). Each
[(TasO,)LBI;3] cluster includes two inner (i) p,-bridging
iodides located at the base of the pyramid, five terminal outer
(a) iodides each bonded to one of the five tantalum atoms
towards the pyramid’s apex, and eight outer (a-a) iodides that
are shared between two clusters (8/2) (see Table S1 in SI for
comparison of interatomic distances).

Each cluster is interconnected with four neighbouring clus-
ters at all four corners through two iodide bridges, forming an
extended layered network. In this structure, the surrounding
cluster pyramids are oriented oppositely to the central one:
when the central cluster points upwards, the adjacent clusters
point downwards, and vice versa (Fig. 6); this alternating orien-
tation results in a sinusoidal layering pattern. These undulat-
ing layers are further separated by a van der Waals gap (Fig. 7).

The cluster network of Tas04I;;(Tal;) is closely related to
that of m-Tas0,1,;, but with the additional incorporation of
molecular [Tals] units. This leads to a significant transform-
ation of the overall structural architecture. Fig. 8 shows a
section of the Ta;O4l;;(Tals) structure (top) along with the
arrangement of [TasO,4l;4] layers (bottom left) and [Tals] units
(bottom right). A closer comparison of the layer formation and

Fig. 4 Waved layer structure of MsOuly;, corresponding to o-TasOgyly;.
M atoms are depicted in blue, oxygen in red and iodine in pink.

This journal is © The Royal Society of Chemistry 2025

Fig. 6 Section of the m-TasOy4ly; structure depicting the inter-cluster
connectivity within one layer. Tantalum atoms are depicted in blue,
oxygen in red and iodine in pink.
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Fig. 7 Sinusoidal connectivity of clusters in the layered structure of
m-TasOuly;. Note that there is no connectivity between adjacent layers.

Tantalum atoms are depicted in blue, oxygen in red and iodine in pink.

Ta;0,144(Tals)

—e
e ¢

Sy
{

Fig. 8 Projected crystal structure of TasO4ly;(Tals) (top) and segmenta-
tion of the structure into [TasOyly4] (left) and [Tals]l, appearing as two
superimposed Tals units (right).

organisation in Ta;04l;;(Tals) (Fig. 8) and m-Tas0,41;, (Fig. 7)
reveals clear structural differences, even though the cluster
connectivity pattern [(Ta504)IiZI§I"§;§] remains the same in both
structures.

16598 | Dalton Trans., 2025, 54, 16593-16604
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Notable differences between both structures are observed in
the amplitude of the sinusoidal waves of the layers and by the
directional shift of these waves relative to one another. In
m-Tas;0,41;4, the clusters alternate in an up-and-down fashion,
whereas in Tas0,1;1(Tals), for each directional shift of the
wave, two of the four adjacent clusters point in the same direc-
tion as the central cluster and two are inverted and point the
other direction (compare Fig. 7 and Fig. 8). This more pro-
nounced corrugation creates voids that accommodate [Tals]
molecules, which contribute to the stabilisation of the struc-
ture of Tas0,1;4(Tals).

This finding aligns with the observations made for the com-
pound Nb,S,I;4 2 (Nb;SI,),(Nbls), which Miller and Lin
described as exhibiting a synergistic relationship between the
extended framework and the enclosed [Nbls] molecule.”® In
this structure, [NbIs] molecules are packed within hexagonal
channels formed between the [Nb;SI;]. In contrast, when
[NbIs] molecules are absent, Nb;SI; adopts a van der Waals
layered structure that lacks these hexagonal voids."”

