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ABSTRACT.

Alkoxylation of heterometal-functionalized polyoxometalates is an important strategy for tailoring
the physical and chemical properties of these multimetallic systems. Here, we describe the targeted
synthesis of a series of heterometallic tris-alkoxy  functionalized  clusters
[Ti2V405(OCH3)11(OCH2)3CR], where R’ = CH;, C2Hs, NO, and
[TiV506(OCH3)10(OCH3)3CR’], where R” = CsH4N. Product isolation reveals design criteria for
the self-assembly of heterometallic POV-alkoxide clusters, and adds further diversity to this family

of polyoxometalates.

INTRODUCTION.

Polyoxometalates (POMs) comprise an exceptionally diverse library of inorganic clusters,
which have seen applications across disciplines from medicine to materials science.!”> Consisting

of three or more corner- or edge-sharing MOy (M =V, Mo, W) subunits, POMs form a wide array



of structures, and correspondingly, possess a broad range of optical, electronic, and magnetic
properties.? Their structural versatility has led to extensive research in functionalization of POMs
with organic ligands, serving to both increase the diversity of POM-based structures, and to
improve their compatibility with organic media.*® Recent years especially have seen an increase
in generating POM-based organic-inorganic hybrids via covalent grafting of organic moieties to
the surface of POMs through ligand substitution at the bridging oxygen atoms.!:7 This strategy has
proven effective for incorporating of specific functional groups in a predictable and reliable
manner, highlighting the promise for future developments of hybrid materials that bridge the gap

between organic frameworks and inorganic POM-based clusters.

Incorporation of organic moieties into POM frameworks is not only a viable means for
tailoring the properties of these clusters, it is also a common method for increasing the stability of
otherwise unstable architectures.* ® It is this strategy that has made possible the synthesis of
hexavanadium-POMs featuring the Lindqvist core [MsO19]"".% 8 While this oxo-bridged structure
is well established and readily formed by Mo, W, Nb, and Ta POM assemblies, it is not observed
for vanadium, likely due to the high charge that would result from a [V6O19]® structure, and the
relatively small ionic radius of V>*.2 10 Thus, generation of such hexavanadium systems has only
been accomplished by invoking charge compensation via ligand substitution at the bridging
oxygen atoms. For example, Zubieta et. al. have demonstrated this synthetic strategy to great
effect, reporting a wide variety of hexavanadium systems featuring trisalkoxy u-bridging moieties
(TRIOLs).” 12 While these studies demonstrate the functional group tolerance of the
hexavanadium framework, the neutral TRIOL-functionalized oxo-bridged clusters feature
exclusively vanadium(V) centers, limiting their redox capabilities to reduction only. This yields

electrochemical profiles which typically have only a single accessible redox event.



In 2003, Hartl and coworkers developed a further organic-functionalized Lindqvist POV
framework, [VsO7(OR12)] (R = CH3, C2Hs).!% 13-14 They discovered that substitution of all twelve
bridging oxo units with alkoxide ligands yields a unique structure that contains mixed valent
vanadyl ions in its neutral form: [VV2V!V407(OR)12]°. The Robin &. Day Class II delocalized
electronic structure of this polyoxovanadium-alkoxide (POV-alkoxide) stabilizes four reversible
redox events (two oxidations and two reductions), enabling the generation of a cationic POM. We
have expanded upon this family of homoleptic POV-alkoxides, demonstrating that the bridging -
OR group can be extended (R = C3Hs, C4Ho, and CsHi1), with retention of the multielectron redox
profile observed in the methoxide- and ethoxide-bridged structures. In addition to these homoleptic
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modifications, our group and others!” have reported the incorporation of tris-alkoxy (TRIOL)

moieties into the POV-alkoxide platform, to generate [VsO7(OR)o(OCH2)3CR’] (R = CH3, C2Hs;
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Figure 1. Previously published POV-alkoxide clusters (top) and TRIOL-functionalized

heterometallic POV-alkoxides discovered in this work (bottom).



R’ = NH;, N3, CH3s, C2Hs, NO2, NMes*, CsHyN, CsHsNCH3, CH,OCH3, CH,OC>,H4OCH3). Each
of the clusters in this series feature a single tridentate functional group appended to the face of the
cluster, with the nine remaining bridging-alkoxide moieties occupied by methoxide or ethoxide
substituents (Figure 1). Notably, as in the case of the homoleptic POV-alkoxides established by
Hartl, [V¢O7(OR)i12], these TRIOL-functionalized POV-alkoxides feature a mixed-valent
[VV2VIV4] core in their neutral state. This distinguishes these clusters from the previous TRIOL-
functionalized POVs, and affords retention of a rich electrochemical profile with four reversible
redox events, analogous to the homoleptic POV-alkoxide assemblies. Thus, we conclude that
installation of TRIOL ligands is a viable route for incorporating a wide variety of functional groups

into POV-alkoxides without impacting their electrochemical properties.

