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tructural and electronic
consequences of proton and hydrogen-atom
uptake in VO2 with polyoxovanadate clusters†

Sourav Chakraborty, ‡ Eric Schreiber, ‡ Karla R. Sanchez-Lievanos,
Mehrin Tariq, William W. Brennessel, Kathryn E. Knowles
and Ellen M. Matson *

We report the synthesis and characterisation of a series of siloxide-functionalised polyoxovanadate–

alkoxide (POV–alkoxide) clusters, [V6O6(OSiMe3)(OMe)12]
n (n ¼ 1�, 2�), that serve as molecular models

for proton and hydrogen-atom uptake in vanadium dioxide, respectively. Installation of a siloxide moiety

on the surface of the Lindqvist core was accomplished via addition of trimethylsilyl

trifluoromethylsulfonate to the fully-oxygenated cluster [V6O7(OMe)12]
2�. Characterisation of

[V6O6(OSiMe3)(OMe)12]
1� by X-ray photoelectron spectroscopy reveals that the incorporation of the

siloxide group does not result in charge separation within the hexavanadate assembly, an observation

that contrasts directly with the behavior of clusters bearing substitutional dopants. The reduced

assembly, [V6O6(OSiMe3)(OMe)12]
2�, provides an isoelectronic model for H-doped VO2, with

a vanadium(III) ion embedded within the cluster core. Notably, structural analysis of

[V6O6(OSiMe3)(OMe)12]
2� reveals bond perturbations at the siloxide-functionalised vanadium centre that

resemble those invoked upon H-atom uptake in VO2 through ab initio calculations. Our results offer

atomically precise insight into the local structural and electronic consequences of the installation of

hydrogen-atom-like dopants in VO2, and challenge current perspectives of the operative mechanism of

electron–proton co-doping in these materials.
Introduction

Vanadium dioxide (VO2) is a versatile material that can access
a variety of crystal phases, each with its own chemical, elec-
tronic, and physical properties.1 These properties can be further
tuned through the incorporation of impurities/dopants,
improving the performance of VO2 in energy-saving smart
window technologies and post lithium-ion battery cathode
materials.1–6 In particular, the incorporation of hydrogen atoms
(H-atoms) as dopants at exterior/surface sites of VO2 has been
shown to tune the material's optoelectronic properties by
stabilizing the conductive rutile phase of the material (VO2(R);
ester, Rochester, NY, 14627, USA. E-mail:

(ESI) available: 1H NMR, ESI-MS (�ve),
photoelectron spectroscopy of
of dichloromethane solution of

1H NMR spectra of 1-V6
IVO7

2� and
parameters, and bond valence sum
3-VIIIV5

IVO6(OSiMe3)
2�, X-ray crystal

IIV5
IVO6(OSiMe3)

2�. CCDC 2058288 and
a in CIF or other electronic format see

k.

2753
Fig. 1).7–11 H-atom equivalents can be introduced to monoclinic
VO2 (VO2(M)) post-synthetically via hydrothermal,12 hydrogen
Fig. 1 Modelling proton and hydrogen-atom uptake in VO2 (top) using
POV–alkoxide clusters (bottom). Silylium cations are used as surro-
gates for protons to improve cluster stability and facilitate crystallo-
graphic resolution.
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Scheme 1 Synthesis of complex 2-V6
IVO6(OSiMe3)

1�.
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spillover,13,14 and most recently, electron–proton co-doping
techniques.

Electron–proton co-doping of VO2(M) takes advantage of
acidic protons and an applied voltage as the source of H-atoms,
and is proposed to occur through the initial injection of an
electron, followed by protonation of the lattice.8,15 Mechanistic
analysis is complicated by poor resolution of structural pertur-
bations that occur upon hydrogen uptake;8,13,15 the small size of
the hydrogen nucleus precludes denitive resolution of changes
to the proximal lattice structure of the material. As such, insight
into the mechanism of H-atom uptake is largely based on
computational modelling, which does not explicitly take into
account the role that the coupled uptake of protons and elec-
trons might play in lowering the kinetic barrier of the reduction
of this insulating material at room temperature. Indeed, recent
work from Mayer and coworkers has demonstrated that elec-
trochemical H-doping of metal oxides proceeds via proton-
coupled electron transfer, whereby the presence of acidic
protons in the electrolyte facilitate reduction.16 These results
call the original proposal for the post synthetic formation of H-
doped VO2 into question.

One popular approach that offers atomic-level insight into
the mechanism and local electronic consequences of hydrogen
uptake involves the use of molecular metal oxide cluster
complexes as models for bulk solids.17–20 Unlike the majority of
POVs reported that are isolated with high-valent vanadium(V)
centres,21–23 Lindqvist-type polyoxovanadate–alkoxide (POV–
alkoxide) clusters can be isolated in a reduced state, where all
six vanadium ions adopt tetravalent oxidation states, allowing
our group to study these compounds as models for VO2.24–26

Additionally, the vanadium centres within these clusters adopt
edge-sharing pseudo-octahedral coordination geometries that
are analogous to the immediate chemical environment of
vanadium(IV) ions in all known phases of VO2.27–30 While these
clusters possess delocalised electronic structures that can
mimic local electronic communication between adjacent vana-
dium centres, they lack the extended band structure and Mott
physics of the bulk material, limiting the effectiveness of our
model to understanding the local consequences of surface
reactivity and atomistic changes within VO2.

