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Surface Ligands Influence the Selectivity of Cation Uptake in
Polyoxovanadate-alkoxide Clusters

Rachel E. Garwick,*@ Eric Schreiber,* William W. Brennessel,2 James R. McKone,*? and Ellen M.
Matson*?

The selective uptake of lithium ions is of great interest for chemists and engineers because of the numerous uses of this
element for energy storage and other applications. However, increasing demand requires improved strategies for the
extraction of this element from mixtures containing high concentrations of alkaline impurities. Here, we study solution phase
interactions of lithium, sodium, and potassium cations with polyoxovanadate-alkoxide clusters, [V¢0;(OR);,] (R = CHs, C3H;,
CsHy,), using square wave voltammetry and cyclic voltammetry. In all cases, the most reducing event of the cluster shifts in
the positive direction as the ionic radius of the cation decreases, indicating increased stability of the reduced cluster and
further suggesting that these assemblies might be useful for the selective uptake of Li*. Exploring the consequence of ligand
length, we found that the short-chain cluster, [Vs0,(0OCH3);,], irreversibly binds Li* in the presence of excess potassium (K*)
and exhibits an electrochemical response in titration experiments similar to that observed upon the addition of Li* to the
POV-alkoxide in the presence of non-coordinating tetrabutylammonium ions. However, in the presence of excess sodium
(Na*), the cluster showed only a modest preference for lithium, with exchange between sodium and lithium ions governed
by equilibrium. Extending these studies to [V¢0,;(OCsH,1)1,], we found that the presence of the pentyl ligands allows the
assembly to irreversibly bind Li* in the presence of Na*or K*. The change in mechanism caused by surface functionalization
of the clusters increases the differential binding affinity for more compact cations, translating to improved selectivity for Li*

uptake in these molecular assemblies.

Introduction

Lithium is an important resource, with a broad range of uses in
pharmaceuticals?, greases?, and battery technologies3>. Our
dependence on this metal is anticipated to increase over the
next several decades,® requiring improved strategies for the
extraction of lithium from natural sources. Unfortunately, the
majority of the world’s lithium supply is contained in
continental brine (e.g. seawater, lake water).” This fact renders
the development of materials that can selectively bind lithium
in the presence of high concentrations of contaminants (e.g.
other alkali ions, magnesium) critical for the extraction of this
metal (Figure 1).% Recently, ion-selective electrodes (ISEs), and
specifically solid-contact ion-selective electrodes (SCISEs), have
become popularin the field of selective ion uptake. SCISEs often
make use of conductive polymers like poly(3-octylthiophene),®
poly(3,4-ethylenedioxythiophene),’® and polyaniline!! (Figure
1, left). However, these materials are prone to degradation due
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to environmental factors like pH changes caused by CO, levels
in the atmosphere, light irradiation, and high temperatures.
This fact limits the long-term stability of devices for ion
extraction.'?

To develop durable platforms capable of selective ion
uptake,'? researchers have turned to the investigation of
inorganic materials (Figure 1, middle).!> Reducible metal oxides
are of particular interest, as these materials are widely used in
well-established lithium-ion battery (LIB) technologies. These
bulk materials undergo the reversible lithium (de)insertion
processes necessary for the purification of lithium ions, and
they have documented stability after thousands of
electrochemical (de)insertion cycles.'*6 Furthermore, the 1-
electron: 1-cation stoichiometry exhibited by these materials
renders them efficient for electrochemical uptake of alkali ions.

Among metal oxides, well-defined nanocrystalline materials
have been shown to outperform bulk materials in Li* and Na*
insertion. Their high surface-area-to-volume ratios and
structural/morphological regularity allow for improved capacity
retention in cycling experiments.17-21 By extension, atomically-
precise, molecular metal oxides may further enhance these
electrochemical responses, as cation uptake is limited to the
surface of the assembly, rendering charge compensation
reactions more efficient and tuneable. One such class of these
molecules is polyoxometalates (POMs). POMs are discrete
molecular compounds comprising multiple MO, subunits
(typically WY, MoV, or VV) connected through bridging oxide
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Figure 1. lon selective electrode materials composed of a) polymer electrodes and membranes; b) bulk inorganic materials, and c) atomically precise POV-alkoxides
(this work). Purple spheres represent K* ions, yellow spheres represent Na* ions, and the green spheres represent Li* ions.