In contrast, we have identified incorporation of transition metal ions into POV-alkoxides
as an effective method for tuning the redox properties of this system. We have previously
established synthetic routes to generate a series of heterometal functionalized POV-alkoxides,
[MVs506(OCHz3)12] (MVs, where M = Ti, Zr, Hf, Fe, Ga), demonstrating that the heterometal
identity has significant bearing on the redox potentials of the VV/V!V events of the system.!3-2* We
also developed routes to access the di-titanium cluster [Ti2V4O0s5(OCH3)14] (Ti2V4), discovering
that incorporation of a second titanium center yields further shifts in the vanadium-based redox
chemistry of the POV-alkoxides and increased stability of the heterometallic Lindqvist core.?! For
the titanium-functionalized POV-alkoxides (Ti-POV-alkoxides), TiVs and Ti,V4, incorporation of
the group(IV) ion results in the appearance of one or two new widely-spaced reduction events in
the redox profiles of the mono- and di-titanium clusters, respectively. This distinguishes the Ti-

POV-alkoxides from all other heterometallic clusters we have generated, and has made both TiVs



and Ti2V4 interesting compounds to consider for electrochemical applications, such as stationary

energy storage.?

Here, we continue to probe the electronic participation of titanium in the hexametalate core
through the synthesis and characterization of TRIOL-functionalized Ti-POV-alkoxides. We
investigate a variety of functional groups at the TRIOL ligand, generating
[Ti2V405(OCH3)11(OCH2)3CR], where R’ = CH;, C2Hs, NO, and
[TiV506(OCH3)10(OCH3)3CCsH4N]. In isolating these complexes, we identify how ligand identity
can influence self-assembly, and develop strategies for generating pure products from
solvothermal syntheses. Electrochemical analysis reveals consistent electrochemical profiles of
the heterometallic Lindqvist clusters, featuring both titanium- and vanadium-based redox events
despite variation in functional group identity on the TRIOL ligand. These investigations further
highlight the modularity of the POV-alkoxide scaffold, and serve as an example of successful
targeted self-assembly. The synthetic insights herein inform strategies for further derivatization of

POV-alkoxides, enabling diversification of POM-based organic-inorganic hybrids.

RESULTS AND DISCUSSION.

Synthesis of TRIOL-functionalized Ti-POV-alkoxides.

In our previous work investigating titanium functionalization of POV-alkoxides, we
discovered that small variations in solvothermal conditions would favor installation of one or two
titanium centers during self-assembly.!® 2! Of the two, the di-titanium cluster, Ti2V4 is seemingly
the thermodynamically preferred product, as the complex forms directly from solvothermal

reaction of the titanium- and vanadium-alkoxide precursors, Ti(OCH3)s and VO(OCH3)3, in



methanol and elevated temperatures and extended reaction times. We note in this synthesis that 48
hours marks the earliest time that Ti2V4 is the exclusive product of the reaction, but that heating
can continue for up to 120 hours with no impact on product formation. In contrast, installation of
a single titanium center to form TiVs requires milder reaction conditions.!® The same titanium-
and vanadium-alkoxide precursors are used, in 1:5 ratio in methanol, but also necessary for self-
assembly is the addition of an external reductant, tetrabutylammonium borohydride ["BusN][BH4].
Heating of this reaction is limited to 100 °C for 24 hours, as increased temperature or time results
in the formation of significant amounts of Ti2V4. Even under these reaction conditions, purification
of TiVs still requires extensive washing to remove the byproduct, Ti2V4. Given the additional
challenges posed by isolation of the mono-titanium clusters, we narrowed our initial synthetic
targets to TRIOL functionalized derivatives of the di-titanium POV-alkoxide, to yield

[T12V40s(OCH3)11(OCH2);CR)].

We initiated efforts to generate TRIOL-functionalized di-titanium POV-alkoxides
beginning with the simplest, commercially available tris-alkoxy precursor, (HOCH:);CCHj3
(TRISM®), Synthetic strategies invoked insights from both our previous work in synthesizing
TRIOL-functionalized POV-methoxide clusters'® as well as our synthetic protocols for generating
the di-titanium cluster TizV4.2! The solvothermal reaction of the TRISM® precursor (one equiv)
with the titanium-alkoxide Ti(O'Pr)s and the vanadium(V) oxytris-methoxide precursor
VO(OCH3);3 (2 and 4 equivalents, respectively) in methanol at 125 °C for 48 hours resulted in the
desired Lindqvist cluster [Ti2V4Os(OCH3)11(OCH2);CCHs] (Ti2V4TRISM®), as indicated by
electrospray ionization mass spectrometry (ESI-MS; Figure S1). However, these reaction
conditions also gave a small amount of the homoleptic cluster, Ti2V4 (m/z = 814), shown in the