Previously, we reported the reactivity of a reduced POV–
alkoxide cluster with protons in an attempt to access models of
proton uptake in VO2.31 Upon addition of an organic acid to the
reduced cluster, [nBu4N]2[V

IV
6 O7(OEt)12] (Et ¼ C2H5), formation

of an oxygen-decient assembly was observed. The proposed
mechanism invokes the formation of a transient hydroxide-
functionalised species, [V6O6(OH)(OEt)12]

1�, which undergoes
rapid intermolecular disproportionation. The hydroxide func-
tionalised assembly is intriguing, as its isolation would provide
a handle to interrogate the structural and electronic conse-
quences, as well as the mechanism of H-doping in VO2 in acidic
medium.

For decades, trialkylsilylium cations have been used as
surrogates for protons in organic synthesis. Researchers have
noted that silylium ions are capable of mediating analogous
chemical transformations to protons, specically in examples
involving the reduction of carbon–oxygen multiple bonds.32–34
© 2021 The Author(s). Published by the Royal Society of Chemistry
More recently, this analogy has been extended to the use of
organosilanes as hydrogen-like reagents in inorganic
syntheses.35,36 Drawing inspiration from these works, we
hypothesised that the use of SiR3

+ as a bulky surrogate for
a proton would improve the stability of the siloxide-equivalent
of the unobserved hydroxide intermediate, thus allowing for
its isolation and analysis.

Here, we present the synthesis and characterisation of a sil-
oxide-functionalised POV–alkoxide cluster, [VIV

6 O6(OSiMe3)
(OMe)12]

1� (Me ¼ CH3), generated via addition of trimethylsilyl
triuoromethylsulfonate (TMSOTf) to [VIV

6 O7(OMe)12]
2�

(1-V6
IVO7

2�; Fig. 1). Notably, binding of the silylium ion to
a surface vanadyl site enables reduction of the cluster by a single
electron. The added reducing equivalent introduces a site-
differentiated VIII ion into the Lindqvist core adjacent to the
silylium dopant. This result suggests that cation coordination to
the surface of the vanadium(IV) oxide assembly is required for
reduction, challenging the established sequential addition of
electrons then protons believed to be necessary to access H-
doped VO2. Collectively, this work provides atomically precise
insights into the local structural and electronic impacts of H-
atom dopants in VO2, as well as mechanistic inferences that
suggest proton-coupled electron transfer may be a valid alter-
native pathway for H-atom uptake in VO2.
Results and discussion

We rst investigated the reactivity of TMSOTf with 1-V6
IVO7

2�.
We opted to use the methoxide-bridged variant of the POV–
alkoxide cluster to minimise steric clashes between surface
ligands and the trimethylsilylium ion. Addition of one equiva-
lent of TMSOTf to a bright blue solution of complex 1-V6

IVO7
2�

at low temperature resulted in an immediate colour change to
green (Scheme 1). Following workup, analysis of the reaction
mixture by 1H NMR spectroscopy revealed three new para-
magnetically shied and broadened resonances (d ¼ 27.50,
24.12 and �9.79 ppm, Fig. S1†). This pattern is consistent with
the expected reduction of symmetry of the parent cluster
(pseudo-Oh / pseudo-C4v) that would accompany surface
functionalisation.37–39 Additional characterisation of the
product by electrospray ionization mass spectrometry (ESI-MS,
(�) mode) revealed a peak located at m/z ¼ 863,
Chem. Sci., 2021, 12, 12744–12753 | 12745
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corresponding to a molecular weight consistent with the addi-
tion of a single trimethylsilyl moiety to complex 1-V6

IVO7
2�

(Fig. S2†). Collectively, these data suggest successful formation
of the siloxide-functionalised assembly, 2-V6

IVO6(OSiMe3)
1�.

To unambiguously identify the molecular structure of
2-V6

IVO6(OSiMe3)
1�, crystals suitable for analysis via single

crystal X-ray diffraction (SCXRD) were grown from slow diffu-
sion of diethyl ether into a concentrated solution of the product
in dichloroethane (Fig. 2 and Table 1, see Table S1† for
complete crystallographic data and renement parameters).
Renement of structural data conrms installation of a trime-
thylsilyl cation at a single vanadyl moiety. Broadly speaking,
bond metrics of the Lindqvist ion remain constant following
attachment of the silyl moiety to the surface of the assembly.
The only exception to this observation is the V1–O bond lengths
of the site differentiated vanadium centre. Indeed, activation
of the vanadyl moiety via formation of the siloxide ligand
manifests in a signicant reduction of the V1–O1 bond order,
as indicated by the elongation of the V1–O1 bond (V1–O1
(2-V6

IVO6(OSiMe3)
1�) ¼ 1.768(3) Å vs. V]Ot (avg, 1-V6

IVO7
2�) ¼

1.606(1) Å; Ot ¼ terminal oxido moiety). The V1–O1 bond length
is reminiscent of previously reported mononuclear vanadiu-
m(IV) complexes bearing siloxide ligands (1.761–1.772 Å).40,41

Additionally, activation of the terminal oxido ligand following
silylium coordination results in signicant truncation of the
V1–Oc bond (V1–Oc (2-V6

IVO6(OSiMe3)
1� ¼ 2.019(3) Å vs. V–Oc

(avg. 1-V6
IVO7

2�) ¼ 2.311(6) Å; Oc ¼ central m6-oxido moiety).
The V1–Oc bond distance resembles values reported previously
upon defect formation in POV–alkoxide clusters (2.0666(14)–
2.120(5) Å).37–39

Surface functionalisation of polyoxometalates (POMs) via the
addition of silylium cations has been previously reported.
However, most studies have been rooted in the development of
methodologies for the organofunctionalisation of poly-
oxotungstates, focused on the formation of bridging siloxide
ligands at the nucleophilic terminal oxide ligands of lacunary
assemblies.42–50 By contrast, the formation of terminal siloxide
Fig. 2 Crystal structures of 1-V6
IVO7

2� and 2-V6
IVO6(OSiMe3)

1� shown
with 30% probability ellipsoids. Hydrogen atoms, counter ions, and
solvent molecules have been removed for clarity.