As with the [NbI;s] units in Nb,S,1;4, the [Tal;] molecules in
Tas0,1;4(Tal;) are incorporated as trigonal bipyramidal mono-
mers (see Fig. 9) similar to the geometries reported for TaCls
and TaBr; in the vapour phase.”>”* However, in the solid state,
Tals typically crystallises as (Tals), dimers composed of edge-
sharing bioctahedra.>*

The Ta-I bond lengths of molecular [Tal;] in the structure
of Tas0,1;4(Tals) range from 260(1) pm to 271(1) pm, with an
average of 266(1) pm. This closely matches the average Nb-I
distance of 267(1) pm of the Nbl; monomers in Nb,S,l;, as
well as the average Ta-I distance of 267(1) pm in Ta,l;,, not
considering edge-sharing iodides.>*

Although all M;0,1;;-based compounds share a similar
penta-nuclear cluster core, they display distinct structural
frameworks. These differences arise from variations in the
inner (i) and outer (a) iodine ligand environments, the pres-
ence of incorporated [Tals;] molecules, as well as the cluster
connectivity (a-a).

In particular, 0-Tas0,1;; features clusters interconnected by
two and three p,-bridging iodides at the corners (Fig. 3), result-
ing in shorter inter cluster Ta-Ta distances and potentially
stronger electronic interactions, since m-TasO,4l;; clusters are
only connected by two iodide bridges at all four corners
(Fig. 6). This difference is expected to influence the electronic
properties of the material, particularly electrical conductivity,
which is discussed later in this study.

¢

Fig. 9 Molecular [Tals] in the structure of TasO4ls1(Tals) with 80% dis-
placement ellipsoids. Blue: Ta, pink: I.

This journal is © The Royal Society of Chemistry 2025
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The [Tas;0,] cluster motive demonstrates both structural
stability and geometric flexibility, as it persists across different
environments and tolerates considerable distortions. However,
despite these characteristics, the o- and m-modifications of
TasO04l;; are not interconvertible by thermal treatment.
Heating beyond 650 °C results in decomposition and the for-
mation of TaOl,, rather than phase transition between the two
forms.

For 0-M50,41;4, the structures with niobium and tantalum
are isotypic. However, no analogues of m-TasO4l;; or
Ta;0,41;4(Tal;) could be observed for niobium. Instead,
niobium forms distinct cluster types such as Nb,Ol,,_,, reflect-
ing differences in cluster stability and connectivity between
the two elements."**’

Tas0,41,, carries six cluster electrons, but their distribution
across the four short Ta-Ta bonds is not straightforward. From
a formal oxidation state perspective, the four basal tantalum
atoms can be assigned to Ta**, while the apical atom is con-
sidered more reduced, with an oxidation state of Ta*'. To
further probe this, XPS measurements are employed in the
next section.

Analysis of Ta-Ta distances provide additional insights into
the presence of metal-metal bonding in o0-TasO4l;;. The
average Ta-Ta bond length is approximately 286 pm, which is
slightly shorter than in other tantalum halide clusters such as
Taglyy (~292 pm), TasSel, (~295 pm) or Ta,SBry; (~305 pm).
This comparison supports the presence of bonding inter-
actions between the tantalum atoms. Additional insight into
electron distribution and bonding can be gained through ELF
(Electron Localisation Function) analysis.

Scanning electron microscopy (SEM), energy dispersive X-ray
spectroscopy (EDX) and total reflection X-ray fluorescence
(TXRF)

When in contact with moist air, samples of Ta;0,1;; show pro-
nounced surface degradation and partial delamination (Fig. S7
in SI). To prevent this, a custom-designed vacuum transfer
device was developed, enabling inert handling and transfer of
samples. Details of the vessel design and operation are pro-
vided in the Experimental section and illustrated in Fig. S2 of
the SI.

The scanning electron micrographs in Fig. 10 were obtained
from samples transferred under inert conditions. Fig. 10
shows crystal agglomerates and surfaces morphologies of
0-Ta;0,41;; (Fig. 10a-c) and m-Ta;0,1;; (Fig. 10d-f). The two
compounds clearly exhibit different morphologies: 0-Ta5;O04I1;
frequently shows well defined individual layers (Fig. 10c),
suggesting weaker interlayer interactions. In contrast,
m-Tas0,1;; displays more compact, block-like surface features
(Fig. 10f), indicating stronger interactions between adjacent
layers.