ESI-MS of the crude reaction (Figure S1). To minimize this byproduct, a slight excess of TRISM®



was used (1.5 equiv) which shifted product formation to exclusively Ti,V4TRISM¢, as determined
by ESI-MS (Figure S2, Scheme 1). We note that a small excess is also required for clean formation
of the analogous hexavanadium-TRISM® complex [V¢O7(OCH3)o(OCH2)3CCH3] (1.2 equiv

TRISM¢/cluster).!®
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Scheme 1. Synthesis of Ti,V.-TRIS*, Ti,V.-TRIS*, and Ti,V4-TRISNO2

Analogous reaction conditions were used to access [Ti2V4Os(OCH3)11(OCH2);CR’], R’ =
CoHs (Ti:V4TRIS®Y), R’ = NO, (Ti2Vs-TRISNO2), whose formation was likewise indicated by
ESI-MS of the crude solutions (Figures S3 and S4). For each reaction, analytically pure material
was obtained via precipitation of solid from the crude mother liquor. After solutions were left to
stand overnight, a microcrystalline, spherulites was observed (Figure S5). Characterization of
these solids via '"H NMR reveals three paramagnetic peaks, bearing similarities to the spectrum
reported for complex Ti2V4 (Figure S6). Infrared spectroscopy was used to further confirm the

formation of each desired Lindqvist species, TizV4-TRISM¢, TizV4-TRIS®, and Ti,V4TRISNO2,



In the spectra for each cluster, two strong absorption bands are observed at ~975 and ~1020 cm ™!,
corresponding to the v(V=0) (O = terminal oxo) and v(O»-CH3) (Op = bridging oxo), respectively
(Figure 2a, Table 1). Additionally, the IR spectra of each TRIOL-functionalized di-titanium cluster
show strong absorption bands at ~1125 cm™!, consistent with the v(O-CH3) of the alkoxide ligands
bound to the heterometallic titanium centers. Analogous features have been observed in the IR
spectrum of the homoleptic cluster Ti»V4.?' The spectrum of Ti;V4-TRISNOz also features two

strong absorption bands at 1124 and 1339 cm™!, consistent with the N-O stretching frequencies of

the nitro group on the cluster.
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Figure 2. Spectroscopic characterization of Tiz Vs, Ti2V4-TRISM®, Ti,V4-TRISE, and Ti, V-
TRISNOz_ (a) IR spectra and (b) electronic absorption spectra collected in acetonitrile. The inset

shows the low-energy region of the spectra to more clearly illustrate IVCT bands.

Table 1. IR data for complexes TiV4, Ti2V4-TRISM¢, Ti;V4-TRISE, Ti,V4-TRISNOZ, TiVs,

and TiVs-TRIS?Y

Complex W(V=0) cm™! V(Op—CH3)em™'  w(TiO—CH3) cm™! y(N—O) cm™!
Ti, V42! 979 1032 1130 --
Ti,V4TRISM® 972 1018 1124 -
Ti»V4TRIS® 974 1022 1120 --
Ti,V4-TRISNO2 974 1013 1124 1124, 1339
TiVs!® 958 1040 1152 --
TiVs-TRIS?Y 958 1036 1162 -

Further characterization of the cluster core was obtained using electronic absorption
spectroscopy. Mixed-valent POV-alkoxide clusters exhibit intervalence charge-transfer (IVCT)
bands characteristic of electron transfer between V'V (d') centers and VV (d°) centers.'* 2224 These
features are absent in the spectra of Ti;Vs-TRISM¢, Ti;V4-TRISF, and Ti,V4TRISNO2,
suggesting that these clusters possess, instead, an isovalent, V'V electron configuration (Figure 2b).
This is analogous to the observations made for the neutral, homoleptic cluster TizV4,?! suggesting
that Ti,V4-TRISMe, Ti;V4-TRISF, and Ti,V4-TRISNO2 have the same electron configuration of
[Ti'V2V!Vy4]. This oxidation state distribution is further confirmed by the presence of a weak
shoulder around 630 nm (~70 M~' cm™), a feature observed in Ti2V4 (684 nm, 117 M! cm™),?!
as well as in the di-anionic hexavanadium cluster [V!V¢07(OCH3)12]*> (630 nm, 50 M~ cm ™). 1424