12746 | Chem. Sci., 2021, 12, 12744–12753
moieties at the surface of plenary POMs, as observed following
addition of TMSOTf to 1-V6

IVO7
2�, is quite rare. The single

example is reported in the case of a niobium-functionalised
polyoxotungstate ion, [Nb2W4O19]

4�.51 In this work, addition
of tert-butyldimethylsilyl triouromethylsulfonate results in the
silylation of a lone terminal NbV]O bond to generate a siloxide
ligand, similar to that observed in the case of complex
2-V6

IVO6(OSiMe3)
1�. The authors credit the selectivity of this

reaction for the terminal Nb]O ligand to the steric bulk of the
selected silylium cation, noting that smaller electrophiles (e.g.
protons, methyl cations, trimethylsilylium ions), bind prefer-
entially to the more nucleophilic, bridging oxide positions.
Here, we have eliminated the possibility of the engagement of
m2-oxido ligands by fully saturating these bridging positions
with alkoxide moieties.

Crystallographic characterisation of 2-V6
IVO6(OSiMe3)

1�

provides atomic-level insight for local structural changes that
occur upon proton uptake in VO2. Analysis of the site-
differentiated vanadium ion within the POV–alkoxide cluster
reveals a slight changes in V–O bond distances along the z-axis of
V1, which, through ligand eld analysis, would translate to the
stabilization of the dz2 orbital of V1. This result is notable, as
previous work has indicated that changes in the electronic prop-
erties of VO2 upon proton uptake occur as a result of the modi-
cation of the energetics of the dz2 orbital of the doped ions.8,10,13,52
Implications of silylium coordination on the electronic
structure of 1-V6

IVO7
2�

Toward the goal of using reduced POV–alkoxide clusters to
model changes in the local electronic properties of VO2 upon
proton uptake, we next analysed the electronic structure of
complex 2-V6

IVO6(OSiMe3)
1�. The siloxide-functionalised POV–

alkoxide cluster crystallises with each vanadium ion in a unique
position within the unit cell, enabling the assignment of the
oxidation states of individual vanadium centres using bond
valence sum (BVS) calculations (Table S2†).53,54 All vanadium
centres within the hexavanadate assembly were identied as
tetravalent ions, resulting in an overall oxidation state distri-
bution of VIV

6 for complex 2-V6
IVO6(OSiMe3)

1�. This assignment
is identical to that of the parent cluster, 1-V6

IVO7
2� (VIV

6 ).
Additional evidence for the retention of the oxidation state

distribution upon silylium coordination was obtained via X-ray
photoelectron spectroscopy (XPS, Fig. 3). This analytical tech-
nique provides valuable information about the oxidation states
and chemical environment of elements present in a solid
sample bymeasuring the binding energies of photo-ejected core
electrons. The XPS data of complex 1-V6

IVO7
2� exhibits a single V

2p3/2 peak with a binding energy of 515.3 eV, consistent with
literature values for VIV.55 Similarly, in the case of complex 2-
V6

IVO6(OSiMe3)
1�, a single V 2p3/2 peak is observed with

a binding energy of 515.7 eV, suggesting this Lindqvist ion also
possesses a hexavanadate core comprised of solely tetravalent
vanadium ions. In contrast, the mixed valent monoanionic
parent cluster [V6O7(OMe)12]

1� exhibits two peaks in the V 2p3/2
region with binding energies of 515.7 eV and 517.5 eV that
correspond to VIV and VV, respectively (Fig. S3†). The
© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1sc02809j


Table 1 Selected bond lengths and angles of complexes 1-V6
IVO7

2�, 2-V6
IVO6(OSiMe3)

1�, and 3-VIIIV5
IV(OSiMe3)

2�

Bond/angle 1-V6
IVO7

2� a, e� distrib. ¼ VIV
6

2-V6
IVO6(OSiMe3)

1�,
e� distrib. ¼ VIV

6

3-VIIIV5
IVO6(OSiMe3)

2�,
e� distrib. ¼ VIIIVIV

5

Vn–Ot (avg.) 1.606(1) Å (n ¼ 1–3) 1.595(6) Å (n ¼ 2–6) 1.6010(4) Å (n ¼ 2–6)
Vn–Oc (avg.) 2.311(6) Å (n ¼ 1–3) 2.342(33) Å (n ¼ 2–5) 2.323(30) Å (n ¼ 2–5)
V1–O1 — 1.768(3) Å 1.929(4) Å
V1–Oc — 2.019(3) Å 2.138(3) Å
V1–O1–Si1 — 174.8(2)� (major, 78%) 176.3(3)� (major 78%)

160.5(6)� (minor, 22%) 151.1(8)� (minor 22%)

a Bond distances obtained from previously reported structural analysis of complex 1-V6
IVO7

2�.51
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assignment of oxidation states in these clusters was corrobo-
rated by comparison to their solid-state analogues (i.e. VO2); in
vanadium oxides, the oxidation state of vanadium is estimated
by the difference in binding energy between the O 1s and V 2p3/2
orbital levels.55,56 These energy differences in 1-V6

IVO7
2� and

2-V6
IVO6(OSiMe3)

1� are 14.7 and 14.9 eV, respectively, which
matches well with previous reports on VO2.57 It is worth noting
that a small shi in binding energy is observed when comparing
the spectra of complexes 1-V6

IVO7
2� and 2-V6

IVO6(OSiMe3)
1�,

which is likely due to the sensitivity of core electrons to changes
in their local bonding environment.58 The coordination of
a silylium ion to the surface of the cluster induces a small shi
toward higher binding energy in 2-V6

IVO6(OSiMe3)
1�, indicating

that silylium coordination reduces the electron density around
the vanadium metal centres across the entire assembly.