ligands.?>2> Indeed, researchers have touted these complexes
as molecular models for heterogenous metal oxides due to their
structural topology, molecular composition, reducibility, and
diffuse electronic structure. With relevance to surface
interactions with cations, the reduction of POMs has been
shown to be sensitive to the composition of the surrounding
electrolyte medium. Protons, alkali, and alkaline earth cations
facilitate electron transfer to a given POM at more positive
potentials than observed in the presence of outer-sphere
charge compensating ions (e.g. tetrabutylammonium,
["Bu4N]*).26-30 These studies have led researchers to pose that
these clusters could serve as building blocks for atomically
precise materials with applications in energy storage.3 32 For
example, nanostructured POM-hybrid materials have been
shown to function as anodes and cathodes in alkali-ion batteries
and supercapacitors. Energy losses stemming from internal
resistance and structural deformation have been observed,
credited to fact that cations need not diffuse through a solid
lattice. This allows for Li* and/or Na* cycling at high current
densities while retaining capacity over prolonged cycling
experiments.33-39

Recently, our research team reported the effect that alkali
ions have on the reduction chemistry of the methoxide bridged
POV-alkoxide cluster, [VgO,(OCHs)q,], in acetonitrile (MeCN;
Figure 1, right).*® We found that alkali cation- contamlng
electrolytes (MOTT; M= Li*, Na*, K*; oTf =
trifluoromethylsulfonate) facilitate the reduction of the cluster
at potentials shifted positively in comparison to those observed
for the cluster when ["BusN]OTf is used as the supporting
electrolyte. In particular, the degree of positive shift for the
most reducing event ([VgO7(OCH3)1,] + € 2 [V507(0OCH3z)151%)
was found to depend on the size of the cation in the electrolyte.
In alkali salt titration experiments, two distinct electrochemical
responses were observed: addition of K* and Na* resulted in a
gradual positive shift of the redox wave; by contrast, addition of
Li* resulted in a distinct electrochemical feature.
Characterization of the diltihium salt of the fully reduced POV-

2| J. Name., 2012, 00, 1-3

alkoxide, Li;[VeO,(OCHs)1,], by single crystal X-ray diffraction,
provided additional insight into the nature of the interactions
between lithium and the surface of the assembly. Li* binding
was found to be selective for positions on opposing faces of the
cluster, whereas larger alkali ions interact with the surface of
the cluster at both terminal oxido moieties and at facial sites.
Notably, these findings suggest distinct reactivity between Li*
versus other alkali metal cations with the vanadium oxide
assembly, thereby motivating further studies on the effect that
surface ligands play in directing interactions of metal oxides
with alkali ions.

Herein, we expand upon our previous results, and report the
investigation of cation interactions of POV-alkoxide clusters
functionalized with long-chain surface ligands. The goal of this
work is to ascertain how organic functionalization of redox
active metal oxides affects cation uptake. The selectivity of
cation uptake for the family of complexes is probed through
evaluation of the electrochemical response of the clusters in the
presence of salt mixtures. It is shown that all clusters evaluated
have a thermodynamic preference for Li* versus Na* or K*.
Comparing electrochemical reduction features reveals that
increased ligand bulk about the cluster surface bolsters the
differential affinity of the assembly for Li* ions, resulting in
improved selectivity in mixed-salt solutions. These observations
suggest that ligand sterics can be used to improve the
performance of organofunctionalized POMs in ion-selective,
redox active materials and devices.

