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The family of tetranuclear Nb;Ol,,_, clusters
(x =0, 1, 2): from the molecular Nb,;Ol,> cluster to
extended chains and layers+
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Unconventional reduction reactions in the Nb—O-I system have produced a number of niobium oxyio-
dides containing the oxygen-centered [NbsO] cluster. Crystalline NbsOl;, and two modifications of
Nb4Oly; were structurally characterized by means of single-crystal X-ray diffraction studies. The new
compounds can be classified as members of the Nb,Ol,_, family, together with the already known
Nb4Oljo. NbysOly, is represented by a molecular stucture, in which the two modifications of Nb,Oly; are
forming structures with iodido-bridged strings, that can be assigned to represent one-dimensional struc-
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tures. Measurements of b-Nb4Ol;; single crystals reveal semiconducting behaviour, with an electrical
conductivity in the order of 107> S m™ at 300 K and an electrical band gap estimated as 0.4 eV. The pres-
ence of varying numbers of cluster electrons in the given compounds is discussed in the light of second-
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Introduction

Metal clusters display a broad variety in structural arrange-
ments and oxidation states. A large number of transition metal
(M) halide (X) clusters have been reported with the octahedral
[M¢] cluster core, being represented with [MgX;,]- and [MeXg]-
type architectures." The [McX1,]-type constitutes an octahedral
M, cluster with twelve X atoms capping all edges of the M,
core and is typically obtained for combinations of larger M
and smaller X atoms. The [MgXg] cluster constitutes an octa-
hedral cluster with eight face-capping ligands of the Mg cluster
and is typically obtained for combinations of smaller M and
larger X atoms. The well-known niobium cluster compounds
NbgCly4 and Nbgl;; are good examples of these two architec-
tures, of which the latter can be described as (Nb6Iis)Ia_"‘6/2 (i=
innen or inner; a = aufien or outer), emphasizing the presence
of an [MgXs] cluster and a connectivity pattern in which six
outer iodide ligands are shared between two clusters.>”?
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The connectivity between adjacent cluster cores and the
number of cluster electrons being present has an important
impact on the electronic properties of cluster compounds. A con-
nectivity, where inner ligands simultaneously act as outer ones
(i-a and a-i connectivity), is obtained in Chevrel phases like
PbMogSg, which is showing superconducting properties as a
result of metal-to-metal interactions between adjacent clusters.*

A successive dimensional reduction of cluster connectivities
is exemplified when going from Nbgl;; [(NbglI's)I* % ,] having
six shared outer ligands in three dimensions, along to Wl;,
[(Wels)I?,1%?, 5] having four bridging apical ligands, creating
layers, and finally to BiWeCl5 [BiClZ(WBCliS)Cla4Cla_32/2] with
two bridging apical ligands, creating a linear arrangement of
clusters.>” Isolated clusters like W¢Cl,g (WeCl'g)Cl%) are held
together by van der Waals forces.®

Metal-rich niobium iodides involve the compounds Nbgl,,,
Nbslg, NbI;, and NbI,.>” A promising approach for the expan-
sion of this chemistry is the introduction of another anion to
create a heteroanionic metal cluster compound. An early
outcome of this approach was the insertion of an interstitial
atom (Z) into the octahedral [M¢X;,]-type cluster core to yield
[MsZX,,], mostly evident with the electron-poorer d-metals (M
= Zr, Hf).® The formation of an interstitially stabilized cluster
is uncommon for [MgXs]-type clusters, obviously due to an
unfavorable short distance between the interstitial and the
face-capping anion, causing repulsion. An exception is Nbgl;;
which can incorporate a hydrogen atom to form the intersti-
tially stabilized compound NbeHIy;.”