Also noted in the spectra of each di-titanium cluster is a broad absorbance around 420 nm,



corresponding to electron transfer between V'V (d') to Ti'V (d°) ions within the heterometallic

clusters.!8-21-22

To unambiguously confirm their structures, crystals of TizV4-TRISFt and Ti,V4-TRISNO2
were grown from saturated methanol solution and slow evaporation of dichloromethane,
respectively. Refinement of the X-ray data revealed the expected di-titanium Lindqvist structure
with three bridging-methoxides replaced by the respective tris-alkoxy functional group (Figure 3,
Table 2). The overall cluster geometry closely resembles that of the homoleptic Ti2V4, with the
two titanium centers located ““cis” to one another, linked by a bridging-methoxide unit. As in Ti2 V4,
the Ti-Om-C bond angles (Om = oxygen atom of the terminal methoxide ligand) of the capping
methoxides for both titanium centers in Ti;V4~-TRIS® and Ti,V4-TRISNO2 are nearly linear (~175
%), with short Ti-Ombond distances of ~1.75 A. This suggests significant n-donation from the oxygen
atoms of the methoxide moieties to the electron deficient titanium centers. The Ti-O. (O = central p -
oxygen atom) bond distances of Ti2V4~TRIS® and Ti,V4-TRISNO2 are relatively short (~2.100
and ~2.127 A) compared to the V-O. bond lengths in each cluster (~2.501 and ~2.472 A,
respectively; Vi = vanadium center located “trans” to the two titanium centers). As in the case of
Ti» V4, the affinity of the titanium ions for the p’-oxo seemingly pulls the oxygen atom out of its
central position in the cluster, as evidenced by elongated V-O. bond distances. We note that in
both Ti,V4-TRIS® and Ti,V4-TRISNO2 the TRISR ligand is bound exclusively to oxygen atoms

that bridge two vanadium centers.



Ti,V, Ti,V,-TRISE Ti,V,-TRISNO:

Figure 3. Molecular structure of Ti.V,, Ti,V.-TRIS#, and Ti,V4+-TRIS NO2 shown with 50%

probability ellipsoids. Hydrogen atoms have been removed for clarity.

Table 2. Structural parameters: of Ti.V,, Ti,V.-TRIS®, and Ti,V4TRISNO2

Bond Ti>V4 Ti,V4-TRISE Ti,V4-TRISNO2
Ti—Om (avg) 1.742 A 1.750 A 1.745 A
Ti—Ow—C (avg) 177.6 ° 172.9 ° 177.3 °

Ti—Ob (avg) 1.976 A 1.975 A 1.973 A

Ti—Oc (avg) 2.126 A 2.100 A 2.127A

V-0 (avg) 1.601 A 1.598 A 1.597 A

Vi—O. (avg) 2473 A 2.501 A 2472 A

V0. (avg) 2373 A 2.364 A 2358 A

O.= oxygen atom of the terminal methoxide ligand; O, = oxygen atom of the bridging methoxide
ligands; O. = central y-oxygen atom; V, = vanadium centers “trans” to the titanium atoms; V. =
vanadium centers “cis” to the titanium atoms.

Interested in using TRIOL functionalization as a route for exploring post-synthetic
modifications to the POV-alkoxide scaffold, we sought to functionalize the di-titanium cluster with

a pyridyl-terminated tris-alkoxy ligand, to generate [Ti2V4Os(OCH3)2(OCH2)3CCsH4N] (Ti2Vs-



TRIS?Y). We have recently demonstrated that the TRIS®Y ligand can be successfully incorperated
into the mixed-valent, hexavanadium POV-alkoxide framework,'> and so we hypothesized that
incorporation into the di-titanium system would be similarly straightforward. For the
homometallic, hexavanadium system, installation of a TRIS?Y moiety follows the same synthetic
pathway as functionalization with TRIS®' or TRISN92. As such, we initiated synthetic efforts to
isolate Ti2V4TRIS?Y using analogous syntheses to those described for Ti2V4TRISM®, Ti,V4-

TRISEt, and Ti,V4-TRISNO2,

However, following the 48 hour solvothermal reaction (125 °C) of two equiv of Ti(O'Pr)4
with four VO(OCH3)3 and 1.5 TRIS® in methanol, ESI-MS revealed that only a small fraction of
resulting reaction mixture contained the desired product Ti2V4-TRISYY (m/z = 902; Figure S7a).
Instead, the major species detected via mass spectrometry corresponds to the formation of the
TRIS™-functionalized mono-titanium cluster, [TiVsOs(OCH3)10(OCH2);CCsHaN] (TiVs-TRISFY;
m/z = 890). Given that formation of the mono-titanium cluster TiVs is facilitated by the addition
of reductant, ["BusN][BH4], to the solvothermal reaction, we hypothesized that the reducing nature
of the pyridyl functional group in the TRIS® ligand was the cause for the observed product
distribution. Yet lowering the amount of TRIS?Y added (from 1.5 to 1 equiv) yielded a nearly
identical product distribution, with the majority product still TiVs-TRIS?Y (Figure S7b). Our initial
syntheses of TiVs and Ti:V4 revealed that formation of the di-titanium cluster is increasingly
favored as the duration of the reaction increases (with exclusive formation at t > 48 hours). As
such, we increased the duration of the aforementioned solvothermal synthesis from 48 to 72 hours,
in hopes that we would see an analogous shift in product formation toward the desired di-titanium
complex Ti:V4-TRISY. However, despite variation of reaction conditions we observe no

significant change in the ratio of TizV4-TRIS® to TiVs-TRISYY, but instead the formation of the



homoleptic complex, Ti2V4 (Figure S7c). Further increase in reaction time to 96 hours yields

exclusive formation of Ti,V4 (Figure S7d).