Results and Discussion

Previous work describing the effects of alkali ion uptake in
[V6O,(OCHs)1,] (1-methyl) reveals unique regiochemistry and an
energetic favourability of Li* binding to the surface of the cluster
upon reduction. This observation led our team to hypothesize
that the reduced POV-alkoxide cluster may be capable of
selective Li* uptake in the presence of excess alkali ions as
model contaminants. To determine whether the POV-alkoxide

This journal is © The Royal Society of Chemistry 20xx
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Scheme 1. Redox chemistry of [Vs07(OR);5].
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cluster could selectively bind Li* at low concentrations, we
screened the electrochemical behavior of the vanadium oxide
assembly in MeCN through a series of titration studies. In these
experiments, after recording an initial square-wave
voltammogram (SWV) of 1 mM 1-methyl with 100 mM MOTf
(M = Na*, K*) as the supporting electrolyte, a 10 mM solution of
LiOTf was titrated into the POV-alkoxide solution (Figure 2;
LiOTf added in terms of equivalents per cluster).

In both instances, two electron transfer events were
observed; the more positive wave, R1, representing the
[V6O7(OCH3)1,] + 1 e = [Vs07(OCH3)1,]* redox reaction (Scheme
1), was not affected by the addition of LiOTf. In contrast, the
more negative process, R2, corresponding to the
[V607(OCH3)15]Y + 1 e = [Vs07(OCHz3)1,]% redox couple (Scheme
1), was sensitive to the addition of Li* to the salt mixtures.

Upon addition of variable quantities of LiOTf (0.2 to 5 equiv
versus 1 mM cluster) in the presence of 100 mM KOTf, the
growth of a distinct electrochemical feature at E;/,=-0.471 V (vs
Ag*/) is observed (Figure 2c). In previous reporting by our
group, this wave was found to correspond with the formation
of the reduced, Li*-bound species Li,[Vs0;(OCHs).,] at the
electrode surface.?® The appearance of this event occurs
alongside a decrease in the intensity of the original feature
corresponding to R2 (Ej; = -0.536 V vs. Ag*°). Following
addition of 0.75 equivalents of LiOTf, the Li*-coupled wave
completely replaces this original event, indicating that the only
species formed upon reduction of the POV-alkoxide to its
dianionic state is the Li* salt. We justify this observation through
conditions of the SWV experiments: the dianionic cluster is

formed in low concentration only at the electrode surface. As
such, the fully reduced cluster is sufficiently selective to
scavenge additional Li* from the electrolyte despite the ready
availability of excess K*. As more LiOTf is titrated into solution,
R2 continues to shift positively, resulting in an E;/, of -0.409 V
(vs Ag*/®) at 5 equiv LiOTf. This electrochemical response
resembles that noted for the POV-alkoxide upon introduction of
Li* ions with ["BusN]OTf as the supporting electrolyte (Figure
2a), and it can be credited to the irreversible uptake of Li* at the
surface of the cluster. Note, however, that the separation
between the two E;/, values, E;;, R2(LiOTf) and Eq/, R2(KOTY), is
less than that observed in the ["BusN]OTf/LiOTf mixture, leading
to overlap of the K*- and Li*-coupled electrochemical features.

In contrast, addition of LiOTf to 1-methyl in the presence of
100 mM of NaOTf reveals a more gradual positive shift of R2
(Figure 2b). The initial SWV of [V¢O,(OCHs),,] showed R2 with
an Ey/; at -0.451 V (vs Ag*/©). As a 10 mM solution of LiOTf was
titrated (0.2 to 5.0 equiv compared to moles of cluster), R2
shifts to E;/; value of -0.400 V (vs Ag*/°).

Both experiments indicate that the fully reduced form of the
POV-alkoxide is preferentially stabilized by Li*. However, the
extent of this stabilization gives rise to characteristic differences
observed in the titration experiments. Specifically, the E;/; value
of R2 shifted by AE k-1; = 232 mV when K* was replaced by Li*
as the predominant charge-compensating cation (Table 1). This
shift was sufficient to result in rapid, chemically irreversible
binding of Li* upon reduction, as evidenced by the emergence
of a completely new voltametric feature even in the presence
of substoichiometric Li*. By contrast, the shift AEnq—1; was only

a)
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—0.2 Equiv
—0.5 Equiv
0.75 Equiv
—1 Equiv
—3 Equiv
—5 Equiv
+—»

\
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Figure 2. SWVs of LiOTf titration experiments to 1 mM solutions of 1-methyl in MeCN with 100 mM of a) ["Bu,N]OTf, b) NaOTf, or c) KOTf as the supporting electrolyte.

