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Abstract: lonic liquids (ILs) derive their useful properties from molecularly tunable compositions,
but methods to diversify anion identities and probe ion speciation remain limited. Here, we
demonstrate post-synthetic modification of perhalometallate anions to achieve ionic liquid-to-
ionic liquid transformations. Rheological measurements of the metal-containing ILs indicate that
minor alterations to anion coordination spheres induces considerable changes to IL viscosities.
UV-vis spectra confirm the purities for most ILs, while revealing a surprising cation dependence
of perchlorovanadate speciation and supramolecular structure. The intermolecular interactions
studied here span a wide range from dispersion to covalent bonding, permitting their impact on IL
viscosity to be decoupled and quantified. Together, synthetic strategies from coordination
chemistry paired with conventional UV-vis spectroscopy provide a powerful tool for expanding IL
compositions and investigating fundamental nanoscale behavior.

Keywords: ionic liquids, supramolecular, intermolecular, coordination chemistry
Introduction

lonic liquids (ILs) constitute a major class of soft materials, which include IL crystals,*
polymeric ILs,? and porous liquids.® As molten salts below 100 °C, ILs find widespread use as
non-aqueous high-concentration electrolyte media with low volatilities, high thermal stabilities,
and wide electrochemical windows.*” These “solvent-free” electrolytes can improve the

performance of redox flow®*? and multivalent-ion batteries,*® dye-sensitized solar cells,4-6
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capacitors,*”~1° thermoelectrics,>?? and electrocatalysts®® by enhancing ion mobility>* or by
forming bonds with reactive substrates.? In these applications, ILs serve as bulk materials, but
their functional properties derive from the molecular composition of the cations and anions.
Through competing intermolecular interactions,?® the constituent ions generate supramolecular
structures®’ that govern bulk properties such as viscosity and conductivity.?® For instance,
Kornyshev has proposed that ion composition and molecular steric bulk and ion-pairing produce
the non-classical electrical double layer capacitance of 1Ls.2>-3® Tuning the viscosity and redox
behavior of ILs has become increasingly relevant in their use for electrochemical energy storage
devices, as these properties govern the transport of charges and ions. Controlling redox potentials
and electron transfer kinetics of redox-active ILs is critical to programming device performance,
but synthetic strategies remain limited.*° Viscosity must also be tuned with fine precision to be
viscous enough to achieve the advantages of solid-state electrolytes, but “soft” enough to ensure
rapid transport kinetics.

Despite the importance of molecular composition in controlling the functional properties
of ILs, several key challenges remain. First, whereas the vast majority of IL research has explored
a wide set of organic cations, novel synthetic routes towards tunable anions would greatly expand
available ionic liquid compositions and functional properties. Second, greater insight into the
supramolecular structure and molecular speciation of ILs is required for their design as advanced
electrolytes, especially at electrode interfaces. Third, we lack general design rules for predicting
the magnitude of the effect of specific intermolecular interactions on the bulk behavior of ILs.

Scheme 1A shows common cations and anions incorporated into ILs. The cations are

typically organic species, such imidazolium, phosphonium, pyridinium, or sulfonium ions, with
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Scheme 1. Representative ions and synthetic routes of ionic liquids.
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long alkyl chains amenable to functionalization, whereas the anions tend to be inorganic species

lacking straightforward tunability. Therefore, while systematic modification of cation functional
groups has revealed unexpected relationships between composition and bulk properties, such as
the non-linear dependence of viscosity on alkyl chain length,* similar studies with anions have
not been possible. A promising platform for such structure-property investigations is the
perhalometallate anions because they can be prepared with alkaline earth and transition metals,
and main group and f-block elements through single-step halide abstraction reactions (Scheme
1B).1335-41 To-date, most perhalometallate anion examples include only chloride ligands, however,
and little is known about how the composition of these anions dictate supramolecular ordering,
which, in turn, controls functional behavior such as viscosity, conductivity, and electrical double
layer capacitance. Additionally, certain perhalometallate anions, including SnCls~, ZnCls>, and
AICI4~, 13353 exist in dynamic equilibrium with species of varying nuclearities and coordination

numbers. Employing these ILs in technologies such as multivalent ion batteries requires
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identification of the anion speciation, but current analysis relies on difficult interpretations of
Raman spectra. Clearly, alternative synthetic and analytical methods are needed for a molecular
understanding of IL function as solvents and electrolytes.