This journal is © The Royal Society of Chemistry 2025
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Generally, heteroanionic clusters can also be envisioned to
constitute anion replacements in given architectures to induce
a modified structure or connectivity pattern of clusters, as
exemplified for NbgloS (derived from Nbgly,), Nbs:X,S (X = Cl,
Br, I) and ANb;Br,S with A = Rb, Cs (derived form Nb;Xg).'°

The employment of oxide as a heteroanion unavoidably
leads to the formation of oxyhalides NbOI,, NbOI; and
NbO,L.'" However, it has been demonstrated that new oxyio-
dide cluster compounds can be obtained under certain con-
ditions. A most recent example of a new oxyiodide cluster is
Nb,Ol,,, which has been characterized as a small band-gap
semiconductor showing photoresponse.'? Its crystal structure
can be easily derived from that of Nbgl;; by cutting-off two
(NbI*™2,,)-groups of (Nbgl'g)I*%,. The resulting planar
[(Nb4OI'g)I*™?, 5] cluster is allowing the presence of a surplus
oxygen atom in the cluster center. The relaxation of inner
iodide ligands in this structure is avoiding strong interanionic
O-T' repulsions that would likely inhibit an oxygen centering
in Nbgly;.

The preparation of niobium oxyiodide cluster compounds
requires subtle control of reaction conditions and can other-
wise lead to the crystallization of the thermodynamic more
stable known niobium oxyiodides. Such conditions involve a
highly dynamic system including elusive phases whose equili-
bria depend on the temperature and on local concentrations,
as has been previously demonstrated with the newly discovered
compound W,0;], in the W-O-I system."® By varying the syn-
thetic conditions, we herein describe the crystal structures of
three tetranuclear niobium cluster compounds that we have
characterized in the Nb-O-I system. The previously reported
Nb,OI,, and the herein described compounds are represented
by a [Nb,O] cluster core that is interconnected in different
ways following a dimensional reduction from layers (Nb,OI,,)
over strings (Nb,OI,,) to isolated molecules (Nb,OI;,).

Results and discussion
Synthesis and crystal structure

Recently, we have described the new cluster compound
Nb,OI,, whose structure is based on a rectangular [Nb,O] core
that is interconnected into layers by iodide ligands.'*> The
crystal structure features a two-dimensional van der Waals
material representing a small band gap semiconductor.

Slight variations of the synthesis conditions relative to
those given for Nb,OI,, revealed the existence of a number of
related compounds to exist in the Nb-O-I system. These com-
pounds are generated by changing the concentrations of reac-
tion partners and by subtle variations of the temperature
program of reactions. For a general understanding of this type
of reaction we have to consider the chemical changes that
occur on heating solid reactants in a heterogeneous solid-state
reaction with the involvement of solid and gaseous phases.
This has been already exemplified by the formation of
niobium oxyiodides (NbOI,, NbOI; and NbO,I) that were
described previously.'' For the preparation of reduced com-
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pounds in the Nb-O-I system, we are avoiding the classical
pathway of a metallothermic reduction. Instead, we are explor-
ing unconventional reduction agents with the employment of
the carbodiimide ion (N=C=N)>".

At elevated temperatures, carbodiimides have the tendency
to decompose and to act as reducing agents. In this process,
metal ions can be reduced, some even to form the metal
state.'® The decomposition product of carbodiimide in such a
reaction is not fully evidenced, as products appear X-ray amor-
phous. However, infrared spectra indicate the formation of
C;N, (Fig. S1 and S21)."> A corresponding reduction mecha-
nism could follow reaction (1).

30Ny 25 C3Ny + N, + 2e (1)

All three compounds reported in this work crystalize as
black, block-like crystals (Fig. 1). They were investigated by
X-ray powder and single-crystal diffraction, providing X-ray
intensity data for subsequent crystal structure determinations.
The crystallographic data and refinement parameters of all tet-
ranuclear cluster compounds are summarized in Table 1.