Equivalents of LiOTf are relative to the concentration of 1-methyl.
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a) 1-methyl b) 2-propyl c) 3-pentyl
— LiOTf
— NaOTf
— KOTf

["Bu,N]OTE

-14 -08 -02 04 1 -14 -08 -02 04 1 -14 -08 -02 04 1
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Figure 3. CVs of 1 mM solutions of complexes a) [Vs0;(OCH;)1,] (1-methyl), b) [Vs0,(OCsH,)1,] (2-propyl), and c) [Vs0;(OCsH11)12] (3-pentyl) collected in MeCN with 100 mM
supporting electrolyte (Blue = ["BusN]OTf, Red = LiOTf, Purple = NaOTf, Green = KOTf) at a scan rate of 100 mVs™.

Table 1. Electrochemical parameters of complexes [Vs0;(OCHs);,] (1-methyl), [V60,(OCsH;)1;] (2-propyl), and [V0,(OCsHii)1,] (3-pentyl) in MeCN with various supporting

electrolytes (MOTf; M = ["Bu,4N]*, Li*, Na*, K*)

compound i ‘e, : :: [nBuN][OT]® LioTfe NaOTfe KOTfe
Ei2 AE, Ei2 AE, AEy Ei2 AE, Ei AE,
1-methyl R1 -0.198 vV 60 mV -0.130V 142 mV -- -0.169V 105 mv -0.202V 82mv
R2 -0.703 vV 68 mV -0.3615 v© 198 mve 0.341 Ve -0.507 vV 189 mv -0.594 vV 119 mv
2-propyl R1 -0.330V 67 mV -0.320V 74 mV -- -0.330V 68 mV -0.330V 70 mV
R2 -0.902 vV 81mV -0.544V 96 mV 0.358 V -0.760 V 138 mvV -0.859V 103 mv
3-pentyl R1 -0.304V 64 mV -0.289V 87 mV 0.015V -0.303V 71 mV -0.307 V 71 mV
R2 -0.890V 80 mV -0.470V 112 mV 0.420V -0.710V 118 mv -0.811V 120 mv

2All redox couples are reported vs. Ag*/°. b Difference in E;/, between R2 of cluster with ["Bu,N]OTf and LiOTf as the support electrolyte. ¢ The anodic sweep of R2
overlaps with that of R1 when LiOTf is used as a supporting electrolyte in the case of 1-methyl; E;/; and AE, are reported as best approximations.

145 mV when Na* was replaced by Li*, and the peak shifts
gradually with further additions of Li*, implying chemically
reversible coordination of alkali ions to the cluster surface (i.e.
an equilibrium between Li>[VeO7(OCHs)1,] and
Na;[Ve0;(OCH3),,]; Table 1). These results indicate that the
selectivity of the complex toward Li* uptake will also be
considerably diminished in the presence of Na* containing
electrolytes compared to those containing K*.

Interested in further modifying the selectivity of cation
uptake in POV-alkoxide clusters, we turned our attention to
chemical modification of the surface of the assembly. We
hypothesized that by altering the ligands on the POV-alkoxide,
interactions of alkali ions with the surface of the cluster would
be affected, thus influencing the overall selectivity of the
assembly for Li*. We reasoned that increased steric
incumbrance imparted by longer alkyl groups on the cluster
surface should weaken outer-sphere charge compensating
interactions, such as those observed in the case of the POV-
alkoxide cluster with Na* and K*; whereas coordination of the
strongest-binding alkali ion, Li* would be independent of ligand
length as a result of its tight and specific binding motif.