Comparison of the electronic structures of the siloxide
functionalised POV–alkoxide cluster, 2-V6

IVO6(OSiMe3)
1�, and
Fig. 3 X-ray photoelectron spectra of the V 2p3/2 region of (a)
2-VIV

6 O6(OSiMe3)
1� and (b) 1-VIV

6 O7
2�.

© 2021 The Author(s). Published by the Royal Society of Chemistry
its chloride-doped congener, [VIIIVIV
4 V

VO6Cl(OEt)12]
�1, allows for

comparison of the local electronic environments surrounding
surface-bound cationic and substitutional anionic dopants in
VO2, respectively.24 Previously, we reported that substitution of
a surface oxido ligand for a chloride moiety results in the
redistribution of electron density across the cluster core; two
adjacent VIV ions disproportionate to form a high-valent vanadyl
centre (VV]O) and a site differentiated VIII–Cl moiety.24 The
change in electronic structure upon formation of the chloride-
doped assembly was conrmed by XPS; aer tting the data
collected for [VIIIVIV

4 V
VO6Cl(OEt)12]

1�, an oxidation state distri-
bution of VIIIVIV

4 V
V was conrmed. In contrast, spectroscopic

analysis of complex 2-V6
IVO6(OSiMe3)

1� reveals perturbations of
the electronic structure of the fully-oxygenated parent cluster,
1-V6

IVO7
2�, but does not support the presence of either VIII or VV

centres in the functionalised assembly. Instead, both assem-
blies are found to possess an isovalent oxidation state
distribution of vanadium ions within the Lindqvist assembly
(e.g. VIV

6 ).
With appropriate caution, consideration of the differences

in the changes in the electronic structures of complexes
2-V6

IVO6(OSiMe3)
1� and [VIIIVIV

4 VVO6Cl(OEt)12]
1�, compared to

that of their fully-oxygenated precursors, [VIV
6 O7(OR)12]

2�, can
provide insight into the consequences of the formation of
surface-bound and substitutional dopants, respectively, in
VO2. While both categories of dopants have been credited
with injecting carrier density into the bulk material, it is clear
from the local changes in electronic structure upon dopant
formation in POV–alkoxide clusters that the mechanisms by
which these changes in electronic structure take place are
distinct. In the case of the chloride-doped assembly, formal
reduction of the doped vanadium ion is observed, requiring
redistribution of electron density across the cluster core.24

This results in the formation of a charge-separated species,
where the chloride-functionalised vanadium centre is elec-
tronically decoupled from the remaining vanadyl ions of the
assembly. In contrast, silylium coordination to the surface of
the POV–alkoxide cluster reveals only small changes in the
electronic structure of the low-valent vanadium oxide
assembly; the Lindqvist cluster can tolerate the addition of
the surface-bound dopant without major reorganization of
electron density within the three-dimensional framework.
This result suggests that changes in carrier density upon
Chem. Sci., 2021, 12, 12744–12753 | 12747
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Table 2 Electrochemical parameters of complexes 1-V6
IVO7

2� and
2-V6

IVO6(OSiMe3)
1� in dichloromethane

1-V6O7
2� 2-V6O6(OSiMe3)

1�
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cation uptake in these materials are likely due to the change
in reducibility of the lattice upon dopant incorporation. These
considerations will be discussed in depth in connection with
electrochemical analysis of 2-V6

IVO6(OSiMe3)
1� (vide infra).
Redox couple E1/2
a E1/2

a

[VIV
2 V

V
4]/[V

IV
3 V

V
3] +0.84 —

[VIV
3 V

V
3]/[V

IV
4 V

V
2] +0.20 +0.84

[VIV
4 V

V
2]/[V

IV
5 V

V
1] �0.44 +0.20

[VIV
5 V1]/[V

IV
6 ] �0.93 �0.47

[VIV
6 ]/[V

III
1 VIV

5 ] — �1.08

a All E1/2 values are reported on the basis of data collected in
dichloromethane and referenced vs. Fc+/0.
Electrochemical consequences of silylium binding to
1-V6

IVO7
2�

To further interrogate changes in the electronic properties of
the POV–alkoxide cluster upon silylium coordination, complex
2-V6

IVO6(OSiMe3)
1� was characterised via cyclic voltammetry

(CV). Analysis of the electrochemical prole of
2-V6

IVO6(OSiMe3)
1� in dichloromethane reveals a voltammo-

gram containing four quasi-reversible redox events (E1/2 ¼
+0.84, +0.20,�0.47,�1.08 V vs. Fc+/0; Fig. 4, Table 2). Comparing
this to the CV of 1-V6

IVO7
2�, one notes striking similarities in the

overall trace; the CV of the parent cluster likewise possesses
four, one-electron redox events at potentials slightly shied
from that of 2-V6

IVO6(OSiMe3)
1� (E1/2 ¼ +0.84, +0.20, �0.44,

�0.93 V vs. Fc+/059,60,63 The open circuit potential (OCP) of
complex 2-V6

IVO6(OSiMe3)
1� was measured to be �0.78 V vs.

Fc+/0, suggesting the isovalent VIV
6 charge state lies between the

two most reducing events. This observation indicates that sily-
lium coordination stabilises an additional reduction event for
the cluster core, corresponding to a VIV/III process not observed
in the parent assembly, 1-V6

IVO7
2�.