Syntheses of the new compounds are performed in evacu-
ated/fused silica tubes at temperatures up to 500 °C. Nb,OI,,
and b-Nb,Ol;; were prepared from NbI, : Li,(CN,): Li,O mix-
tures with 4:1:1 and 4: 1.5 : 1 molar proportions, respectively.
a-Nb,OI,; was synthesized by a reaction mixture of
Nbl, : K,CN,: Cu,O in 4:1.5:1 molar ratio (see Experimental
section for more details).

The Nb,OI;,_, system includes four structures with sum
formulae Nb,Ol,,, Nb,Ol;;, and Nb,OI,,. Nb,OI,; appears
with two modifications, denoted as “a” and “b”.

The parent compound Nb,OI;, features a molecular struc-
ture based on the rectangular [Nb,O] cluster core with eight
(p2-) capping and four terminal iodide atoms, shown in Fig. 2.
The unit cell contains eight molecules that interact through

cold

hot

Fig. 1 A typical ampoule after the reaction is performed. The tempera-
ture gradient during the reaction is illustrated through the bar on the left
side (red: hot region, blue cold region). The inset shows the reaction
product b-Nb4Ol; (see also Fig. S4+).
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Table 1 Crystal data and structure refinement parameters of Nb4Ol;>_, compounds
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Nb,OI,, a-Nb,OI,; b-Nb,OI; Nb,OI,, *?
CCDC no. 2366237 2391069 2408695 2225618
Space group Pmc2, c2/m Pi P24/n
Temperature (K) 270 220 150 150

Unit cell dimensions

a=37.9189(8) A
b=17.8026(4) A
c=7.3403(2) A
a =90°

a=15.4442(3) A

3
b=13.0449(2) A

¢=11.9078(2) A
a=90°

f=90° $=105.698(2)°
7 =90° ¥ =90°
Volume (A%) 4955.1(2) 2309.56(7)
zZ 8 4
Wavelength (A) 0.71073 0.71073
u (mm™) 16.744 16.624
26 range for data collection 4.576 to 50.700 4.154 to 57.396
Total number of reflections 53 804 44103
Independent reflections 9037 3115
Refined parameters 418 91
Rint 0.0351 0.0189
Ry 0.0517 0.0150
WR,, 0.1414 0.0314
Goodness-of-fit on F> 1.086 1.430

a=10.1217(2) A
b=13.9844(3) A
c=16.3913(3) A
a = 88.968(2)°
f=89.093(2)°

¥ = 85.329(2)°
2311.80(8)

2

0.71073

16.607

7.186 to 76.742
17704

17704

290

0.020

0.0185

0.0581

1.037

a=10.0435(1) A
b=10.6595(1) A
€=10.0594(1) A
a=90°

£ =94.193(1)°

¥ =90°
1074.06(2)

2

0.71073

16.433

5.532 to 72.638
80 092

5209

71

0.0354

0.0117

0.0282

1.093

van der Waals bonding. The crystal structure measurement
was performed near room temperature because low-tempera-
ture measurements revealed incoherent scattering patterns,
which could be likely indicative for the appearance of a phase-
transition.

Three distinct Nb,OI;, molecules are present in the crystal
structure. Each of them exhibits a (nearly) rectangular cluster
core with six electrons being available for Nb-Nb bonding. The
bond lengths of the cluster cores hold a small variability
(Fig. 2). The short and the long interatomic distances of the
cluster are in the range of 2.793(3)-2.807(3) A and 3.029(7)-
3.051(3) A, suggesting more electron density in each shorter
Nb-Nb contact. Regarding the crystal structure, the Nb,OI;,
molecules are arranged in layers along the ac- and bc-planes
(Fig. 3). When looking along the b axis (Fig. 3, right), the stack-
ing of the molecules in the a direction could be explained as
an ABCB sequence, although there is no closest packing of the
molecules. The molecules are just arranging to each other in
three different bc-planes (denoted in Fig. 3 as A, B and C) to
reduce repulsion.