Here, we report post-synthetic modification of perhalometallate anions to achieve ionic
liquid-to-ionic liquid transformations and apply electronic absorption spectroscopy for insight into
their molecular and supramolecular environments. By treating perhalometallate anions as
coordination compounds, we reimagine ligand exchange and redox chemistry as facile tools for
precise modification of ILs that can be confirmed through routine UV-visible-NIR measurements.
This convenient application of electronic absorption spectroscopy allows insight into the
competition between intermolecular interactions, permitting quantification of how variable
intermolecular interactions ranging from dispersion to covalent dictate bulk properties such as
viscosity. These insights combined with post-synthetic modification provide powerful tools to
control IL properties for their application in diverse technologies.

Experimental Section

Materials and Equipment. All manipulations were performed under an atmosphere of nitrogen in
an LC Technology Glovebox or by using standard Schlenk techniques. Phosphonium salts,
anhydrous VCls, and anhydrous VBrs were purchased from commercial sources and used without
further purification. Hydrated metal salts and imidazolium salts were heated to 100°C under
reduced pressure for 2 days. Tetrabutylammonium hexafluorophosphate (TBAPFs) was
recrystallized from ethanol prior to use. Solvents were purified using a LC Technologies SP-1
solvent purification system.

Synthetic Procedures. Synthesis of the materials was carried out by a modification of a literature

procedure.’ In a general procedure the imidazolium or the phosphonium salts were combined with
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the corresponding metal halides in a 2:1 molar ratio for divalent metals, and 1:1 molar ratio for
trivalent ions, respectively. The mixtures were heated to 100°C under reduced pressure until a
homogeneous mixture was obtained.
Material Characterization. UV-Vis measurements were conducted using a Perkin EImer Lambda
1050 UV/Vis/NIR spectrometer, with a 150mm InGaAs integrating sphere over 2500-200 nm.
Electronic absorption spectra of neat samples were prepared by placing a drop of the ionic liquid
between two glass slides. IR spectra were collected on a Bruker Alpha Il with an ATR attachment
in a nitrogen filled glovebox. X-band EPR spectra were recorded on a Bruker Elexys E 500 at
room temperature. Rheological measurements were conducted on a TA Instruments Discovery
HR-2 hybrid rheometer, using a Peltier cone plate (Al), 40mm, 1.021°, and 26-um truncation gap.
Variable temperature rheometry was conducted between 25-200°C at a shear rate of 10 rad/s. DSC
measurements were collected using a DSC 2910 (Du Pont Instruments), cooled with liquid Nz.
Electrostatic potential maps were generated by coloring the electron density isosurface plotted up
to 0.03 eV/A® according to its electrostatic potential; regions colored red are associated with
relatively positive areas of the molecules. IL densities were determined by using the volume
displacement method. A graduated cylinder was filled with hexanes as non-polar solvent and
weighed. The IL was then added to the graduated cylinder, with the change in volume and mass
recorded. Molar volume was calculated by dividing the molecular weight of each IL by their
respective densities. X-ray photoelectron spectroscopy measurements were conducted using a
ThermoScientific ESCALAB 250 X-ray photoelectron spectrometer.
Results and Analysis

We synthesized a suite of previously reported® ILs containing 1-butyl-3-

methylimidazolium ([BMIm]") cations and a variety of perchlorometallate anions based on the
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Figure 1: Absorption spectra of neat ionic liquids 1-butyl-3-methylmidazolium (BMIm)
perchlorometallate ions. [BMIm]2[CoCl4] in blue, [BMIm]2[NiCl4] in green, and
[BMIm]2[CuCls] in yellow.

hypothesis that, as coordination compounds, these anions would be amenable to redox and ligand-
exchange manipulations, although such chemistry had not been demonstrated with ILs. Through
facile combination of BMImCI and metal chloride salts in the appropriate stoichiometric ratios,
free-flowing colored liquids were generated in single-step routes with proposed formulas
BMImyMCI* (M = Cr3*, Fe3*, Mn?*, Co?*, Ni?*, and Cu?*). Determining the purity of ILs typically
involves NMR spectroscopy,*>#4 which probes the identity of the organic cations, detects for
adventitious water content, and yet applies to only certain perhalometallate anion nuclei, such as
1195n.5 Given the propensity of perhalometallates to speciate into complex anionic equilibrium
mixtures, we sought analytical methods with broader applicability.