Given the observed preference for its formation, we shifted our target to isolation of the
mono-titanium complex TiVs-TRISY. To avoid formation of TiV4&~TRIS?Y, we reduced both the
duration and temperature of the solvothermal synthesis (from 125 °C for 48 hr to 100 °C for 24
hr), to ideally promote exclusive formation of TiVs-TRIS?Y (Scheme 2). ESI-MS (—ve) of the
resulting green-brown solution revealed a single peak at m/z = 890, corresponding to the exclusive
formation of TiVs-TRIS?Y (Figure S8). Upon standing overnight, a sticky green-brown solid
precipitated from the solution. Elemental analysis of this precipitate matched that of the desired
product TiVs-TRIS?Y (EA calculated for Ci19HsNO19TiVs (MW=890 g/mol): C, 25.67; H, 4.53;

N, 1.58. Found: C, 25.601; H, 4.400; N, 1.438).
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Scheme 2. Synthesis of TiVs-TRIS?Y

Characterization of TiVs-TRIS® via IR, and absorption spectroscopies confirms
formation of the heterometallic cluster core (Table 1). The IR spectrum of TiVs-TRIS?Y possesses
the characteristic V=0, and Op-CHj3 stretching frequencies at 958 and 1036 cm ™!, respectively, in

addition to the TiO-CH3 stretching frequency observed for all Ti-POVs (1162 cm™!; Figure 4a).!®:



2l The electronic absorption spectrum of the cluster bears two strong absorbance at 382 and 1000
nm (4.29 x 10° and 7.65 x 10> M"! cm™!, respectively), features well established to correspond to
intervalence charge-transfer from V'V to VV centers in POV-alkoxide clusters (Figure 4b).!4 1%-23
While such features are not observed in the absorption spectrum of the originally reported, mono-
titanium functionalized POV-alkoxide cluster in its anionic, reduced state, [Ti'VV!VsOs(OCH3)13]~
(TiVs), they have been reported for the singly oxidized cluster in a neutral charge state,
[TiVVV1VIV406(OCH3)13] (Figure 4b). Thus, we conclude that the electronic distribution of the

hexametalate core of TiVs-TRISYY directly accessed from solvothermal synthesis is [Ti'VVVV1V4],

with the overall cluster bearing a neutral charge.
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Figure 4. Spectroscopic characterization of TiVs-TRIS®Y, [Ti!VV!Vs06(OCH3)13]~ (TiVs), and
[TiVVV1VIV406(OCHs3)13] (a) IR spectra and (b) electronic absorption spectra collected in
acetonitrile. The inset shows the low-energy region of the spectra to more clearly illustrate IVCT

bands.

Electronic properties of TRIOL-functionalized Ti-POV-alkoxides.

Electrochemical analysis of the series of newly synthesized TRIOL-functionalized Ti-

POV-alkoxides was performed via cyclic voltammetry (CV). All electrochemical experiments



were run in acetonitrile with tetrabutylammonium hexafluorophosphate (["BusN][PFs]) as the
supporting electrolyte. In each voltammogram four quasi-reversible electrochemical events are
observed, analogous to the homoleptic cluster Ti»V4 (Figure 5, Table 3). As such, we conclude
that the two reduction events in each spectrum (E12 = —1.6, —2.1 V) correspond to Ti'V/Ti"! redox
couples, while the two oxidation events (E12 = 0.2, 0.7 V) correspond to VV/VV couples. We note
that across the series of triol-functionalized Ti-POVs, the most reducing Ti'V/Ti'!! couple (E12 =
—2.1 V) appears less reversible than it does in the homoleptic Ti2V4. This may be due to reduced
diffusion or kinetics rates in the bulkier functionalized species, though no such losses are observed
for the TRIOL-functionalized hexavanadium POV-alkoxides.!>1® It may also be that TRIOL-
functionalization influences the extent of delocalization within the hexametalate core, and the
effects of this are simply most pronounced at this highly reducing event. The E1,2 values for each
redox event in Ti,V.-TRIS*, Ti.V.-TRIS* compare favorably with those observed in the spectrum
of Ti»V4, showing only slight deviations from their homoleptic congener. In contrast the redox
events in Ti;V4-TRISNO2 are significantly shifted, with the VV/V!Y and Ti'"V/Ti"' couples at
potentials ~0.33 V and ~0.11 V higher, respectively, than those in Ti»V4. These observations are
analogous to those made for the hexavanadium TRIOL-functionalized POV-alkoxide series
[V607(OC2Hs)9TRISR] (R = -CH3s, -NO>), wherein the VV/VV couples of the R = NO; cluster are
oxidatively shifted by ~0.2 V, while for R = CH3 no shifts are observed.!> We hypothesize that,
as in the case of the hexavanadium systems, the electron-withdrawing nature of NO» influences
the redox properties of the POV-alkoxides significantly more than the relatively inert methyl or