4| J. Name., 2012, 00, 1-3

To test our hypothesis, electrochemical analyses of a series
of complexes with the general formula [V¢O,(OR)1,]", herein
named 1-methyl (R = CH3), 2-propyl (R = C3H5), and 3-pentyl (R
= CsHy,), were performed. The selected assemblies possess
bridging alkoxide ligands of varying lengths. Notably, these
modifications do not significantly impact the electronics of the
cluster core.**3 CV experiments were conducted with each
cluster dissolved in MeCN in the presence of 100 mM MOTf (M
= ["BugN]*, K*, Na*, Li*) as the supporting electrolyte (Figure 3,
Table 1). As observed in previous reporting from our group, only
the E;/, of the most reducing wave (R2; Scheme 1) for all three
complexes was found to be sensitive to the identity of the
electrolyte cation, with the electrochemical event shifting
positively in the order K* < Na* < Li* as compared to ["BusN]*.

Further analysis of the CVs reveals that surface ligands have
little impact on the positive shift and reversibility of the most
reducing wave for the cluster series in the presence of both Na*
and K* ions (Table 1). This observation is further evidence for
non-specific binding of these ions at the cluster surface upon
reduction, with charge compensation ultimately governed by
outer-sphere interactions. The increased alkyl-chain length
decreases the influence of the alkali ion on the electrochemistry

This journal is © The Royal Society of Chemistry 20xx
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Figure 4. CV data from titration of LiOTf into 1 mM solutions of a) 1-methyl, b) 2-propyl, and c) 3-pentyl in MeCN with 100 mM ["BusN]OTf supporting electrolyte,

collected at 100 mVs™. Equivalents listed are with respect to cluster concentration.

of the vanadium oxide core. MOTf (M = Na* and K*) titration
experiments also supported this nonspecific binding mode; in
analogy to results reported for similar experiments with 1-
methyl, gradual positive shifts in R2 were observed for both 2-
propyl and 3-pentyl with respect to MOTf concentration (Figure
$7-S8).

On the other hand, the redox properties of the series of
clusters with LiOTf as the supporting electrolyte reveal several
intriguing trends. First, the positive shift in reduction potential,
AE gy, for R2 between ["BusN]OTf and LiOTf for the cluster
series was observed to be influenced by alkoxide chain length.
Increased ligand chain length produced a larger positive shift in
R2, such that AEpu-1; of 1-methyl (0.341 V) < 2-propyl (0.358
V) < 3-pentyl (0.420 V), suggesting a thermodynamic preference
for Li* binding over clusters with shorter surface ligands. In
addition, the apparent reversibility, represented by the
difference in voltage of the cathodic and anodic half-wave

potentials, AE,, of this redox process, in the presence of LiOTf
was found to be improved for the long-chain clusters (Table 1).

To probe the interactions of the reduced clusters in the
presence of substoichiometric amounts of LiOTf, titration of this
salt into an electrochemical cell containing 1 mM of cluster and
100 mM ["BuyN]OTf in MeCN was performed. For all three
complexes, substoichiometric addition of LiOTf resulted in the
growth of a new electrochemical event at a more positive
potential with respect to R2 in the presence of the
tetrabutylammonium electrolyte (Figure 4). As Li* equivalents
are added, the new wave replaces the initial reduction feature.
Previously, we attributed this response to the specific binding
of Li* ions to the surface of 1-methyl upon reduction, whereby
the bound cations are located at opposing faces of the POV-
alkoxide. These titration results suggest that the Li* binding
mode is conserved across all three complexes.

*t

Li

Li 0,

Figure 5. Molecular structures of [Li(OH;)],[VeO7(OCHs)1,] ([Li(OH,)],[1-methyl]), [Li(pc)]z[VeO,(OCsH;)12] ([Li(pc)la[2-propyl]), and ["BusN],[VeO,(OCsH)1,]
(["BusN],[2-propyl]) shown with 30% probability ellipsoids. Hydrogen atoms, solvent molecules, and tetrabutylammonium ions have been removed for clarity.

Table 2. Structural parameters of [Li(OH,)],[Vs07(OCH3)1,]% ([Li(OH,)],[1-methyl]), ["BusN],[VeO7(OCH;)1,]* (["Bu,sN],[1-methyl]), [Li(pc)],[VsO,(OCsH;)12] (Li[2-propyl]), and

["BusN]2[V607(OC3H7)12] (["BuaN],[2-propyl]).

