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ABSTRACT: We report the synthesis and characterization of a
monochloride-functionalized polyoxovanadate-alkoxide (POV-
alkoxide) cluster, which can serve as a molecular model for
halogen-doped vanadium oxide (VO,) materials that have
recently attracted great interest as advanced materials for
energy-saving smart window applications. Chloride-substituted
variants of the Lindqvist vanadium-oxide cluster were obtained
via two distinct chemical pathways: (1) direct halogenation of the
isovalent parent POV-alkoxide architecture, [V40,(OC,Hs),,] ™
with AICl; and (2) coordination of a chloride ion to a
coordinatively unsaturated vanadium center within a cluster
that bears a single oxygen-atom vacancy, [VO4q(OC,Hs),]°

Notably, our direct halogenation constitutes the first example of

selective, single-site halide doping of homometallic metal oxide
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clusters. The chloride-containing compound, [V4O4Cl(OC,H;),,]~", was characterized by '"H NMR spectroscopy and X-ray
crystallography. The electronic structure of the chloride-functionalized POV-alkoxide cluster was established by infrared,
electronic absorption, and X-ray photoelectron spectroscopy and revealed formation of a site-differentiated V"' ion upon
halogenation. Cyclic voltammetry was employed to assess the electrochemical response of halide doping. A comparison of the
Cl-VO, model to the fully oxygenated cluster, [V;O,(OC,H;);,]7% provides molecular-level insights into a new proposed
mechanism by which halogenation increases the carrier density in solid VO,, namely, through prompting charge separation

within the material.

B INTRODUCTION

Vanadium oxides have attracted great interest from the
materials science and chemical engineering communities
because of their rich electronic and physical properties.” The
wide range of oxidation states accessible to vanadium has
resulted in the isolation of a variety of solid-state oxides (e.g.,
V,05, VO,, V,05, VO, etc.), many of which exhibit intriguing
optical, electrical, thermal, and magnetic properties.””  In
particular, vanadium dioxide (VO,) has benefitted from
extensive research, given its near-room-temperature metal-to-
insulator phase transition. This distinct property has resulted in
the implementation of VO, films in energy-saving smart
window technologies.®~ "’

Recent developments aimed at the optimization of the
photophysical and physicochemical properties of VO, (e.g,
critical temperature, coloration) have revealed that atomic
dopants serve to modulate the phase-transition mechanism and
electronic structure of these materials.""'? In particular,
anionic defects, in the form of halide ions, have been credited
with substantially lowering the reversible metal-to-insulator
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transition temperature and band gap while maintaining the
excellent visible transmittance and solar modulation of native
VO, (Figure 1).377 Although theoretical studies have
investigated the electronic structure of halide-doped VO,
systems in the monoclinic phase,18 challenges in isolating
materials with the atomically precise and uniform incorpo-
ration of halide dopants have, to date, rendered a deep
understanding of the electronic effects of said defects in VO,
unattainable.

Research targeting an improved understanding of the
photophysical properties of first-row transition-metal oxides
has revealed that the photoexcited states of these materials are
best described by localized (cluster-like) electronic inter-
972! These findings qualify metal oxide clusters as
reasonable candidates for probing the electronic structure of
corresponding solid oxide materials. Although no molecular
model can fully capture the complex Mott physics and electron
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Figure 1. Schematic illustration of anionic defects in solid vanadium
dioxide (top; structure for visualization only) and molecular POV-
alkoxide clusters as models (bottom).**™>*

correlation effects observed for VO, because of the stron

coupling among lattice, orbital, and spin degrees of freedom,”

such molecular systems are useful because they permit the use
of spectroscopic techniques reserved for homogeneous
(soluble) systems to gain structural, electronic, and mecha-
nistic insights.

The Lindqvist architecture of polyoxovanadate-alkoxide
(POV-alkoxide) clusters constitutes an excellent model system
for solid VO, (Figure 1).>7>° Although most commonly used
polyoxovanadate clusters are composed of d° vanadium centers
with four or five oxygen atoms oriented around the metal in a
tetrahedral or square pyramidal geometry, the hexavanadate
POV-alkoxide assembly prescribes an octahedral coordination
environment for each vanadium center.”**® This immediate
chemical environment of the six vanadium centers is rare for
molecular vanadium oxide clusters and notably resembles that
of individual vanadium ions found in VO,.”” Likewise, the +4
oxidation state of all six vanadium ions in the dianionic (fully
reduced) form of this cluster is electronically similar to the V¥
ions that comprise solid-state VO,. Taken together, the
physical and electronic properties of these POV-alkoxide
clusters render them excellent molecular models for solid-state
VO,.