ethyl substituents.
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Figure 5. Cyclic voltammograms of Ti,V,, Ti,V.-TRIS*, Ti,V.-TRIS®, and Ti,V4+TRISNO2
recorded in acetonitrile with 0.1 M ["Buy4][PFs]. Scan rate 100 mV/s. Arrow indicates open

circuit potential and sweep direction.

Table 3. Electrochemical parameters for Ti2V4, Ti2V4-TRISM, Ti,V4-TRISE, and TizV4-

TRISNO:2
Timz/TimTiw 'I‘im']r‘ilv/']r‘iw2 V“Q/V‘\V“E \]vl\]lvj/\]vz\]w2
Ti2V4 -2.10 -1.58 0.15 0.64
Ti,V4-TRISMe -2.12 —-1.60 0.14 0.65
Ti,V4-TRISE! -2.21 —1.63 0.26 0.77

Ti>V4-TRISNO2 —2.01 —1.45 047 0.98
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Figure 6. Cyclic voltammograms of TiVs and TiVs-TRIS®Y recorded in acetonitrile with 0.1 M

["Bus][PFs]. Scan rate 100 mV/s. Arrow indicates open circuit potential and sweep direction.

Table 4. Electrochemical parameters for TiVs and TiVs-TRIS?Y

Tim/Tilv \]lvs/\]vl\]lv4 VV1VW4/VV3VW3 \]vz\]w]/\]v]\]w2
TiVs —2.07 —-0.23 0.24 0.75
TiVs-TRIS?Y -2.13 —-0.25 0.24 0.74

The CV of TiVs-TRISYY is nearly identical to that of the homoleptic TiVs, bearing four
events at £, = —2.13, —0.25, 0.24, and 0.74 V (Figure 6, Table 4). Thus, we can correlate the
event at —2.13 V to a Ti'V/Ti'!! reduction, while the three remaining events correspond to VV/V!V
couples. We note that unlike the anionic, isovalent V!V cluster, TiVs, which has an open circuit
potential (OCP) of —0.5 V, the OCP of TiVs-TRIS® is 0.2 V, further evidence of the mixed-valent

VViVY, core of the cluster isolated directly from solvothermal synthesis. In our previous work



with the hexametalate system [VsO7(OC2Hs)oTRIS?Y], we observed a slight shift (+0.1 V) upon
tris-pyridyl functionalization.!®> Although this is more significant than the changes in redox profile
observed here upon tris-pyridyl functionalization of the mono-titanium cluster (which are
effectively non-existent), the electrochemical changes in both cases can be comparably classified

as minimal.

Overall, we conclude that the shifts imparted to the POV-alkoxide series by ligand identity
are much smaller than those observed for functionalized oxo-bridged POVs.” For example, in the
TRIOL-functionalized POV [VsO13(TRIS®)2]*" (R = CH; , CH2CHs, CH20H, NO2, N(CH3)»),
ligand substitution can tune the redox profile of the cluster by ~0.5 V. ° The minimal shifts in
redox profiles of the TRIOL-functionalized Ti-POVs when compared to the unsubstituted
complexes indicates that the functional groups are sufficiently decoupled from the hexametalate
core, such that they do not influence the electrochemical properties of the system. This points to
the fundamental differences in electrochemical properties between alkoxide-bridged POVs and
primarily oxo-bridged scaffolds. In TRIS® functionalized POV-alkoxides, there exist nine bridging
alkoxide units in addition to the TRIOL group, and these moieties serve to provide additional
stability and charge compensation to the mixed-valent core. In contrast, for compounds such as
[V6013(TRISK),]>", which are supported only by two TRIS®R substituents, changes at “R” have a

much more substantial influence on the electronics of the cluster.

CONCLUSION.

Here, we continue our work in expanding the POV-alkoxide family through the synthesis

and characterization of four new heterometallic, TRIOL-functionalized clusters. We determine



that ligand identity has significant bearing on the self-assembly of the heterometallic core, with
reducing substituents (i.e. pyridyl) favoring mono-titanium formation, while neutral groups
(methyl, ethyl, and nitro) yield di-titanium clusters. Although functional group identity affects the
assembly of these heterometallic clusters, it bears little influence on their electrochemical
properties, further supporting our previous observations that significant modifications can be made
at the peripheral ligands of POV-alkoxides without altering their multi-event redox profiles.!>-1¢
This work details new insights into the synthesis and electrochemical properties of functionalized,

heterometallic POV-alkoxides, highlighting pathways for further development of POM-based

organic-inorganic hybrids.
EXPERIMENTAL SECTION.
General Considerations.