Reduction to VIII within a POV–alkoxide is a rare observation.
Previous reports reveal that the formation of trivalent vanadium
centres in cluster assemblies is possible upon formation of an
oxygen defect; however, these ions typically remain electroni-
cally decoupled from other vanadyl sites in the core.24,25,31,37–39

Evidence for this phenomenon is observed upon chemical
oxidation of the cluster; in all reported examples, oxidised
forms of oxygen-decient POV–alkoxide clusters retain a site-
differentiated VIII centre at the defect site (i.e. the oxidation
event occurs across vanadyl ions composing the remainder of
the cluster core).24,25,37,38
Fig. 4 Cyclic voltammograms of complexes 1-VIV
6 O7

2� (blue) and 2-
VIV
6 O6(OSiMe3)

1� (green) collected in dichloromethane with 0.1 M
[nBu4N][PF6] as the supporting electrolyte (scan rate ¼ 20 mV s�1).
Note that impurities observed in the CV of 2-V6O6(OSiMe3)

1� result
from oxidative instability of the siloxide-functionalised cluster.

12748 | Chem. Sci., 2021, 12, 12744–12753
Inspection of the CV of 2-V6
IVO6(OSiMe3)

1� reveals its insta-
bility under electroanalytical conditions. Anodic scans of the
cluster produce a mixture of species, as indicated by the
appearance of new electrochemical features located at E1/2 ¼
�0.704, �0.155, and +0.519 V vs. Fc+/0. The redox potentials of
the “impurities” closely resemble values reported previously for
the electrochemical prole of [VIIIVIV

5 O6(OMe)12]
1�.38 The

observed formation of the oxygen-decient POV–alkoxide
cluster is consistent with disproportionation of
2-V6

IVO6(OSiMe3)
1�, resulting in an equimolar mixture of

[VIIIVIV
5 O6(OMe)12]

1� and [VIV
5 V

VO7(OMe)12]
1� and half an

equivalent of hexamethyldisiloxane. This type of reactivity
resembles that previously invoked for the putative hydroxide-
functionalised POV–alkoxide cluster.31 Monitoring a dichloro-
methane solution of 2-V6

IVO6(OSiMe3)
1� via 1H NMR spectros-

copy conrms the suspected instability of the assembly; aer 24
hours, full conversion of 2-V6

IVO6(OSiMe3)
1� to a 1 : 1 ratio of

[VIIIVIV
5 O6(OMe)12]

1� and [VIV
5 V

VO7(OMe)12]
1� is observed

(Fig. S4†). Notably, as one extends the range of the oxidative
sweep past subsequent oxidation events, the current responses
of redox processes corresponding to [V6O6(OMe)12]

n and
[V6O7(OMe)12]

n increase in magnitude, which suggests that the
concentrations of the products of disproportionation increase
as the stability of the siloxide-functionalised cluster decreases
under more oxidizing conditions (Fig. S5†).
Modelling hydrogen-atom uptake in VO2(R); structural,
electronic, and mechanistic insights

Interested in isolating a molecular model for H-doped VO2, we
next sought to explore the reduction chemistry of complex 2-
V6

IVO6(OSiMe3)
1�. As described above, the electrochemical

prole of 2-V6
IVO6(OSiMe3)

1� suggests that binding of the sily-
lium cation to the cluster surface stabilises the reduction of the
vanadium oxide assembly. This suggests the possibility of the
formation of a reduced siloxide-functionalised POV–alkoxide
with an oxidation state distribution of VIIIVIV

5 . Chemical reduc-
tion of complex 2-V6

IVO6(OSiMe3)
1� with CoCp2 (E1/2 ¼ �1.33 V vs.

Fc+/0 in dichloromethane65) results in isolation of the reduced
assembly, [V6O6(OSiMe3)(OMe)12]

2� (3-VIIIV5
IVO6(OSiMe3)

2�; Scheme
2), in moderate yield (23%) as conrmed by 1H NMR spectroscopy
(Fig. S6†) and elemental analysis.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Synthesis of 3-VIIIV5
IV O6(OSiMe3)

2�.
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Crystals of 3-VIIIV5
IVO6(OSiMe3)

2� suitable for SCXRD were
grown from diffusion of diethyl ether into a concentrated
solution of the complex in acetonitrile. Broadly, the structure
of compound 3-VIIIV5

IVO6(OSiMe3)
2� resembles that of

2-V6
IVO6(OSiMe3)

1� (Fig. S7,† Table 1, see Table S1† for complete
crystallographic data and renement parameters); the reduced
siloxide-functionalised assembly adopts a pseudo-C4v point
group. Reduction of the cluster core manifests in slight
perturbations of the bond metrics of the vanadyl ions of the
assembly. In complex 3-VIIIV5

IVO6(OSiMe3)
2�, the average V]Ot

distance of 1.610(4) Å is slightly elongated from that of
2-V6

IVO6(OSiMe3)
1� (1.595(6) Å), while the V–Oc distances of

3-VIIIV5
IVO6(OSiMe3)

2� are shorter than that of
2-V6

IVO6(OSiMe3)
1�. These variations in V]Ot and V–Oc bond

distances are inconsistent with structural changes that typically
occur across the Lindqvist core following reduction. For
example, in the case of the reduction of [V6O7(OMe)12]

�1 to
1-V6

IVO7
2�, the V]Ot bond distances remain approximately

constant (1.60(8) Å vs. 1.606(1) Å, respectively), while signicant
elongation of the V–Oc distances are observed (2.297(38) Å vs.
2.311(6) Å).53

More substantial perturbations of V–O bond distances are
observed upon inspection of the bond metrics of the siloxide-
functionalised vanadium centre (V1). Signicant elongation of
the V1–O1 bond of complex 3-VIIIV5

IVO6(OSiMe3)
2� (1.929(4) Å)

is noted in comparison to that of 2-V6
IVO6(OSiMe3)

1� (1.768(3)
Å). The V1–O1 bond length is slightly longer than VIII–OSiR3

bond distances reported in the literature (1.852–1.883 Å).41,66

This point can be rationalised by discrepancies in coordination
geometry of the vanadium centre (pseudo-octahedral VIII ion in
the case of 3-VIIIV5

IVO6(OSiMe3)
2� vs. pseudo-tetrahedral VIII

centres in previous work). Taken together, these observations
suggest that reduction of the cluster core might be localised to
the site-differentiated vanadium centre.