To verify the composition, determined by X-ray diffraction,
EDX measurements of multiple crystals were performed,
resulting in an average Ta:O:1I ratio of 5:4.3(5):10.9(3). TXRF
measurements verified the Ta: I ratio to be 5:11.3(2).

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

m-TasOy4l44

0-TasOy4l4q

Fig. 10 Scanning electron micrographs of 0-TasOyly; crystals (a—c) and
m-TasOyly1 crystals (d—f), showing a layered morphology.

X-ray photoelectron spectroscopy (XPS)

Further insights on the oxidation state of tantalum in
0-Ta;0,1;; were achieved using X-ray photoelectron spec-
troscopy (XPS).

The Ta 4f spectrum shown in Fig. 11 can be described by
two doublets (Ta 4f,,, and Ta 4f5),), which are assigned to the
oxidation states of Ta*" and Ta*".>>° The fit parameters are
summarised in Table S2 (SI). The intensity ratio of Ta*" and
Ta*" components of 4.14:1 is in good agreement with the
proposition of a Ta*" at the central position on top of the dis-

T T T T T T
Ta(lV) 4f7, Ta 4f
Ta(lV) 4y, |
(0]
=
‘@
5 Ta(lll) 4f,
<
Ta(IV):Ta(lll)= 4.14:1 |
32 3IO 2IB 2I6 2I4 2IZ 2I0

Binding energy / eV

Fig. 11 XPS spectrum of Ta 4f depicting Ta(iv) and Ta(in) oxidation states
in aratio of 414 : 1.
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torted pyramid and four Ta*" at the corners of the pyramid
base.

The survey spectrum in Fig. S8 (SI) reveals the presence of
iodine and oxygen (notably, the additional carbon and silicon
signals can be attributed to the carbon tape substrate) giving
further evidence for the proposed structure.

Optical band gap determination from DRIFTS (Diffuse
reflectance infrared fourier transform spectroscopy)

The absorption coefficient F was obtained using Kubelka-
Munk analysis following:

1—Rs)’
F( Rw) — g — g ,
S 2R
where
R
Ry = sample
Rstandard

is the reflectance of an infinitely thick specimen, a is the
absorption and S is the scattering coefficient. For particle sizes
greater than the light wavelengths measured, the scattering
coefficient is understood to be approximately independent of
frequency (F(R.) ~ @) and therefor F(R,) could be understood
as a “pseudo-absorbance” coefficient.’” %

The band gap determination was performed on the DRIFTS
data according to Zanata et al.®* The energy is plotted against
the absorption coefficient @ and fitted with a sigmoid-
Boltzmann function:

QAmin — ®max
E — EBOltZ
14+exp| ——9

where amin (@max) stands for the minimum (maximum) absorp-
tion coefficient; ES°' is the energy coordinate at which the
absorption coefficient is halfway between oy and anay; and
SE is associated with the slope of the sigmoid, indicating the
energy range over which most optical transitions occur.®*

The band gap can then be calculated by following equation

s Boltz_— Boltz .
with n30.%= 0.3 and n;%= 4.3:

a(E) = 0max +

Boltz __ pBoltz Boltz
Eg =E, ~ Mdir/indir * dE

The optical band gaps of 0-Tas041;; were determined to be
0.241 eV (direct) and 0.226 eV (indirect) indicating semicon-
ducting behaviour (see Fig. S9, SI). The band gap of m-Tas04l,;
could not be measured within the detectable range of the
DRIFTS setup. To further assess the electronic properties, con-
ductivity measurement were subsequently performed.

Electrical properties

We reasoned that the structural differences in 0-TasO,4l;, vs. m-
Tas0,411; as well as their distinct ligand environments should
manifest in different electrical properties. Hence, two-point
current-voltage scans of both modifications (0 and m) were
carried out at varying temperatures. Exemplarily results,
obtained at 300 K are displayed in Fig. S3 (SI).">® The
measurements revealed that 0-Tas;O0,l;; is roughly one order of

16600 | Dalton Trans., 2025, 54, 16593-16604
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magnitude more conductive than m-Ta;0,I;; with typical
values of 5x 107> Sm™ to 2 x 10™* S m™* for 0-Ta50,1;; vs. 4 X
107°Sm ™ to 2 x 107> S m™* for m-Tas0,1,,.