Figure 1 plots electronic absorption spectra of neat ILs composed of [BMIm]* and CoCl4?-

, NiCl4?", and CuCl4* perhallometallate anions. Spectra collected for ILs containing Cr3*, Fe®*,
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and Mn?* are shown in Figure S1. All spectra in Figure 1 display ligand field (d-d and charge
transfer) bands expected of these ions in tetrahedral chloride environments. For precise verification
of anion speciation, we performed ligand field analysis to derive the ligand field parameters Dq,
which measure ligand bonding character, and Racah parameters B, which quantifies the
interelectronic repulsion experienced by metal d-orbital electrons. As both parameters depend on
the geometries and ligand environments of metal ions, they provide exceptional accuracy in
assigning metal ion speciation. Analysis of the Co-containing material gives Dq and B values of
315.82 cm™ and 791.92 cm™ respectively, which agrees with previously reported values for
tetrahedral CoCls?~.*6*8 The spectral bands centered at 15492 cm™ and 5592.5 cm™ can thus be
assigned to the “A>—“T1(P) and *A>—*T1(F) transitions, respectively. For the Ni-containing IL,
assigning the bands at 14999 cm™ and 7511.7 cm™ to the *T1—°T1(P) and 3T1—3A: electronic
transitions gives Dg and B values of 408.01 cm™ and 812.76 cm™ respectively. These values are
each approximately ~50 cm higher than prior analysis of NiCl4?~ ions, but this result can be
attributed to distortions in the geometry of the anion.*¢*8-50 Finally, assignment of the band at
8337.2 cm™ at for the Cu-containing spectrum to the >T>—?2E transition of tetrahedral Cu®* gives
a Dq value of 368 cm™, which is consistent with a chloride ligand field for a CuCl4> with a slight
distortion from ideal tetrahedral geometry.*®5! As expected for metal ions with d° electronic
configurations, spectra of the Fe3*- and Mn?*-based ILs did not display d-d transitions (Figure S1).
Interestingly, the spectrum of the Cr3* IL showed hallmark ligand field bands expected for On,
rather than Tq, symmetry, suggesting this ionic liquid contains CrCle>~ instead of CrCls~ anions.>?>3
Although water contamination poses a constant threat to IL purity, the sensitivity of these spectra
provide clear proof of the absence of water in the metal ion environments. Therefore, electronic

absorption spectroscopy serves as a powerful method for understanding IL speciation.
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Equipped with a method to probe the coordination environments of IL anions, we sought
to demonstrate post-synthetic modification by ligand exchange chemistry. Halide exchange of the
CoCls? IL served as an initial target due to the well-resolved spectral bands that would offer
convenient handles for monitoring reaction progress. Treating [BMIm]2[CoCl4] with aqueous HBr
caused an immediate color change from blue to green, consistent with Co?* entering the weaker
ligand environment of Br-. Due to the miscibility of [BMIm]* with water, however, extraction of
the product was difficult, resulting in low yields. Instead, we repeated a similar procedure using
trihexyltetradecylphosphonium ([Pss614]") as the cation due to its enhanced hydrophobicity.
Layering of [Pss6.14]2[CoCl4] onto a 1-M HBr aqueous solution followed by vigorous shaking
resulted in clean separation of a green viscous liquid from the aqueous layer that could be removed
by simple decanting. Following drying procedures, successful ligand exchange was confirmed by
UV-vis-NIR spectroscopy of the resultant neat ionic liquid, isolated in 65% yield. X-ray
photoelectron spectra of this product indicate the presence of Br at energies expected for M-Br

bonded species, and the absence of CI, confirming complete conversion.
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Figure 2: Electronic absorption spectra of neat ionic liquids composed of
trihexyltetradecylphosphonium (Pses14) perhalocobaltate ions synthesized directly or
through post-synthetic ligand exchange. Spectra in blue and brown correspond to directly
synthesized [CoCls]*- and [CoBr4]?>-based ionic liquids. The spectrum of the CoBr4>~ prepared
through ligand exchange is shown in red.
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Figure 2 shows the “A>—*T1(P) transition split by spin-orbit coupling for the product as
the red dotted trace, which matches the spectrum of [Ps6614]2[CoBr4] prepared directly (brown
dashed trace). Both spectra appear red-shifted relative to the spectrum of [Pe,6,14]2[C0oCl4] (blue
solid trace), which is consistent with the weaker ligand field of Br—.>* Interestingly, temperature-
dependent viscoelastic measurements of these Co-based ILs evidenced a three-fold decrease in the
room-temperature viscosity from 20.77 to 80.96 Pa-s following Br-exchange (Figure S2). The
magnitude of this viscosity change is expected between ILs with significantly different cations,

but was not expected for anions that only differ in the identity of halides ligands. Additionally,
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Figure 3: Absorption spectra of [Pes6,14][VCla] and [Pe6.6,14]2[OVCls] prepared neat

(A) and dissolved in MeCN (B). Light blue and green correspond to the [Ps,6,6,14][VCl4]

and [Ps,6,6,14][VOCI4], respectively. Data in panel B were collected by preparing a 4.35

mM MeCN solution of [Pes6.14][VCla] that was kept air-free and then introduced to air.