Where specified, air- and moisture-sensitive manipulations 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 hours and cooled in an evacuated antechamber prior
to use in the glove box. Anhydrous methanol was purchased from Sigma-Aldrich and stored over
activated 4 A molecular sieves (Fisher Scientific). Acetonitrile (Fisher Chemical) used for
electrochemical experiments was deoxygenated and dried on a Glass Contour System (Pure
Process Technology, LLC) and stored over activated 4 A molecular sieves (Fisher Scientific). All
other solvents (dichloromethane and diethyl ether) were used as received outside the glove box
without drying or degassing. ["BusN][BH4], [MesN][BH4], H3CC-(CH,OH); (TRISM®), HsC,C-
(CH2OH)3 (TRISE), iodomethane, and VO(OC,Hs); were purchased from Sigma-Aldrich and used

as received. OoNC-(CH20OH); (TRISNO2) was purchased from Oakwood Chemical and used as



received. Sodium carbonate (Macron Fine Chemicals) was used as received. ["BusN][PFs] was
purchased from Sigma-Aldrich, recrystallized thrice using hot ethanol, and stored under dynamic
vacuum for a minimum of two days prior to use. The ligand TRIS®Y [(CsH4N)-C(CH2OH)3] was
synthesized according to literature procedures.?> The details of the modifications to these synthetic

procedures are summarized in the supporting information file.

Electronic absorption measurements were recorded at room temperature in sealed 1 cm
quartz cuvettes with an Agilent Cary 60 UV-Vis spectrophotometer. All electrochemical
experiments were conducted in the glove box using a Bio-Logic VMP3 potentiostat/galvanostat
and the EC-Lab software suite. 'H NMR spectra were recorded on a Bruker DPX-500 spectrometer
at 11.7 Tesla while locked on to deuterated solvent. Deuterated CDCl; was purchased from
Cambridge Isotope Laboratories and used as received from the manufacturer. A Shimadzu
IR Affinity-1 Fourier Transform Infrared spectrophotometer was used to record all infrared spectra
[FT-IR (ATR)] and are reported in wavenumbers (cm™). All mass spectrometry spectra were
recorded on an Advion Expression Compact Mass Spectrometer equiped with an electrospray
probe and ion-trap mass analyzer. All samples were anaylzed by direct injection with the carrier
solvent acetontrile. X-ray quality single crystals were mounted on a thin Nylon loop and
positioned on a XtaLab Synergy-S Dualflex diffractometer equipped with a HyPix-6000He HPC
area detector for data collection at 100.0(5) K. Structure solutions were obtained using SHELXT-
2014/52% and refined using SHELXL-2014/7.2” A PerkinElmer 2400 Series II Analyzer (CENTC

Elemental Analysis Facility, University of Rochester) was used for elemental analyses.

Preparation of [Ti:V4Os(OCH3)11(OCH3)sCCH3] (Ti2V4~TRIS™®)



In the glovebox, a 25 mL Teflon-lined autoclave (PARR) was charged with VO(OCH3)3 (0.250 g,
1.56 mmol), Ti(OPr)4 (0.222 g, 0.78 mmol), H3CC-(CH2OH)3 (0.094 g, 0.78 mmol), and methanol
(10 mL). The steel reaction vessel was sealed, and the mixture heated to 125 °C for 48 hours. After
the allotted time period, the autoclave was cooled to room temperature, and subsequent working
completed in ambient atmosphere. The resulting deep red solution was reduced to half its original
volume under reduced pressure, then left to stand at room temperature for at least 24 hours. After
standing, several large spherulites were clearly observed in the bottom of the vial (Figure S5). The
mother liquor was decanted, and these spheres washed with pentane (3x10mL) to give pure Ti»Vs-
TRISMe for characterization. Subsequent precipitations from the mother liquor were combined to
improve the yield (0.137 g, 0.16 mmol, 42 %). '"H NMR (500 MHz, CDCl3): 6= —0.42 (br), 3.42
(s), 3.95 (s), 6.15 (br), 12.68 (br), 14.84 (br), 28.03 (br). IR (ATR, cm™!): 972 (V=0), 1018 (O-
CH3), 1124 (Ti-OCH3). UV-Vis [¢ (M ecm™)]: 386 nm (5.69 x 10?), 634 nm (5.3 x 10'). EA Calcd.

for C16H42019T12V4 (MW=838 g/mol): C, 22.93; H, 5.05. Found: C, 22.678; H, 4.592.