Although halide-templated vanadates exist, they do not
constitute good models for surface-halogenated VO,. A
majority of these systems possess vanadate ions that
encapsulate halide ions, stitched together by electrostatic
interactions. Here, we describe a POV-alkoxide cluster with a

28,29

coordinatively bound chloride ion at its surface, resulting in a
spectroscopic model for surface-halogenated VO,.

Previous work by our laboratory has focused on under-
standing synthesis routes for the formation of “doped” POV-
alkoxide clusters. Our curiosity regarding the design of these
types of molecular systems is based on their ability to serve as
homogeneous and atomically precise models for extended
solids. Early studies from our research group summarized
results pertaining to the installation of high- (e.g, Ti'")*>!
and low- (e.g,, Fe'l, Ga'™)**7** valent cationic dopants within
the Lindqvist framework via solvothermal synthesis. More
recently, we have developed routes for the postsynthesis
engineering of oxygen-atom defect sites at terminal oxido
positions within these molecular metal oxide assemblies,
presenting a rare example of an electronic and functional
model of an anionic surface dopant.*>~>’

Interested in expanding the scope of our work to other
atomically precise, anionically doped VO, architectures, we
sought to develop synthesis routes to access halide-function-
alized variants of the POV-alkoxide assembly. We opted to
begin our studies with chloride ion installation because of
results summarized in a recent theoretical study predicting that
the incorporation of this halogen at the surface of VO, would
likely yield materials with optimal thermochromic performance
for smart window alpplications (e.g, low critical temperature,
small band gap).'® Here, we report the site-selective
chlorination of a reduced POV-alkoxide cluster. We view
these halogenated clusters as model systems for Cl-doped VO,,
highlighting potential chemical routes for the controlled
introduction of halide ions at the surface of this solid-state
material. We subsequently present the spectroscopic character-
ization of the POV-alkoxide cluster bearing a site-differentiated
“V—CI” moiety. Comparison of the electronic structures of the
fully oxygenated POV-alkoxide cluster and its halogenated
congener offers insight into the localized electronic effects of
halide doping in VO,.

B RESULTS AND DISCUSSION

Formation of [V404CI(OC,Hs);,]: Direct Halogena-
tion and Independent Synthesis. We chose to begin our
investigations by developing synthesis pathways for the direct
halogenation of the dianionic POV-alkoxide cluster,
["Bu,N1,[V40,(OC,Hs),,] (1-V40,72). The molecular hex-
avanadate assembly is composed of six vanadium(IV)
centers,” rendering its electronic structure most similar to
that of VO,. The addition of 2 equiv of AICl; to 1-V,0, >
resulted in an immediate color change from blue-green to
brown. Notably, the hue of the resulting compound is
consistent with that observed for halide-doped VO, nano-
particles.”” Analysis of the crude reaction mixture by '"H NMR

Scheme 1. Synthesis of 3-V404Cl™" via Direct Halogenation of the Parent POV-Ethoxide Cluster (1-V40, ) and Surface
Passivation of a POV-Ethoxide Cluster Bearing a Single Oxygen-Atom Defect (2-V,0,MeCN) with [Et,N]Cl
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spectroscopy revealed nearly complete conversion of the
starting material (Scheme 1, Figure S1). The distribution of
new, paramagnetically shifted and broadened resonances
suggested a reduction in symmetry from that of the pseudo-
octahedral parent cluster.’”>”” This pattern of signals is
consistent with the formation of the desired monohalogenated
POV-alkoxide because the substitution of a single terminal
oxido moiety by chloride would afford a Lindqvist cluster with
pseudo-C,, symmetry.