When departing from the molecular Nb,Ol,, structure, the
crystal structure of Nb,Ol;; contains one iodide atom less and
appears with two modifications. We denote these modifications
with “a” and “b” because no conversion from one into the
other structure could be discovered experimentally. The struc-
ture of a-Nb,Ol,, is represented by a string-like connectivity of
(Nb,OIg)L,1,, cluster chains, in which each of the two distinct
clusters is iodine bridged in a trans connection to the next
cluster (Fig. 4). The [Nb,O] cluster cores in this structure are as
well in a rectangular shape, having two short (2.7368(6)-2.7584
(7) A) and two long (3.0375(6)-3.0423(6) A) Nb-Nb distances.

The presence of Nb2 atoms over all equivalent (8j) positions
would create a layered structure with [Nb,O]- and [NbeO]-
cluster cores, shown in Fig. 5. However, the Nb2 positions

5488 | Dalton Trans., 2025, 54, 5486-5493

(highlighted in light blue) are occupied by only 1 resulting in a
string connectivity. In fact, this picture (Fig. 5) represents a
superposition of the alternating layers in the structure. The
crystal structure of a-Nb,Ol,, is characterized by two alternat-
ing layers of (Nb,Olg)l,1,,, that are stacked on top of each
other along the [100] direction. The cluster strings within the
alternating layers in the structure, each of them shown in
Fig. 6, are running in two different directions ([011] and
[01-1]). This arrangement affords an alternating occupation of
Nb2 positions in each layer. The adhesion between adjacent
strings and layers in the structure can be described as van der
Waals type, forming a hexagonal packing of strings.

Another modification of Nb,OI,, is denoted as b-Nb,OI,;.
The crystal structure of b-Nb,OI,; again features a string-like
connectivity of two distinct [Nb,O] clusters. However, the con-
nectivity pattern via iodine atoms alternates with a cis and a
trans connectivity of [Nb,O] cores. Each trans connected
cluster includes two short and two long Nb-Nb distance
within the [Nb,O] core. The same is true for the cis connected
cluster. However, the cis connectivity induces a significant dis-
tortion to the cluster, specified in Table 2.

The unit cell of the crystal structure of b-Nb,Ol;; is pro-
jected in Fig. 7. In contrast to the bidirectional arrangement of
cluster strings in the structure of a-Nb,OlI;4, all cluster strings
in b-Nb,Ol;; are running parallel into one direction ([001]). A
view on the projected ab-plane suggests that the separate
strings are hold together by van der Waals interactions. The
given arrangement of (Nb,OIL)I,I,, chains be derived from a
hexagonal packing of strings, which is a typical structure
pattern observed for one-dimensional structures (Fig. 8).

Electrical conductivity of b-Nb,OI,,

Crystal structures like those of a- and b-Nb,OI,; with one-
dimensional connectivities may be expected to act as one-

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5dt00174a

Open Access Article. Published on 26 February 2025. Downloaded on 12/11/2025 2:33:11 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Dalton Transactions

<
D
=
=
X
N

£ BN

N
X
4

\ %

Fig. 2 Three distinct Nb4Ol;, molecules with atom labels and Nb—Nb
distances given.
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Fig. 3 Section of the crystal structure of Nb4Oly,, looking along the c-
and b-axis. Niobium atoms are coloured in blue, iodine in pink, and
oxygen in red.
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Fig. 4 String-like connectivity in the structure of a-Nb,Ol;;.

Fig. 5 Cluster connectivity in the structure of a-Nb4Ol;; with the equi-
valent Nb2 positions coloured in cyan. Due to the half-occupation of
Nb2 sites, only one pair of Nb2 atoms is present.

dimensional conductors. Hence, the electrical conductivity
properties of single crystals of b-Nb,OI,; where investigated.