Bond [Li(OH,)];[1-methyl] ["BusN],[1-methyl] [Li(pc)]2[2-propyl] ["Bu,sN];[2-propyl]
Li-O? (avg) 1.9653 A - 1.964 A -

V=0, (avg) 1.6054 A 1.606 A 1.6035 A 1.6123 A

V-0, 2.3191A 23114 2.3198 A 23167 A

V-0,? (avg; no M*) 1.9889 A 1.999 A 1.9914 A 2.0127 A

V-0, (avg; M*-bound) 2.0360 A 2.0580 A -

This journal is © The Royal Society of Chemistry 20xx
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As previously described by our research group, exposure of
the fully reduced complex ["BusN],[1-methyl] to LiOTf in MeCN
generates the Li* salt as an insoluble powder.?® Similar
experiments with dianionic 2-propyl and 3-pentyl were
performed; however, these clusters remained soluble in MeCN
in the presence of LiOTf. An alternative method was developed
to isolate the reduced, lithiated salt of 2-propyl, wherein the
independently synthesized, reduced species ["BusN],[2-propyl]
was dissolved in propylene carbonate and combined with a
solution of lithium bis(trifluoromethylsulfonyl)imide in diethyl
ether. Note that analogous titration experiments in propylene
carbonate reveal similar electrochemical response to those in
MeCN, which is expected given the similar donor numbers of
both solvents (Figure S9).** Once combined, toluene and
pentane were added, from which teal crystals suitable for
analysis by single crystal X-ray diffraction can be isolated.

Refinement of crystallographic data reveals the product as
the Li* salt of the reduced, propoxide-bridged complex (Figure
5, Table 2). Like its methoxide-substituted congener, two Li*
ions occupy binding sites on opposite faces of the assembly. To
draw comparisons between the lithium adduct of the
propoxide-bridged POV-alkoxide cluster and the
tetrabutylammonium salt of the dianionic assembly, crystals
were also obtained of ["BusN],[2-propyl] (Figure 5, Table 2).
Despite the overall retention of the Lindqvist core structure, the
installation of Li* on the face of the assembly results elongations
of the associated V-Oy, bonds in [Li(pc)].[2-propyl] with respect
to the parent dianion (2.0580 vs 2.0127 A; O, = O atom of the
bridging alkoxide ligand). Truncation of V-O, bonds that do not
feature a bound Li* ion was also observed (1.9914 A); this is a
consequence of the trans effect across the individual vanadium
ions of the VOg pseudo-octahedra. These bond perturbations
are concomitant with a rearrangement of the organic moieties
on the cluster surface, which are all angled outward from the Li*
ion on the bridging oxide face. In the case of the ["BusN]* salt,
the propyl chains are not constrained to a single orientation
about the vanadium oxide core. Similar structural observations
have been noted for the analogous dianions of 1-methyl. We
expect that a similar structure is formed upon reduction of 3-
pentyl in the presence of Li*-containing electrolyte.

a) —0 Equiv

—0.2 Equiv
—0.5 Equiv
0.75 Equiv
—1.0 Equiv
—3.0 Equiv
5.0 Equiv

A

b)
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These structural details, along with voltammetry data, show
that the binding mode of alkali cations is conserved across the
POV-alkoxide series. Hence, changes in binding mode do not
play an additional role in increasing the selectivity of the longer-
chain POV-alkoxides. However, the observed thermodynamic
advantage of Li* binding to sterically encumbered clusters
suggests that decoration of the POV-alkoxide surface with long-
chain alkyl substituents affects the relative energetics and
intermolecular interactions for ion pair formation. This point
may serve to further enhance the selectivity of POV-alkoxide
assemblies for Li* ion uptake. Despite an apparent kinetic
barrier to Li* coordination in the presence of ["BusN]OTf, the
increased ligand sphere of 3-pentyl results in a greater
thermodynamic driving force for the formation of Li,[3-pentyl]
at the electrode surface over analogous ion pairs with 1-methyl
and 2-propyl. The bulky surface groups shield the bound cation,
forcing it to more closely associate with the negatively charged
cluster core, thereby supporting its formation at a more anodic
potential. In addition, the non-specific binding of K* and Na* is
further disfavoured by the incorporation of nonpolar groups on
the cluster surface that forces these solvated ions further from
the cluster core. This yields a strained ion pairing motif which
requires more cathodic potentials to be formed.