Although 'H NMR analysis showed that a new cluster was
formed upon addition of AICl; to 1-V40, 2, electrochemical
analysis by cyclic voltammetry revealed a complicated mixture
of products (Figure S2). All attempts to purify the product of
the reaction were thwarted because of similar solubilities of the
presumed halogenated species and the starting material.
Similar challenges in separating fully oxygenated and site-
differentiated clusters have been noted previously by our
laboratory.*”***¢ Thus, we sought to independently synthesize
a chlorinated variant of the homometallic POV-alkoxide
assembly. Coordinatively unsaturated [VO,]™ (x = 4, 5)
fragments in polyoxovanadate architectures have been reported
to bind electron-rich substrates (e.g., halide atoms, coordinat-
ing solvent molecules) at the unoccupied sites of the metal
centers.”” We therefore postulated that the installation of a
halide at the surface of the POV-alkoxide assembly might be
accomplished by the addition of a chloride-containing salt to a
cluster featuring a coordinatively unsaturated vanadium ion.

To this end, we built upon the recently reported synthesis of
a POV-ethoxide cluster with a single oxygen-atom vacancy
([Vs04(OC,H;) ,(MeCN)]% MeCN = acetonitrile, 2-
V404MeCN).>” Upon addition of 1 equiv of tetraethyl-
ammonium chloride ([Et,N]Cl) to complex 2-V;OsMeCN,
we were able to access the chloride-functionalized variant of
the cluster, [Et,N][V;O4CI(OC,Hs),,] (3-V404CI™", Scheme
1), as confirmed by electrospray ionization mass spectrometry
(ESI-MS; Figure S3). Analysis of the product, 3-V404CI™", by
"H NMR spectroscopy showed five paramagnetically shifted
resonances located at 26.00, 24.45, —0.81, —2.17, and —22.54
ppm (Figure S4). A comparison of the '"H NMR spectra of 3-
V404Cl™" with that of the product from the reaction of AICI,
and 1-V0, 2 revealed virtually identical signals, suggesting
that the same product is formed in both reactions.

Unambiguous assignment of the molecular structure of 3-
V4O4Cl™' was obtained via single-crystal X-ray diffraction
(SCXRD). X-ray analysis of crystals that were grown by the
vapor diffusion of pentane into a tetrahydrofuran solution of
the product confirmed the connectivity and composition of the
molecular structure of 3-VoO4Cl™' (Figure 2, Table SI).
Unfortunately, rigorous analysis of bond metrics of the
Lindqvist assembly was not possible because of disorder
within the unit cell. Regardless, these results, in summation,
confirm that the product of the direct chlorination of the POV-
ethoxide cluster was, in fact, the monohalogenated species.

Although halide-functionalized polyoxometalate clusters are
highly relevant molecular models for solid-state, halide-doped
transition-metal oxides, to the best of our knowledge there
exist no examples that describe the electronic effects of the
incorporation of these types of ligands at the surface of
polyoxometalate assemblies. This is likely due to the fact that
only a handful of reports exist that describe the synthesis of
homometallic metal oxide clusters that contain surface halide
ligands.”®*” The scarcity of polyoxometalate architectures that
bear halide defect sites has been attributed to the instability of

1051

[V6O7(OC,Hs).]2
(1-V0;2)

[V6OsCI(OC,Hs) 5]
(3-Vg04CI)

Figure 2. Molecular structures of 1-V40, 2 and 3-V404Cl™" shown
with 50% probability ellipsoids. Hydrogen atoms, solvent molecules,
and the counterion within the unit cell have been omitted for clarity.
Crystallographic parameters for these structures are summarized in
Tables S1 and S2. Colors: C, black; O, red; V, dark green; CI, light
green.

plenary structures (e.g., Keggin, Wells-Dawson polyoxoanions)
in the presence of halogenating reagents.””~*" Our synthesis
approach of integrating a single chloride ion at the surface of a
POV-alkoxide via postsynthetic functionalization constitutes a
rare example of controlled, site-selective halogenation at the
surface of a homometallic polyoxometalate cluster.

It is worth noting that while a dearth of polyoxometalate
complexes exists with surface halide ligands, these ions are
often incorporated at the center of metal oxide clusters.
Indeed, halide and polyatomic anions have been reported as
“templating” reagents for the synthesis of polyoxovanadate
clusters.”” However, many of these previously reported
vanadium oxide clusters do not constitute good models for
Cl-doped VO, because they are composed of V' centers
(homo- and mixed-valent).**~* Although some assemblies
exist that are composed solely of VIV moieties,”> weak
electrostatic interactions to the interstitial halide ion render
these systems suboptimal for modeling the electronic
consequences of halide incorporation in VO,.