Like 2-V6
IVO6(OSiMe3)

1�, complex 3-VIIIV5
IVO6(OSiMe3)

2�

crystallises with each vanadium centre possessing a unique
position within the unit cell. As such, oxidation state distribu-
tion assignments of vanadium centres within the cluster core
can be determined through BVS calculations (Table S3†).
Analysis of the bondmetrics for each vanadium centre indicates
an oxidation state distribution of VIIIVIV

5 ; the site-differentiated
vanadium centre (V1) possesses V–O bond distances consistent
© 2021 The Author(s). Published by the Royal Society of Chemistry
with reduction to VIII, while the vanadyl ions composing the
remainder of the cluster core retain their tetravalent oxidation
states. BVS calculations support the hypothesis that reduction
of the cluster core is largely localised to the site-differentiated
vanadium ion, resulting in the formation of a VIII–OSiMe3
moiety embedded within the Lindqvist assembly. Spectroscopic
analysis of H-doped VO2 via XPS suggests that vanadium atoms
bound to hydrogenated oxygen atoms also undergo a localised
reduction from VIV to VIII.8,10,15

Although comparison of 2-V6
IVO6(OSiMe3)

1� and
3-VIIIV5

IVO6(OSiMe3)
2� is useful for gaining insight into the

perturbations of the assembly upon addition of electron
density, a more useful analysis from the perspective of model-
ling H-atom doping in VO2 lies in the comparison of the
structural data of 3-VIIIV5

IVO6(OSiMe3)
2� to 1-V6

IVO7
2�. In

analogy to spectroscopic data reported for H-doped VO2, the
general positions of vanadium ions within the Lindqvist lattice
do not change substantially upon formation of
3-VIIIV5

IVO6(OSiMe3)
2�; V]Ot and V–Oc lengths of vanadyl ions

composing 1-V6
IVO7

2� and 3-VIIIV5
IVO6(OSiMe3)

2� are approxi-
mately identical. However, the addition of a hydrogen atom
surrogate to a V]Ot bond has signicant structural ramica-
tions on the site-differentiated vanadium centre. Elongation of
the V1–O1 bond is consistent with reduction of the bond order
as a result of silyl doping. Analogous atomistic perturbations
occur in computational modelling of H-doped VO2(R) as a result
of decreased charge of the oxido moiety upon hydrogenation.14

This distortion ultimately results in reduction of electron
correlation due to increased occupancy of V d-levels, suppress-
ing the metal-to-insulator phase transition and promoting
metallicity of the bulk material. To date, these subtle structural
changes have not been emphasised in discussions of empirical
data collected for VO2; however, the lattice expansion observed
following hydrogen-atom doping indicates that the structural
changes supported by ab initio calculations, and experimentally
modelled in our system, are indeed operative in bulk VO2.14

Finally, it is useful to discuss the implications of the
formation of complex 3-VIIIV5

IVO6(OSiMe3)
2� in the context of

published reports detailing the mechanism of hydrogen-atom
uptake in VO2. As described above, the oxidation state distri-
bution of vanadium centres in complex 3-VIIIV5

IVO6(OSiMe3)
2�

(VIIIVIV
5 ) reveals the net addition of a H-atom surrogate results in

reduction of a site-differentiated metal centre within the vana-
dium(IV) oxide assembly. This result is analogous to the changes
in electronic structure following hydrogen-atom uptake in
VO2.8,10,15 However, the two systems are distinct from one
another in their proposed mechanism of H-atom doping. In the
case of the formation of the siloxide-functionalised POV–
alkoxide cluster, silylium coordination precedes reduction of
the assembly. Recall that similar reduction to a POV–alkoxide
cluster bearing an oxidation state distribution of VIIIVIV

5 is not
possible in the fully oxygenated assembly (e.g. 1-V6

IVO7
2�),

underscoring the importance of silylium binding to the surface
of the assembly prior to injection of electron density.

The mechanism of hydrogen-atom addition to complex
1-V6

IVO7
2� stands in contrast to the suggested mechanism for

hydrogen-atom doping in VO2 when using acid as the proton
Chem. Sci., 2021, 12, 12744–12753 | 12749
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Fig. 5 Cation-coupled electron transfer square scheme for the uptake
of hydrogen atoms/silyl radicals into vanadium oxide assemblies.
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source, where injection of electron density is considered the
necessary rst step to generate H atom dopants in the lattice.8,15

The disparity in these two mechanisms, which follow diverging
pathways along the thermochemical square schemes (see
Fig. 5), suggests the possibility of a third route that could apply
to both systems: cation(proton)-coupled electron transfer. It is
worth noting that metal oxide materials have been widely re-
ported to perform proton-coupled electron transfer, yielding
stable, hydrogenated nanocrystalline scaffolds.16,67–70 However,
similar mechanisms have not yet been invoked for hydrogen-
atom uptake in VO2.
Conclusion

Here, we present the investigation of proton- and hydrogen
atom-doping in POV–alkoxide clusters using silylium ions as
bulky proton surrogates. This strategy affords isolation of
a series of siloxide-functionalised POV–alkoxide clusters,
complexes 2-V6