In Fig. 9, we display a two-point probe I-U sweep of a
typical rod-shaped b-Nb,Ol;; crystal from which we calculate
the electrical conductivity as 6= 4.5 x 107> S m™" at 300 K.">"”

The temperature-dependent conductivity measurement in
Fig. 10 indicates an Arrhenius-type, temperature-activated
transport, which is typical for semiconducting materials.">'”"'®

From this plot, we obtain an activation energy of E, = 0.2
eV. Thus, in a first-order approximation the energy difference
of the Fermi level to the conduction band can be gauged as 0.2
eV. Under the assumption of an intrinsic position of the fermi

Dalton Trans., 2025, 54, 5486-5493 | 5489
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Fig. 6 Arrangement of individual cluster layers in the structure, based
on string-like connectivities in the structure of a-Nb4Oly;.

level, this would suggest an electrical band gap on the order of
0.4 eV.

The photoresponse at 300 K of b-Nb,0I,; toward optical
excitation with a 779 nm laser in continuous wave mode is
shown in Fig. 11. An initial fast photocurrent of ~65 nA is
followed by a slower, second component under continuous
excitation. We attribute this slow component to thermal exci-
tation by heating the crystal with the laser. At lower tempera-
ture, the photocurrent decreases substantially, e.g. to 12.6 pA
at 160 K.

View Article Online
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Fig. 7 Section of the crystal structure of b-Nb4Ol;;, looking along
[100].

Fig. 8 Section of the crystal structure of b-Nb4Oly;, following the [001]
string direction.

Electronic properties of Nb,OI;,_, compounds

One member of the Nb,OI,,_, family was already described
before as Nb,OlI,o.'> Nb,OI,, appears with black, plate-like
crystals with an electronic band gap near 0.4 eV, according to
an experimental bandgap determination and band structure
calculation. This compound contains (Nb,OIg)l,/, units that
are connected into layers, through four shared apical iodide
atoms (Fig. 12). The cluster core itself is rectangular with Nb-
Nb distances of 2.6232(2) A and 3.1042(2) A. This compound
was reported with an electrical conductivity of 6 ¥ 1 S m™" at
300 K.

Table 2 The Nb4Ol;,_, family with the respective number of cluster electrons of each compound, interatomic distances with average values (@)
and distance ranges along the short and long cluster edges, and angles within the [Nb4O] cluster core

Nb,OI,, a-Nb,Ol, b-Nb,Oly; (trans) b-Nb,OL, (cis) Nb,OI,, **
Distances and angles 6 cluster-e” 7 cluster-e™ 7 cluster-e™ 7 cluster-e™ 8 cluster-e™
short Nb-Nb (A) @ 2.802 @ 2.748 0 2.735 ?2.729

2.793(3)-2.807(3) 2.7368(6)-2.7584(7) 2.7329(8)-2.7369(8) 2.7288(8)-2.7299(8) 2.6232(2)
long Nb-Nb (A) @ 3.044 @ 3.040 0 3.054 0 3.056

3.029(7)-3.051(3) 3.0375(6)-3.0423(6) 3.0423(8)-3.0656(8) 2.9168(7)-3.1950(8) 3.1042(2)
small Nb-Nb-Nb (°) 89.81(9)-89.93(9) 87.47(2) 87.34(2)-87.88(2) 87.01(2)-87.14(2) 89.568(6)
large Nb-Nb-Nb (°) 90.11(8)-90.23(9) 92.53(1) 92.17(2)-92.60(2) 92.87(2)-92.97(2) 90.431(6)

5490 | Dalton Trans., 2025, 54, 5486-5493
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Fig. 10 Arrhenius plot of the electrical conductivity of b-Nb4Ol;;, with
20 K temperature steps between 120-300 K. The blue line represents a
linear Arrhenius fit to the data.
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Fig. 11 Photoresponse of b-Nb4Ol;; at 300 K toward a 779 nm laser
illumination with 1V bias applied.