Spectroscopic Analysis of a Cl-Doped POV-Alkoxide
Cluster. With analytically pure samples of the halogenated
product in hand, we turned our focus to the elucidation of the
electronic structure of the chloride-functionalized Lindqvist
assembly. Charge balancing suggests that the oxidation state
distribution of vanadium moieties in complex 3-V404Cl™!
could be assigned either as [V'V¢] or as [V'"'V',VV]. Previous
reports by our laboratory””***>7*”% and others”** have
documented well-established spectroscopic features in the
visible and near-infrared regions of the electronic absorption
spectra of mixed-valent (VV/V) POV-alkoxide clusters.
Intervalence charge transfer (IVCT) bands were observed for
POV-alkoxide clusters that possess V¥ centers, corresponding
to the exchange of electron density between V'V and V" ions.
Thus, we collected the electronic absorption spectrum of the
halogenated cluster in acetonitrile (Figure 3) to distinguish
between the two proposed oxidation-state distributions for
complex 3-V40,CI™.

Two distinct IVCT bands were observed at 398 nm (& =
3710 M em™) and 1000 nm (& = 478 M~' cm™!), consistent
with the presence of a V' center in the POV-alkoxide
architecture (Figure 3). The higher-energy feature corresponds
to a d (V) = dyp (V") transition, while the lower energy is
assigned to the dxy(VN) - dxy(VV) event. By comparison, the
isovalent parent cluster, 1-V40,7% exhibits only a weak
transition at 652 cm™ (& = 47 M™' cm™'), assigned to the

DOI: 10.1021/jacs.9b11874
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Figure 3. Electronic absorption spectra of 1-V40,7> (green), 2-
VsO¢MeCN (blue), and 3-V404Cl™" (purple) collected in acetonitrile
at 21 °C.

o . . 24,25
excitation of a localized d electron at a d*' vanadium center.””

The presence of these absorbance features points toward a
mixed-valent oxidation-state distribution of vanadium ions in
complex 3-VgO4Cl™?, best described as [V''V'Y,VV]. Further
support for this assignment of the electronic structure of the
halogenated POV-alkoxide cluster can be obtained from a
comparison of the electronic absorption spectrum of 3-
V404Cl™" with that of complex 2-V4O¢MeCN. The oxygen-
atom-deficient POV-ethoxide cluster has been reported to have
an analogous oxidation state distribution of vanadium ions,
[VIVY, VY], to that proposed for 3-V404CI7*" Indeed, the
electronic absorption spectrum of complex 2-ViO,MeCN
possesses two IVCT bands centered at 392 (e = 2740 M™!
cm™') and 1000 nm (& = 407 M~' cm™).

Evidence for the change in the oxidation state distribution of
vanadium ions within the cluster upon surface chlorination was
obtained via X-ray photoelectron spectroscopy (XPS, Figure
4). This spectroscopic technique has been widely used to
analyze the elemental composition or metal oxidation states in
solid-state materials and also as a method for monitoring the
reaction progress, effects of pretreatments, and aging of
catalysts for both heterogeneous systems and molecular
inorganic complexes.*” The XPS data of 1-V40,* exhibited
a single peak in the energy region of V 2p;,, at 516.2 eV,
consistent with an isovalent [V'V] oxidation state distribution.
In the case of 3-V4O4Cl™", the V 2p region showed two
features for V 2p;,, and V 2p, ,, ranging from ~513 to ~528
eV. Resolution of the vanadium energy region for V 2p;,
revealed three vanadium peaks at 516.5, 516.7, and 518.4 eV,
which can be attributed to vanadium ions in the 3+, 4+, and 5+
oxidation states, respectively. Integrated areas under curves
from Gaussian fits at the aforementioned vanadium peak
maxima were consistent with the proposed [V''VYV,VV]
oxidation state distribution (V! 16.8%, VIV 67.3%, and V!
15.8%). These data further validate the assignment of the
electronic structure of the cluster inferred from electronic
absorption spectroscopy. Thus, we can conclude that the
chlorination of a single vanadyl site within the isovalent
Lindqyist structure (1-V40, 2) induces the disproportionation
of two VIV centers into a V" and a V" ion.