Preparation of [Ti;V4Os(OCH3);11(OCH3)3CC:Hs] (TizV4~TRISF)

In the glovebox, a 25 mL Teflon-lined autoclave (PARR) was charged with VO(OCH3)3 (0.250 g,
1.56 mmol), Ti(O'Pr)s (0.222 g, 0.78 mmol), HsC.C-(CHOH)3 (0.105 g, 0.78 mmol), and
methanol (10 mL). The steel reaction vessel was sealed, and the mixture heated to 125 °C for 48
hours. After the allotted time period, the autoclave was cooled to room temperature, and
subsequent working completed in ambient atmosphere. The resulting deep red solution was
reduced to half its original volume under reduced pressure, then left to stand at room temperature

for at least 24 hours. After standing, several large spherulites were observed in the bottom of the



vial. The mother liquor was decanted, and solids were washed with pentane (3x10mL) to give pure
Ti,V4-TRISEt for characterization. Subsequent precipitations from the mother liquor were
combined to improve the yield (0.170 g, 0.20 mmol, 51 %). X-ray quality crystals were obtained
from a saturated MeOH solution cooled to —35 °C. '"H NMR (500 MHz, CDCls): 6= —0.29 (br),
1.65 (s), 1.84 (s), 3.97 (s), 6.15 (br), 12.72 (br), 14.94 (br), 28.23 (br). IR (ATR, cm!): 974 (V=0),
1022 (O-CH3), 1120 (Ti-OCH3). UV-Vis [¢ (M! em™)]: 386 nm (5.65 x 10?), 644 nm (5.9 x 10).

EA Calcd. for C17H44019Ti2V4 (MW=852 g/mol): C, 23.96; H, 5.2. Found: C, 23.775; H, 4.851.

Preparation of [Ti>V405(OCH3);1(OCH>);CNO>] (Ti2V4~TRISVO2)

In the glovebox, a 25 mL Teflon-lined autoclave (PARR) was charged with VO(OCH3)3 (0.250 g,
1.56 mmol), Ti(OPr)4 (0.222 g, 0.78 mmol), O:NC-(CH20H)3 (0.118 g, 0.78 mmol), and methanol
(10 mL). The steel reaction vessel was sealed, and the mixture heated to 125 °C for 48 hours. After
the allotted time period, the autoclave was cooled to room temperature, and subsequent working
completed in ambient atmosphere. The resulting deep red solution was reduced to half its original
volume under reduced pressure, then left to stand at room temperature for at least 24 hours. After
standing, several large spherulites were clearly observed in the bottom of the vial. The mother
liquor was decanted, and the remaining solids were washed with pentane (3x10mL) to give pure
Ti2Vs-TRISNO2 for characterization. Subsequent precipitations from the mother liquor were
combined to improve the yield (0.160 g, 0.18 mmol, 47 %). X-ray quality crystals were obtained
from slow evaporation of EbO/DCM. 'H NMR (500 MHz, CDCls): 6= 1.71 (s), 3.33 (s), 3.95 (s),
5.58 (br), 6.22 (br), 12.89 (br), 15.98 (br), 28.76 (br). IR (ATR, cm™!): 974 (V=0), 1013 (O-CH3),

1088, 1124 (Ti-OCHs), 1339, 1535 (C-N). UV-Vis [¢ (M em™)]: 425 nm (4.49 x 10%), 640 nm



(6.1 x 10"). EA Caled. for C15sH390NO21Ti2Va (MW=869 g/mol): C, 20.73; H, 4.52; N, 1.61. Found:

C, 20.582; H, 4.021; N, 1.471.

Preparation of [TiVsOs(OCH3) 10(OCH>)sCCsHyN] (TiVs-TRIS™)

In the glovebox, a 25 mL Teflon-lined autoclave (PARR) was charged with VO(OCH3)3 (0.250 g,
1.56 mmol), Ti(OPr)s (0.088 g, 0.31 mmol), NH4CsC-(CH,OH)3 (0.057 g, 0.31 mmol), and
methanol (10 mL). The steel reaction vessel was sealed, and the mixture heated to 100 °C for 24
hours. After the allotted time period, the autoclave was cooled to room temperature, and
subsequent working completed in ambient atmosphere. The green-brown solution was condensed
under reduced pressure to half its original volume, and left to stand overnight. A sticky green-
brown precipitate formed, which was separated from the mother liquor to yield TiVs-TRIS?Y
(0.086 g, 0.09 mmol, 31 %).IR (ATR, cm!): 958 (V=0), 1036 (O-CH3), 1162 (Ti-OCH3). UV-
Vis [¢ M em™)]: 382 nm (4.29 x 10%), 656 nm (3.25 x 10?), 1000 nm (7.65 x 10%). EA Calcd. for
C19H40NO19TiVs (MW=890 g/mol): C, 25.67; H, 4.53; N, 1.58. Found: C, 25.601; H, 4.400; N,

1.438.
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