To assess how this information informs the selectivity of Li*
ion uptake on long-chain POV-alkoxide clusters, we next
performed electrochemical measurements in salt mixtures with
3-pentyl (Figure 6). Titration of LiOTf into a solution of 3-pentyl
in MeCN with KOTf as the supporting electrolyte yields a similar
response to that observed for 1-methyl (Figure 6c): the addition
of substoichiometric amounts of LiOTf (0.2 equiv) results in a
decrease in R2 (Ej, = -0.841 V vs Ag*/°) concomitant with the
appearance of a new event (Ey; =-0.603 V vs Ag*/%). By the
addition of 0.5 equiv of LiOTf, R2 was completely replaced by
the Li*-coupled redox event. Subsequent addition of LIOTf (up
to 5 equiv) results in an additional positive shift of this new
redox event to an Ej;, of -0.590 V (vs Ag*/°). Despite the
analogous electrochemical response between 1-methyl and 3-
pentyl in the presence of Li*/K* salt mixtures, these results are
differentiated by the magnitude of the positive shift in
reduction potential at the beginning and end of the titration
experiment. This change in potential upon addition of 5 equiv

+—>
——t e

-1.1 -09 -0.7 -05
E (V) vs Ag*®

-0.3 -0.1 -1.1

-09 -0.7 -05 -0.3 -0.1
E (V) vs Ag*®

-1.1 -09 -0.7 -0.5 -0.3 -0.1

E (V) vs Ag*®

Figure 6. SWV of Li* selectivity experiments with 1 mM 3-pentyl with 100 mM of a) ["Bus;N]OTf, b) NaOTf, or c) KOTf as the supporting electrolyte. Equivalents of

LiOTf are relative to the concentration of 3-pentyl.
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of LiIOTf was 162 mV for 1-methyl and 251 mV for 3-pentyl. This
discrepancy suggests a significant energetic advantage to Li* salt
formation upon reduction of 3-pentyl over 1-methyl, even in a
20-fold excess of K* ions.

Further demonstration of the improved ion selectivity of the
pentoxide-bridged assembly was obtained through titration
experiments involving the addition of LiOTf into a solution of 3-
pentyl in NaOTf electrolyte (Figure 6b). Upon addition of 0.2
equiv of LiOTf, the initial R2 wave at Eq/, = -0.722 V (vs Ag*/?),
shifted to approximately -0.700 V (vs Ag*/°) and also developed
an asymmetric shape, suggesting the formation of a new
electrochemical process centred at -0.612 V (vs Ag*©). The
growth of this wave suggests that the formation of the Li* salt is
competitive with the generation of an equilibrium of alkali salts
at low LiOTf concentration. To confirm the hypothesized
mixture of redox waves between -0.700 and -0.600 V (vs Ag*/?),
titrations were performed with still smaller amounts of LiOTf,
wherein it was observed that upon addition of as little as 0.05
equiv LiOTf, R2 was broadened with the growth of this Li*
coordination event (Figure 7). Upon the addition of 0.2 equiv
LiOTf, the Li*-coupled wave predominated in this voltage range.
Further addition of the alkali titrant led to the complete
consumption of the initial reduction wave in favour of selective
Li* binding by only 1 equiv of LiOTf. This response contrasts with
the equilibrium observed in analogous experimentation with 1-
methyl. These experiments confirm that, even in a 100-fold
excess of ["BusN]*, K*, or Na* over Li* ions, 3-pentyl is fully
selective for Li* ion uptake upon complete reduction.