It is worth noting that in the single publication that describes
the synthesis of Cl-doped VO, nanoparticles, XPS analysis
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Figure 4. X-ray photoelectron spectra of the V 2p region of 1-V40,>~
(top) and V 2p;, region of 3-V4OCl™" (bottom).

reveal the presence of both VIV and V" ions.'® The authors
attribute this observation to surface oxidation of the sample
during analysis. However, our results offer an alternative ex-
planation. Correlating the observation of V" ions in the sample
with our results obtained from XPS analysis of atomically
precise models for Cl-doped VO, implies that the
disproportionation of vanadium ions across the material
(VY, = V™WY) would be required for the coordination of
the chloride ligand at a site-differentiated V""" center. This, in
turn, suggests that the V¥ “impurity” observed in a previous
analysis of Cl-doped materials might actually be a result of the
substitution of an oxide ligand for a chloride ion at the surface
of the nanoparticle. Indeed, a close examination of the XPS
data for the model systems (V 2p region) reveals significant
overlap in the features located in the V 2p region of XPS data
corresponding to V™ and V" ions. Thus, this analytical
technique would be insufficient to make this electronic
structure assignment in solid-state Cl-doped VO,.

Overall, spectroscopic characterization of complex 3-
V404Cl™" deepens our understanding of the electronic effects
of halogenation at VO, surfaces. Although halogen-free
complex 1-V4O, > possesses a symmetric Lindqvist core
composed of six chemically equivalent V'V ions,”**>** the
formation of one V—CI bond results in site differentiation of a
reduced V' center. This, in turn, decouples the chlorinated
vanadium ion from the vanadyl moieties that make up the rest
of the POV-alkoxide cluster, allowing for the existence of both
V! and VY centers within a single metal oxide unit. This
surprising change in the vanadium oxidation state distribution
in the Lindqvist structure upon halogenation suggests that
multiple mechanisms may contribute to the increased carrier
density that has been theroetically predicted for halide-doped
VO, (e.g, charge separation across the material).'” It remains
unclear from our interpretation of preceding theoretical
predictions, aimed at describing the electronic structure of
these types of anionically doped materials, whether these
changes in the oxidation states of individual vanadium centers
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have been taken into consideration. Indeed, the clear
disproportionation (V', — V™VV) prompted by surface
halogenation in our model systems suggests that changes in the
oxidation states of vanadium ions might be important in the
derivation of electronically precise density-of-state diagrams for
halide-doped VO, materials.

Electrochemical Analysis: Elucidating the Electronic
Effects of Surface Halogenation of VO,. Further insight
into the electronic effects of surface halogenation of the POV-
ethoxide cluster was obtained via cyclic voltammetry (CV;
Figure S, Table 1). Lindqvist POV-alkoxide clusters possess

1-Vg0;2
2-V;0sMeCN
3-V404CI"
-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
Potential (V vs. Fc%+)
Figure 5. Cyclic voltammograms of complexes 1-V40,*~ (green), 2-

VsO¢MeCN (blue), and 3-V404CI™" (purple) collected in dichloro-
methane with 0.1 M ["Bu,N][PF,] as the supporting electrolyte.

rich electrochemical profiles, featuring up to four quasi-
reversible redox events over a 1.7 V range.”**>*® Their
electronic properties have been shown to be sensitive to the
substitution of a transition metal or metalloid for a vanadyl
moiety with the hexavanadate framework®”**7>** and to be
nominally unaffected by ligand substitution at the bridging-
alkoxide sites.”” Like its fully oxygenated congener, the CV of
complex 3-V,O4Cl™" exhibited four quasi-reversible redox
events (El/2 = +0.92, +0.23, —0.47, —1.02 V vs Ec”* in
dichloromethane). The anodic shift of the redox profile of the
POV-ethoxide cluster upon halogenation (~0.2 V) i
consistent with the anticipated increase in the electron density
thought to accompany the n-type doping of a solid metal oxide.
The implications of the shifts of the redox events of complex
3-V4O(Cl™', in particular, how the change in energy of the
electrochemical processes might provide information on
anticipated changes in the band gap diagram for Cl-doped
VO,, are worth considering. The four quasi-reversible
electrochemical events observed in our CV data of 1-V40,>
and 3-V404Cl™" correspond to vanadium-based oxidations
(VIVV); as such, we can assign these events to the frontier
orbitals that contribute to the valence band edge in the solid-
state system. Theoretical investigations on the electronic