Using the two-point conductivities obtained at different
temperatures, we arrive at the Arrhenius plot in Fig. 12, indi-
cating temperature-activated, Arrhenius type transport for both
phases, which is typical for semiconductors.®®®” From the
slopes of both plots, we calculate activation energies of E, =
0.10 eV for 0-Tas0,1;; and E, = 0.40 eV for m-Tas04l;4, respect-
ively. Due to the poor signal strength from m-Tas0,1,; at temp-
eratures below 240 K, additional conductivities were measured
above 300 K up to 350 K to improve the fit confidence.
0-Ta;0,41;; was measured between 140 K-300 K.

To a first order approximation, the electrical band gap of an
intrinsic semiconductor can be gauged as two times the acti-
vation energy, hence 0.2 eV for 0-Ta;O,I;; and 0.8 eV for
m-Tas0,41;4, respectively.

Both crystal species exhibit low photocurrents toward
optical excitation at 779 nm illuminated with 40 mW output
power. 0-Tas041;; showed higher photocurrents around 1 nA
while m-Tas0,41;; exhibited around 15 pA at 300 K (Fig. S10,
SI). At lower temperatures, the photocurrent decreases gradu-
ally until it is below the noise level at ~0.1 pA.

Band structure

The spin-unpolarised electronic band structures of 0-TasO41;4
and m-Tas0,1;; were calculated using density functional
theory (DFT). At the DFT level, 0-Tas041;; is a band metal
(Fig. 13), unlike the small-gap semiconductor observed in our
optical and electrical measurements. Since the experimental
gap of 0-TasO4l;; is small, the DFT calculations were per-
formed with spin orbit coupling, as this could plausibly open
a small gap, however this was not observed. The opening of
the gap could therefore be due to electronic correlations and
magnetic interactions between Ta atoms, as was determined in
the related Mott insulating material Ta,SBr,;.>> However, due
to the large size of the unit cell of 0-Tas0,1;;, computational

x10-4
-8r o o §2- o
Q O o) 3 o 9l
-10r ® olese®
N % o o 2oc% 300
)
-2t % *
°. 0-Ta:0,1,,
-14F ® E, = 0.10 eV
® m-Tas0,1,,
. .'EA = 01.40 eV . .
5 6 7
1000 / 1000
Temperature K

Fig. 12 Arrhenius-plot of the temperature-dependent conductivity
between 140 K-300 K for o-TasOguly; (red) and 240 K-350 K for
m-TasOg4ly1 (blue). The inset shows the linear plot of conductivity versus
temperature.
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Fig. 13 Calculated electronic band structure of 0-TasOg4ly;, with bands
coloured by their Ta character. Spin—orbit coupling was included in the
calculation. Special points in and paths through reciprocal space were
chosen following the literature.®®

exploration of potential Mott behaviour was not possible in
this case.

In contrast, DFT calculations showed m-Ta;0,1;; to be a
semiconductor with a gap of 0.4 eV (Fig. 14), in accordance
with experiments. The existence of a band gap in m-Ta;0,41;; is
therefore most likely not due to magnetic interactions or spin-
orbit coupling. Significant differences in the electronic struc-
ture and chemical bonding between 0-TasO41;; and m-Tas04l;4
can be seen. In 0-TasO,l;4, the states near the Fermi energy
have predominantly Ta d character, with several distinct band
manifolds being visible. The upper manifolds are nearly flat,
indicating localised electrons. In m-TasO,4l;;, a much greater
degree of hybridisation can be seen near the Fermi level, with
the valence electrons having some O and I character in
addition to Ta character (see Fig. S11-S14 in the SI for details).
The formation of a band gap in m-TasO4l;; could then be
ascribed to the formation of covalent bonds between Ta and
other cluster atoms, whereas Ta atoms in 0-Ta;0,I;; are more
ionic. In 0-Tas0,144, the Ta atoms would therefore be expected
to behave closer to idealised Ta*' and Ta*', which contain
unpaired d electrons, leading to partially filled bands at the
DFT level.