Beside their different connectivities, the cluster compounds
of the Nb,OI,,_, family differ not only in their Nb-Nb bond
lengths and Nb-Nb-Nb angles, but also by their numbers of
cluster electrons, as summarized in Table 2.'*

From Nb,OI,, to Nb,OI,, there is a difference of two elec-
trons being available for niobium-to-niobium bonding. All
compounds are forming nearly rectangular [Nb,O] clusters in
which the longer edges possess almost the same Nb-Nb dis-
tances (see Table 2). For the example of Nb,OlI;, we already
discussed the higher stability of a rectangular versus a square
cluster core. The resulting symmetry lowering goes along with

This journal is © The Royal Society of Chemistry 2025
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Fig. 12 Visualization of the connectivity of Nb4Oly0.22

an increase in hybridization of molecular orbitals through a
second-order Jahn-Teller distortion. In other words, the series
of compounds are showing higher electron localization within
the two shorter edges of [Nb,O] cluster cores. The rectangular
niobium arrangement hosts six electrons for Nb,OI,,, seven
electrons for Nb,Ol,,, and eight electrons for Nb,Ol,,, thereby
undergoing a continuous shrinkage of the short Nb-Nb dis-
tance, with the values given in Table 2.

If there were less than six electrons for Nb-Nb bonding, the
bond lengths should elongate even more. Such a compound is
not yet known in the Nb-O-I system. However, the structure of
Nb,OTeol, contains an oxygen centered Nb, cluster core
having four cluster electrons for Nb-Nb bonding."® The cluster
is distorted into a flattened tetrahedral shape with nearly
equal Nb-Nb distances of 3.057(4) A and 3.050(3) A. These are
quite close to the long distances present in the [Nb,O] cluster
cores presented in this work.

Conclusion

Cluster compounds can show a broad flexibility in their oxidation
states. A well-established example is the binary tungsten-iodide
system, with more than 20 different structures being reported.*’
The addition of oxygen leads into the W-O-I system, that is well-
known because WO,l, is a prominent compound in chemical
vapor transport (CVT) reactions."® The thermal treatment of WO,1,
leads to W,0sl, first, and then to WO,. All oxides and oxyiodides
in this system appear under discrete temperature conditions.

An even broader chemistry is now discovered in the Nb-O-I
system for Nb,OlI,,_, (x = 0, 1, 2) compounds, with their rec-
tangular [Nb,O] cluster cores appearing in layers, strings, and
in isolated molecules. The distinct connectivity patterns in the
crystal structures involve different semiconducting properties.

These compounds could not be prepared in conventional
reduction attempts through metallothermic reduction. In con-
trast, comparably soft reduction conditions were successful,
with the carbodiimide ion as reducing agent. Hence, the for-
mation of compounds in the Nb-O-I system involves uncon-

Dalton Trans., 2025, 54, 5486-5493 | 5491
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ventional reduction reactions in heterogeneous solid-state
reactions. The product formation involves subtle equilibrium
conditions related to small changes in temperature and local
concentrations. These conditions appear fairly complex and
are further complicated by other new compounds that exist in
the given Nb-O-I system besides the herein described tetra-
nuclear cluster compounds. The discovery of compounds with
pentanuclear and heptanuclear niobium clusters in the Nb-O-
I system will be reported shortly.

Experimental section
Materials and methods

Manipulations of starting materials and products were per-
formed in a glovebox under dry argon with moisture and
oxygen levels below 1 ppm. Reaction partners were charged
into silica tubes (V ~ 1.5 cm®). Li,O (ABCR, 95%) and Cu,O
(Sigma-Aldrich, 99.99%) were used as purchased. Nbl,,
Li,(CN,) and K,(CN,) were synthesized as described in the lit-
erature.”' Nb,Ol,, was synthesized as described before.'?