structure of solid-state VO, predict that the incorporation of
halide dopants would result in the narrowing of the band gap
of the material by increasing the energy of the valence band."®
However, the anodic shifts observed upon surface doping of
the POV-alkoxide clusters are inconsistent with this proposed
electronic structure, instead suggesting stabilization of the
valence band upon incorporation of a surface chloride ion.
The inconsistencies noted in our electrochemical analysis of
the POV-alkoxide clusters and theoretical band diagrams
predicted for Cl-doped VO, might be attributed to the fact that
these model systems are molecular species. Inherently, these
clusters do not take into consideration the complicated
electronic structures and Mott physics of extended vanadates.””
However, the color of the POV-alkoxide upon surface
halogenation is consistent with that reported for the
monoclinic phase of Cl-doped VO, (yellow/brown),"
suggesting that the predicted shifts in the valence band edge
of Cl-doped VO, are not solely responsible for the changes in
the optical behavior of this material. Instead, our molecular
models posit that the change in color of Cl-doped VO, is likely
due to the formation of midgap states that give rise to new,
lower-energy visible absorption processes for this material.
Our synthetic handle on atomically precise vanadium oxide
assemblies that bear surface defects allows for the comparison
of the electronic consequences of disparate anionic dopants.
We can therefore compare the CV of complex 3-V404CI™" to
that of a POV-alkoxide bearing a single oxygen atom vacancy
(2-V4OsMeCN). This analysis provides insight into the
differences in the localized electronic structures of metal
oxide materials with varying types of anionic defect sites (i.e.,
oxygen-atom vacancy vs chloride dopant). The E,, values of
all four electrochemical events were shifted cathodically from
that of complex 2-V,O0,MeCN (E,/, = +1.11, +0.46, —0.21,
—0.85 V vs F¢”* in dichloromethane, Figure 5, Table 1).> We
attribute these shifts to the change in overall charge of the
halogenated species; the POV-ethoxide cluster takes on a
negative charge upon coordination of the chloride atom to the
surface defect site. However, we cannot rule out the 7-donating
character of the chloride ligand in complex 3-V404Cl™" as a
contributing factor in the observed shifts in redox potentials of
the cluster. In either case, the cathodic shifts of all four redox
events indicate that surface passivation of oxygen-atom
vacancies with chloride ions results in a vanadium oxide
assembly that possesses a higher activation energy for the
introduction of excess electron density to the cluster core.

B CONCLUSIONS

We have established a synthesis route for the direct, site-
selective monohalogenation of metal oxide clusters via addition
of AICL; to an isovalent POV-alkoxide cluster, 1-V40,72
Independent preparation of 3-V¢O4Cl™' by the addition of
[Et,N]Cl to a POV-ethoxide cluster with a single O atom
vacancy confirmed the atomically precise installation of a single

Table 1. Electrochemical Parameters of Complexes 1-V;0, 72, 2-V,O¢MeCN, and 3-V,0,CI™!

redox couple of 1-V,0,> E p(V)? redox couple of 2-V,O0MeCN E n(V)? redox couple of 3-V40,Cl™" E,n(V)*
[VIV ]/[VIV VV] —1.16 [VIIIVIV }/[VIIIVIV4VV] —0.85 [VIIIVIVSJ/[VIIIVIV4VV] —1.02
NRAMINAAMS —0.62 VIV, Y]/ VIV, VY, ] —021 VIV, WV VIV, VY, ] —047
NRARAVINAARA| +0.07 VIV WY, 1/ [VIVIY, VY, ] +0.46 VIV WY, 1/ VIV, VY, ] +0.23
VVovY 1/ [viv,vy,] +0.75 VIV, VY [VIVIYYY, ] +1.11 VIV, VY VIVIYYY, ] +0.92

“All E, ), values are reported on the basis of data collected in dichloromethane and referenced vs Fc
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surface-bound chloride ligand at the metal oxide assembly.
Structural and spectroscopic characterization by X-ray
crystallography and electronic absorption, infrared, and X-ray
photoelectron spectroscopy revealed a mixed-valent oxidation
state distribution [V"V'V,V"] in the halogenated compound.
Importantly, these results present two distinct chemical
pathways for the postsynthetic formation of model Cl-doped
VO, complexes, with implications for the development of
superior smart window technologies.