05 i T
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\/‘ 3
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r Xy r ZzR, r T, T V,

Fig. 14 Calculated electronic band structure of m-TasO4ly;, with bands
coloured by their Ta character. Spin—orbit coupling was not included in
the calculation. Special points in and paths through reciprocal space
were chosen following the literature.®®
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Electron localisation function (ELF)

We have also calculated from DFT the electron localisation
function (ELF) of 0-Ta;0,41;; and m-Tas04l4,, further elucidat-
ing the electronic structure and chemical bonding in these
materials.®>”’® Like the band structures, the ELFs of the two
polymorphs are strikingly different. The ELFs around the Ta
and O atoms in o0-TasO,l;; are largely spherical, indicating
ionic bonding (Fig. 15). The monoclinic modification shows

0-TasO4lq4

0O - — 1

Fig. 15 Calculated ELF of o0-TasOg4lyy (top) and m-TasOulyy (bottom),
showing the presence of increased covalent bonding between Ta and O
in the monoclinic phase, as demonstrated by the deviation of the shapes
of the ELFs from idealised ionic spheres.

0-TagOul11

)] = s )|

Fig. 16 Calculated ELF of 0-TasOg4ly; (top) and m-TasOyly; (bottom),
showing the presence of interstitial localised electrons in the monoclinic
phase, corresponding to Ta—Ta bonds. No similar feature can be seen in
the orthorhombic phase.
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O-Ta504|11

m-Ta5O4I11

Tas04l11(Tals)

Fig. 17 Comparison of the inter cluster connectivity of 0-TasO4l11, m-TasO4li1 and TasOy4lys(Tals).

the ELFs of the atoms to be more distorted, as well as the pres-
ence of some interstitial electron density, which are indicators
of covalent bonding. As Fig. 16 shows, this extra electron
density lies in the planes between pairs of Ta atoms, corres-
ponding to the formation of Ta-Ta bonds. This feature is
absent in 0-TasO41;;, where there are instead nodal planes
between the Ta atoms, again indicative of ionic interactions
(compare Fig. S15 in SI).

Charge-disproportionated Ta** and Ta** ions, as seen in the
XPS measurements of 0-Ta;O4l;; (Fig. 11), do not appear in
our DFT calculations, where the ELFs and electron counts
around the Ta atoms are nearly identical at each site.
Therefore, this disproportionation could be driven by which-
ever factors which lead to the opening of the band gap and are
not accounted for in our DFT calculations.””

Conclusions

Heterogeneous solid-state reactions involving an unidentified
gas phase have led to the formation of the compounds
Nb5O,4l;1, 0-Tas0,141, m-Tas0,414;, and Tas04144(Tals), all featur-
ing an [M50,] cluster core. In these structures, each cluster is
connected to four neighbouring clusters at the corners via two
or three bridging iodide ligands, creating distinct extended
layered networks. These connectivity patterns are summarised
in Fig. 17. A common structural characteristic among these
compounds is a sinusoidal layering pattern within the crystal
lattice, with layers separated by van der Waals gaps. The pres-
ence of bridging outer ligands spatially separates adjacent
clusters, resulting in semiconducting behaviour with low elec-
trical conductivity primarily confined to the layers, particularly
evident in both forms of Ta;O041;;.

In all compounds, the [Tas0,] cluster core possesses six
cluster electrons involved in metal-metal bonding, that
could likely be localised along the four shorter metal-metal
contacts between the pyramidal base and apex. According to
a localised bonding model, the metal atoms in the basal
plane may be assigned to Ta*", while the apical metal atom

16602 | Dalton Trans., 2025, 54, 16593-16604

corresponds to Ta*" in 0-Ta;0,1;q, ensuring charge neu-
trality. This interpretation is supported by XPS, and it is par-
tially consistent with charge distribution predicted by DFT
calculations.
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