We propose that the difference in cation selectivity
between 1-methyl and 3-pentyl results from the relative
thermodynamics of charge compensation and rapid reaction
rate relative to the electrochemical time scales accessed herein
(vide supra). Titration of LiOTf into a solution of 1-methyl using
NaOTf as the supporting electrolyte results in a gradual shift in
the potential of R2 to more positive potentials, indicating an
equilibrium in solution containing alkali-bound complexes of
the form M;[1-methyl], where M = Li* and Na*. However,
addition of LiOTf into a solution of 1-methyl in KOTf electrolyte
resulted in the replacement of R2 with a new event entirely,
indicating that the reformation of K,[1-methyl] does not

—0 Equiv
—0.05 Equiv
—0.1 Equiv
0.15 Equiv
—0.2 Equiv

-1.1

-0.9

-0.7 -05
E (V) vs Ag*'®
Figure 7. SWV of titration experiments: substoichiometric amounts of LiOTf

added to a solution of 1 mM 3-pentyl with 100 mM NaOTf as the supporting
electrolyte. Equivalents of LiOTf added are with respect to cluster.

-03  -0.1
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proceed at appreciable rates even in the presence of
superstochiometric amounts of K* These disparate
responses are due to the magnitude of difference between R2
of 1-methyl in KOTf or NaOTf versus LiOTf (AEyo; = 0.232 V
and 0.146 V when M = K* and Na*, respectively; Table 1). These
voltage differences can be interpreted as the driving force for
Na* or K* substitution by Li*. Because this difference is smaller
for NaOTf, the energetic advantage for the formation of the Li*
salt of the short-chained cluster is insufficient to facilitate
irreversible binding, resulting in an equilibrium mixture. On the
other hand, the larger AE;;, with KOTf versus LiOTf suggests a
threshold magnitude in AEm-1; for R2 exists for accessing the
irreversible binding of Li*, located somewhere between 0.15
and 0.23 V.

On the other hand, LiOTf titrations into both NaOTf and
KOTf electrolyte solutions of 3-pentyl result in irreversible Li*
binding. This is consistent with the observed magnitude of A
E M for both these electrolytes with respect to LiOTf (0.240 V
and 0.341V for M = Na and K, respectively). Both of these values
are greater than the maximum 0.230 V observed for 1-methyl,
indicating that the energetic advantage for the formation of the
lithium adduct of the long-chained cluster is sufficient to
support rapid, quantitative uptake of Li*, even at low relative Li*
concentrations. This was demonstrated most strikingly in the
titration of LiOTf into a solution of 3-pentyl with NaOTf as the
supporting electrolyte; complete Li* ion selectivity was achieved
in a 100:1 Na*:Li* salt mixture (Figure 7).

ions.

Conclusions

This work demonstrates that straightforward molecular
modifications can be used to improve the selectivity of alkaliion
uptake upon the electrochemical reduction of metal oxide
assemblies. Initial results showed that the methoxide-bridged
POV-alkoxide 1-methyl is selective for Li* over ["BusN]* and K*
ions, but Na* binding is competitive with Li*. Increasing the
steric bulk by using primary alkoxides with longer aliphatic
chains further destabilizes the binding of Na* and K* relative to
Li*, due in large part to the different binding mode of alkali ions.
This is due to the observation that Na* and K* ions coordinate
non-specifically to the reduced Lindqvist core, whereas Li* binds
regioselectively, with two cations coordinated on opposing
faces of the cluster. These ion pairing interactions are conserved
across the series of alkoxide-bridged clusters, meaning that the
change in cation selectivity depends not on fundamental
changes cation binding mode, but instead on surface ligand
chain length. The thermodynamic preference for Li* uptake in
the case of the pentanol-derived cluster, 3-pentyl, over Na* and
K* translates into significant improvements in Li* ion selectivity
at low Li*/K* and Li*/Na* ratios.

These results indicate that modulation of ligand sterics can
be used as a general strategy to manipulate the selectivity of
cation uptake on molecular metal oxide clusters, providing a
possible avenue for application of these complexes in
electrochemical devices for Li* separation from salt mixtures. In
this context, a key challenge in the extraction of Li* from
terrestrial brines its selective uptake over Mg?* ions in aqueous

J. Name., 2013, 00, 1-3 | 7
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solution.*>*8 This motivates additional work to understand how
ligand design impacts selectivity for mono versus divalent
cations, and to learn how to make these types of complexes
compatible with aqueous environments.
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