The isolation of complex 3-V4O4Cl™" has provided us with
opportunities to probe the localized electronic effects of
surface halogenation. Indeed, comparing the halogenated
cluster to its fully oxygenated congeners via electroanalysis
revealed that surface halogenation results in an anodic shift in
redox potentials. Overall, our results demonstrate how
controlled surface halogenation affects the localized electronic
structure in vanadium oxide moieties, with direct ramifications
on understanding anion doping in vanadium dioxide smart-
window materials toward optimized energy-saving perform-
ance.

B EXPERIMENTAL SECTION

General Considerations. All manipulations, unless otherwise
noted, were carried out in the absence of water and oxygen in a
UniLab MBraun inert atmosphere glovebox under a dinitrogen
atmosphere. Glassware was oven-dried for a minimum of 4 h and
cooled in an evacuated antechamber prior to use in the drybox. Unless
otherwise noted, solvents were dried and deoxygenated on a Glass
Contour System (Pure Process Technology, LLC) and stored over
activated 3 A molecular sieves purchased from Fisher Scientific.
["BU4N]2[V607(OC2H5)12]23 (1'V607_2) and
[V406(OC,H;);,MeCN]*” (2-V404MeCN) were prepared as pre-
viously reported. AICl; was purchased from Sigma-Aldrich and used
as received.

"H NMR spectra were recorded at 400 MHz on Bruker DPX-400
MHz spectrometers locked on the signal of deuterated solvents. All
chemical shifts were reported relative to the peak of the residual 'H
signal in deuterated solvents. CDCl; was purchased from Cambridge
Isotope Laboratories, degassed by three freeze—pump—thaw cycles,
and stored over activated 3 A molecular sieves. Infrared (FT-IR,
ATR) spectra of complexes were recorded on a Shimadzu IRAffinity-1
Fourier transform infrared spectrophotometer and are reported in
wavenumbers (cm™'). Electronic absorption measurements were
recorded at room temperature in anhydrous acetonitrile in a sealed 1
cm quartz cuvette with an Agilent Cary 60 UV—vis spectropho-
tometer. Mass spectrometry analyses were performed on an Advion
Expression” compact mass spectrometer equipped with an electro-
spray probe and an ion-trap mass analyzer. Direct injection analysis
was employed in all cases with a sample solution in acetonitrile. Single
crystals were mounted on the tip of a thin glass optical fiber
(goniometer head) and mounted on a Bruker SMART APEX II CCD
platform diffractometer for data collection at 100.0(5) K. The
structures were solved using SHELXT-2014/5°" and refined using
SHELXL-2014/7.°> Elemental analyses were performed on a
PerkinElmer 2400 Series II Analyzer at the CENTC Elemental
Analysis Facility, University of Rochester.

Concentrations of active species for electrochemical analysis
(vanadium oxide cluster) and ["Bu,N][PF,] used were 1 and 100
mM, respectively, in dichloromethane. Prior to running electro-
chemical experiments, the supporting electrolyte was recrystallized
three times from ethanol and stored under constant vacuum. CV
measurements were carried out using a Bio-Logic SP 150
potentiostat/galvanostat and the EC-Lab software suite. Glassy
carbon disks (3 mm, CH Instruments, USA) were used as working
electrodes. Working electrodes were polished using a microcloth pad
and 0.05 M alumina powder. Potentials recorded during CV were
measured relative to a nonaqueous Ag/Ag" reference electrode with
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10 mM AgNO; and 100 mM ["Bu,N][PF] in acetonitrile (Bio-
Logic). A platinum wire served as the counter electrode. All
experiments were carried out at room temperature inside a
nitrogen-filled glovebox (MBraun, USA). All CV measurements
were IR compensated at 85% with impedance taken at 100 kHz using
the ZIR tool included with the EC-Lab software. All redox events
were referenced against a ferrocenium/ferrocene (Fc*/Fc) redox
couple.