Syntheses

b-Nb,OI,; and Nb,OI,, were synthesized from Nbl,, Li,O and
Li,(CN,). For this purpose, Nbl, (160.8 mg, 0.268 mmol), Li,O
(2 mg, 0.067 mmol), and Liy(CN,) (5.4 mg, 0.101 mmol
(b-Nb,Ol,4) or 3.6 mg, 0.067 mmol (Nb,Ol,,)) were encapsu-
lated into fused silica ampoules. The ampoules were heated
from room temperature to 500 °C with a rate of 0.1 °C min~".
The holding time was 24 h before the reactions were allowed
to cool to room temperature with a rate of 5 °C min™" for
b-Nb,OI;; and a rate of 10 °C min~* for Nb,Ol,,. Block-like
crystals of b-Nb,OI;; and Nb,OI,, were found on the wall of
the ampoule, along with some NbOI, and NbI; at the top of
the ampoule. The products were collected mechanically. The
compounds are sensitive to moisture. A powder XRD pattern of
b-Nb,O1;, is shown in Fig. S3.T Examples of crystal specimens
of b-Nb,0lI;; and Nb,OI,, can be seen in Fig. S4 and S5.F
a-Nb,OI,; was synthesized from Nbl,;, Cu,O and K,(CN,). For
this purpose, Nbl, (100.7 mg, 0.168 mmol), Cu,O (6 mg,
0.042 mmol), and K,(CN,) (7.4 mg, 0.063 mmol) were encapsu-
lated into a fused silica ampoule. The ampoule was heated from
room temperature to 500 °C with a rate of 0.1 °C min~". The
holding time was 24 h before the reaction was allowed to cool to
room temperature with a rate of 5 °C min™". Block-like crystals of
a-Nb,OI;; were found on the wall of the ampoule, along with
some NbOI, and NbI; at the top of the ampoule. The product was
collected mechanically. The compound is sensitive to moisture.

Instrumentation
X-ray diffraction

Black block-shaped single-crystals of a-Nb,Ol,;, b-Nb,Ol,;, and
Nb,OIL;, were mounted on a Rigaku XtaLab Synergy-S X-ray diffr-
actometer using Mo-K, (4 = 0.71073 A) radiation. The single-crystal
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was kept under N, cooling at 270 K for Nb,OI,,, at 220 K for
a-Nb,Ol;; and at 150 K for b-Nb,Ol,, during the data collection.
Corrections for absorption effects were applied with CrysAlisPro
(Rigaku Oxford Diffraction, 2020). The crystal structure was solved
by the integrated space group and crystal structure determination
routine of ShelXT** and refined by full-matrix least-squares refine-
ment with ShelXL-2019/3%* implemented in Olex2.>*

Reaction products were investigated by powder X-ray diffrac-
tion (PXRD) using a StadiP diffractometer (Stoe, Darmstadt)
with Ge[111]-monochromated Cu-K,; radiation and a mythen1
detector.

Electrical conductivity

Conductivity measurements were performed in a Lake Shore
Cryotronics CRX-6.5 K probe station with a Keithley 2636B
source meter unit. Block-shaped b-Nb,OI;; crystals were con-
tacted with silver paste on a silicon substrate with 770 nm oxide
layer and transferred into the chamber under protective gas. The
conductive silver pads at each end of the crystals were connected
to the circuit with tungsten tips. The chamber was kept under
vacuum (<5 x 10”° mbar) with 20 K temperature steps between
120 K and 300 K during the measurements. Two-point conduc-
tivity measurements were performed by varying the applied
source-drain voltage from -1 V to 1 V while detecting the
current. For time-resolved photocurrent measurements, using a
picosecond pulsed laser driver (Taiko PDL M1, PicoQuant)
together with a 779 nm laser head (pulse length <500 ps) the
crystals were illuminated at 40 mW laser output power using the
continuous wave mode under a constant bias of 1 V.

Data availability

Crystallographic data have been deposited at the CCDC under
2366237 (Nb,Ol;,), 2391069 (a-Nb,Ol,;), and 2408695
(b-Nb,Ol,,).T

Data are available within the article.

The data that support the findings of this study are avail-
able on request from the corresponding author, H.-J. Meyer.
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