IVO6(OSiMe3)
1� and 3-VIIIV5

IVO6(OSiMe3)
2�, that

serve as models of H-doped VO2. The molecular nature of the
discrete Lindqvist ion allows for the investigation of atomistic
perturbations of V–O bond lengths as a function of silylium
coordination. This investigation reveals signicant elongation
of the V–O bond length following cation binding to the surface
of the assembly. Our ndings resemble ab initio calculations
performed for H-doped VO2 and provide, for the rst time,
structural evidence for the formal reduction of the V–O bond
order following interstitial doping of the lattice. Silylium
12750 | Chem. Sci., 2021, 12, 12744–12753
coordination stabilises the injection of charge density into the
lattice, facilitating the formation of a VIII ion at the site-
differentiated metal centre. Altogether, these observations
qualify the siloxide-functionalised POV–alkoxide cluster as an
intriguing model for structural and electronic changes that
occur upon hydrogen-uptake in VO2.

Additionally, the synthesis and characterisation of the
siloxide-functionalised POV–alkoxide clusters present a distinct
entry in the atomically precise modelling of dopants using these
types of clusters. The site-differentiated vanadium centre that
forms upon the surface coordination of a silylium ion appears
to remain embedded within the electronic structure of the
Lindqvist assembly. This behaviour is in contrast to our
previous studies describing the incorporation of substitutional
dopants (e.g. transition metals, halides) within the hex-
avanadate core.24,25,61,62,64,71–73 In these examples, the
heteroatom-functionalised POV–alkoxide clusters adopt elec-
tronic structures where the site-differentiated ion is decoupled
from the electronic structure of the remaining vanadyl ions of
the Lindqvist core. These ndings serve to deepen our under-
standing of the electronic architecture of molecular metal
oxides, as well as indicate that the doping motif is relevant to
the physicochemical effects observed for a doped material.

Our results suggest alternative mechanisms for electron–
proton co-doping of VO2. Electrochemical characterisation of
the siloxide-functionalised assemblies indicate that silylium
coordination is required prior to the reduction of the vanadium
oxide assembly. This nding is in contrast to previously re-
ported mechanisms of H-doping in VO2(R) that suggest that the
injection of electron density precedes the intercalation of
protons.8,15 While it is possible that the molecular vs. extended
structure of the VO2 assemblies is responsible for the observed
differences in mechanism, this study poses important ques-
tions regarding the relevance of proton-coupled electron
transfer in structurally dynamic materials. Due to the implica-
tions of the presented work on the rationalization of the
consequences of hydrogen-doping in VO2, ongoing investiga-
tions in our laboratory are focused on the reactivity of POV–
alkoxide clusters with hydrogen atoms and their surrogates,
with a goal of more precisely dening the thermochemistry of
surface-mediated proton coupled electron transfer (i.e. elec-
tron–proton co-doping) in VO2.
Experimental
General considerations

All manipulations were carried out in the absence of water and
oxygen using standard Schlenk techniques, or in a UniLab
MBraun inert atmosphere drybox under a dinitrogen atmo-
sphere. All glassware was oven dried for a minimum of 4 hours
and cooled in an evacuated antechamber prior to use in the
drybox. Solvents were dried and deoxygenated on a Glass
Contour System (Pure Process Technology, LLC) and stored over
activated 3 Å molecular sieves purchased from Fisher Scientic
prior to use. Trimethylsilyl triuoromethylsulfonate (TMSOTf)
and cobaltocene (CoCp2) were purchased from Sigma Aldrich
© 2021 The Author(s). Published by the Royal Society of Chemistry
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and used as received. [nBu4N]2[V
IV
6 O7(OMe)12] (1-V6

IVO7
2�) was

prepared according to published procedure.53
1H NMR spectra were recorded at 500 and 400 MHz on

Bruker DPX-500 and Bruker DPX-400MHz spectrometers locked
on the signal of deuterated solvents. All chemical shis were
reported relative to the peak of residual H signal in deuterated
solvents. CD3CN and CDCl3 were purchased from Cambridge
Isotope Laboratories, degassed by three freeze–pump–thaw
cycles, and stored over fully activated 3 Å molecular sieves. Mass
spectrometry analyses were performed on an Advion Expres-
sionL Compact Mass Spectrometer equipped with an electro-
spray probe and an ion-trap mass analyser. Direct injection
analysis was employed in all cases with a sample solution in
acetonitrile.

Single crystals of 2-V6
IVO6(OSiMe3)

1� and
3-VIIIV5

IVO6(OSiMe3)
2� were mounted on the tip of a thin glass

optical ber (goniometer head) and mounted on a XtaLab
Synergy-S Dualex diffractometer equipped with a HyPix-
6000HE HPC area detector for data collection at 100.00(10) K.
The structures were solved using SHELXT-2018/2 (ref. 74) and
rened using SHELXL-2018/3.75 Elemental analyses were per-
formed on a PerkinElmer 2400 Series II Analyzer, at the CENTC
Elemental Analysis Facility, University of Rochester.

The XPS measurements of complexes 1-V6
IVO7

2� and
2-V6

IVO6(OSiMe3)
1� were recorded with a Kratos Axis Ultra DLD

system equipped with a monochromatic Al Ka (hn ¼ 1486.6 eV)
radiation. During the measurements, pressure in the main
chamber was kept below 1 � 10�7 mbar. Charge compensation
was carried out via a neutraliser with current: 7� 10�6 A, charge
balance: 5 eV and lament bias: 1.3 V. The X-ray gun was set to
10 mA emission. Sample preparation was performed under
a dinitrogen atmosphere glovebox. The powders were dissolved
in dry dichloromethane to obtain a concentrated solution. The
solution was drop-casted on cleaned Si wafers, which were
grounded to the sample bar by carbon tape. Survey scans from
0 to 1200 eV were carried out to identify the elements present in
the sample. Binding energies were referenced to the C 1s peak
arising from adventitious carbon with binding energy of
284.8 eV.24 The C1s, O1s, Si 2p and V 2p core levels were
recorded with a pass energy of 80 eV. 3 scans for vanadium and
2 scans for non-metals were performed. Multiple sample points
were used to ensure reproducibility. The V 2p region was
increased to 510–540 eV to simultaneously measure the O 1s
and V 2p signal in one energy window. XPS data analysis was
performed with CasaXPS (Version 2.3.1). The Touggard function
was used for background subtraction. The O 1s and V 2p XPS
signals were tted with Gaussian curves. Binding energies were
obtained from the same peak ts.