X-ray photoelectron spectra (XPS) were taken using a Kratos Axis
Ultra DLD. XPS sample preparation for 1-V¢0, > and 3-V40,CI™"
was performed under a dinitrogen atmosphere in the glovebox.
Samples were prepared by drop-casting solutions of concentrated
samples in dry dichloromethane on cleaned Si wafers, which were
grounded to the sample bar by carbon tape. Neutralizer settings:
(current) 7 X 107°A; (charge balance) 5 eV; (filament bias) 1.3 V;
(X-ray gun settings) 10 mA emission and 15 kV high tension (Al
anode); and (collection settings) 80 eV pass energy for survey and
region scans, three scans for vanadium, and two scans for nonmetals.
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 Is peak arising from adventitious carbon, taken to have a
binding energy of 284.8 eV.>>** High-resolution spectra were
collected for the V 2p, Cl 2p, C Is, and O 1s regions. The V 2p
region was increased to 510—540 eV to fit the V 2p and O 1s regions
together. Quantitative peak areas were derived after Touggard
background subtraction. Binding energies were obtained from the
same peak fits. Quantitative XPS analysis was performed with
CasaXPS (version 2.3.1).

Synthesis of ["BuyN],[V¢0;(0C,Hs);] (1-V0;72). The syn-
thesis of 1-V40,7% was adapted from a previous report.*® In a
glovebox, a 15 mL pressure vessel was charged with
[V50,(0OC,Hy),,]° (0.113 g, 0.0118 mmol) and approximately 10
mL of acetonitrile. Tetrabutylammonium hydroxide in methanol
(0.35 mL, 0.35 mmol, 3 equiv) was added to the solution. The
pressure vessel was removed from the glovebox and stirred at 90 °C
for 24 h. The resulting solution was pumped back into the glovebox,
filtered, and concentrated. The solution was stored at —35 °C for
crystallization, affording blue crystals of complex 1-V40,7% These
crystals were suitable for X-ray analysis. Analytical data obtained for
complex 1-V40,7> via standard characterization techniques ('H
NMR, IR, and UV—vis) matched that obtained from the previously
reported synthesis.*®

Synthesis of [Et,N][Vg04CI(OC,H;s);,] (3-V406CI™"). A 20 mL
scintillation vial was charged with 2-V,0,MeCN (0.060 g, 0.061
mmol) and approximately 6 mL of dichloromethane. Solid tetra-
ethylammonium chloride (0.012 g, 0.075 mmol, 1.2 equiv) was added
to the solution, and the reaction mixture was stirred at room
temperature for 2 h. The volatiles were removed under reduced
pressure. The resulting brown solid was crystallized from the diffusion
of pentane into a concentrated tetrahydrofuran solution at room
temperature, affording complex 3-V404Cl™" in good yield (0.047 g,
0.042 mmol, 69%). These crystals were suitable for X-ray analysis. 'H
NMR (400 MHz, CDCL,): & = 26.00 (fwhh = 430 Hz), 24.45 (fwhh =
360 Hz), —0.81 (fwhh = 190 Hz), —2.17 (fwhh = 210 Hz), —22.54
(fwhh = 580 Hz) ppm. FT-IR (ATR, cm™"): 1040 (O,-C,Hs), 956 (V
= 0,). UV—vis (CH,Cl,): 398 nm, (¢ = 4495 M~ cm™"), 1000 nm (e
=590 M~' cm™). Elemental analysis for C3,HgyO,3V4CIN (MW =
1107.64 g/mol) Calcd (%): C, 34.67; H, 7.28; N, 1.26. Found (%): C,
34.63; H, 7.36; N, 1.16.

Synthesis of ["Bu,N][V;O.CI(OC,H;),,] via Chlorination of
[V6O,(OC,Hs);,1*~ with AICl;. A 20 mL scintillation vial was
charged with 1-V40,7% (0.030 g, 0.025 mmol) and approximately 6
mL of dichloromethane. Solid aluminum trichloride (0.008 g, 0.056
mmol, 2.2 equiv) was added to the solution, and the reaction mixture
was stirred at 50 °C for 24 h. The volatiles were removed under
reduced pressure to yield a brown solid. The residue was stirred in
diethyl ether for 10 min and then filtered. The solid was continuously
washed with diethyl ether until the filtrate was colorless. The solid was
extracted with dichloromethane, and volatiles were removed under
reduced pressure. The product was further purified via recrystalliza-
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tion from the slow diffusion of pentane into a concentrated solution of
3-V4O,Cl™" in dichloromethane (0.023 g. 0.019 mmol, 75%). 'H
NMR spectroscopy revealed a spectrum of the product that matched
that of independently synthesized 3-V,04C1™".
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