Concentrations of active species for electrochemical analysis
(vanadium oxide cluster) and [nBu4N][PF6] used were 1 and
100 mM, respectively, in dichloromethane. Prior to running
electrochemical experiments, the supporting electrolyte was
recrystallised three times from ethanol and stored under
dynamic vacuum. CV measurements were carried out using
a Bio-Logic SP 150 potentiostat/galvanostat and the EC-Lab
soware suite. Glassy carbon disks (3 mm, CH Instruments,
USA) were used as working electrodes. Working electrodes were
© 2021 The Author(s). Published by the Royal Society of Chemistry
polished using a microcloth pad and 0.05 mm alumina powder.
Potentials recorded during CV were measured relative to
a nonaqueous Ag/Ag+ reference electrode with 10 mM AgNO3

and 100 mM [nBu4N][PF6] in acetonitrile (Bio-Logic). A platinum
wire served as the counter electrode. All experiments were
carried out inside a nitrogen-lled glovebox (MBraun, USA). All
CV measurements were IR compensated at 85% with imped-
ance taken at 100 kHz using the ZIR tool included with the EC-
Lab soware. All redox events were referenced against a ferro-
cenium/ferrocene (Fc+/0) redox couple.

Synthesis of [nBu4N][V
IV
6 O6(OSiMe3)(OMe)12]

(2-V6
IVO6(OSiMe3)

1�). In a glove box, a 20 mL scintillation vial
was charged with 1-V6

IVO7
2� (0.040 g, 0.030 mmol) and 4 mL

acetonitrile. TMSOTf (0.007 g, 0.030 mmol) was dissolved in
2 mL acetonitrile in a separate 20 mL scintillation vial. Both
solutions were frozen in a liquid nitrogen cold well. The frozen
solutions were taken out of the cold well and TMSOTf was
added dropwise with a glass pipette in three portions to the
frozen slurry of 1-V6

IVO7
2� as it thawed. The colour of the solu-

tion changed from teal to dark green upon the addition of
TMSOTf. The reaction was stirred for an additional 10 minutes
aer the complete addition of TMSOTf. Residual solvent was
subsequently removed under reduced pressure to give a green
solid. The crude solid was triturated with small portions of
pentane (4 mL) followed by washing with 2 mL of diethyl ether.
Dichloromethane was then used to extract the product. Aer
dichloromethane was removed under reduced pressure, the
product, 2-V6

IVO6(OSiMe3)
1�, was isolated as a dark green solid

in good yield (85%, 0.035 g, 0.027 mmol). 1H NMR (500 MHz,
CD3CN): d ¼ 27.50, 24.12, 3.06, 1.57, 1.34, 0.96, 0.76,
�9.79 ppm. Elemental analysis for C31H81NO19V6Si 0.5 CH2Cl2
(MW ¼ 1148.17 g mol�1) calcd (%): C, 32.95; H, 7.20; N, 1.22.
Found (%): C, 32.99; H, 7.21; N 0.89.

Synthesis of [nBu4N][CoCp2][V
IIIVIV

5 O6(OSiMe3)(OMe)12]
(3-VIIIV5

IVO6(OSiMe3)
2�). A 20 mL scintillation vial was charged

with complex 2-V6
IVO6(OSiMe3)

1� (0.055 g, 0.050 mmol) and
4 mL of dichloromethane. In a separate vial, CoCp2 (0.009 g,
0.050 mmol) was dissolved in 2 mL of dichloromethane. Both
solutions were frozen in a liquid nitrogen cold well. While
thawing, the solution of CoCp2 was added in three parts, drop-
wise, to the solution of complex 2-V6

IVO6(OSiMe3)
1�. Following

the complete addition of the reductant, the reaction mixture
was stirred for an additional 5 minutes. Solvent was removed
under reduced pressure, leaving a dark coloured residue at the
bottom of the vial. The product was extracted with cold tetra-
hydrofuran and ltered through a bed of Celite. Aer removing
tetrahydrofuran under vacuum, the product, complex
3-VIIIV5

IVO6(OSiMe3)
2�, was isolated as a blue-green solid in

moderate yield (23%, 0.015 g, 0.011 mmol). Crystals suitable for
X-ray analysis were grown from vapour diffusion of diethyl ether
into a concentrated solution of 3-VIIIV5

IVO6(OSiMe3)
2� in aceto-

nitrile; renement of structural data revealed two tetrabuty-
lammonium ions, suggesting cation exchange during
crystallization. 1H NMR (500 MHz, CD3CN): d ¼ 24.77, 22.75,
3.07, 1.58, 1.33, 0.96, �8.41 ppm. Elemental analysis for C47-
H117N2O19V6Si$CH2Cl2 (MW ¼ 1348.17 g mol�1) calcd (%): C,
40.23; H, 8.37; N, 1.95. Found (%): C, 40.47; H, 8.07; N 1.82.
Chem. Sci., 2021, 12, 12744–12753 | 12751
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Data availability
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