Arrows indicate the direction of spectral evolution.
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the viscosities of these ILs are higher than monoanionic chlorometallate 1Ls,*-® which could be
attributed to greater Coulombic attraction resulting from the dianionic charges.

To further explore another strategy for post-synthetic modification of ILs, we investigated
redox chemistry. In surveying viable perhalometallate anions, vanadium-based ions are noticeably
absent the IL literature which we suspected was due to their air sensitivity. To test this hypothesis,
we attempted the preparation of [BMIm][VCl4] in air and observed color changes from violet to
dark green, suggestive of aerobic oxidation. Indeed, a UV-vis-NIR spectrum of the resulting neat
green liquid displayed absorption bands consistent with \V** in chloride ligand spheres, rather than
V3 59 Therefore, we reattempted the synthesis of [BMIm][VCl4] under an inert atmosphere, which
resulted in a highly viscous violet material that retained its color indefinitely. For ease of handling,
we synthesized an analogous blue IL with [Ps6,6.14]" cations due to its significantly lower viscosity.
Deliberate exposure of this liquid to air caused a single-step color change from blue to green, as
evidenced by UV-vis-NIR spectra of the neat material before and after reaction completion (Figure
3A). To verify that the reaction proceeded through a single-step process, a 4.35-mM MeCN

solution of [Pse6,614][VCla] was prepared in an air-free cuvette, opened to atmosphere, and

Scheme 2. Proposed redox reaction involving VCls™-based ionic liquids in air.

4VCL} +0, +4H,0 —= 4[O=VC|P- +4H* +2H,0
monitored by UV-vis spectroscopy over a 5-hour period whereby the solution turned from light

purple to light green (Figure 3B). Indeed, the time-evolved spectra reveal an isosbestic point,
indicating a single-step reaction that proceeds only by introduction of air. Interestingly, this
reaction requires both moisture and O2. Based on previous mechanistic studies of VCls oxidation
to vanady! ions, we propose the mechanism shown in Scheme 2.6 Comparison of the data in
Figure 3 to spectra of vanadium-chloride eutectic mixtures suggested the oxidation of V3* to V4

to generate a vanadyl-based ionic liquid.52-%°

10
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Confirmation of vanadium oxidation and generation of a V=0 vanadyl moiety was
achieved by measuring ATR-IR and X-band EPR spectra of [Pes6,14][VCl4] before and after air
exposure. Comparison of the IR spectra shows the growth of a band around 1000 cm™, which is
consistent with literature reports for V=0 stretching modes (Figure 4A).%6 Whereas [Ps,6,6,14][VCl4]
is EPR silent, as expected for S=1 from a d? electronic configuration, the air-exposed product
displays the characteristic splitting pattern for \V** resulting from a d* configuration with hyperfine
splitting to a nuclear spin of 1=7/2 (Figure 4B).53%7 Whereas an octahedrally symmetric V** center
would display an eight-line pattern, the data in Figure 4B show additional peaks that would arise

from the axial symmetry of a vanadyl chloride anion. To distinguish between O=VCls*~ and
A
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Figure 4: Spectroscopic evidence for post-synthetic conversion of VCls~ ions into
OVCls>. (A) ATR-IR spectra of [Peg6,14][VCla] (blue) and [Ps,6,6,14]2[ VOCl4] (green). (B)
X-band EPR spectrum of [Pss6614]2[VOCIls]. Neat ionic liquids were used for all
measurements and air-free. EPR data were collected at 25°C with a microwave frequency
of 9 GHz.
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O=VClIs~ as the resulting IL anion, time-dependent density functional theory (TD-DFT)
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calculations were performed and compared to the experimental spectrum of the neat material
(Figure S13). The additional bands at 22,000 cm™ and 7,000 cm™ predicted for the O=VClz~anion
suggests [Ps6,6.14]2[VOCl4] as the true identity. Redox activity of [Pes,6,14][VCls] was further
explored by cyclic voltammetry. Variable scan rate data were collected air-free using MeCN
solutions of [Ps6.614][VCls]. Traces in Figure S3 display several electrochemically irreversible
reduction and oxidation waves akin to data previously reported for vanadium-chloride electrolytes
employed in redox flow batteries.%®%° We tentatively assign the wave at ~—0.3 V (vs. Ag wire) to
the V3*2* couple, and the waves at ~ 0.3 V and ~ 0.8 V to the V¥*/#* and V**5* couples, respectively.
Room temperature viscosity measurements of [Ps6.6,14][VClsa] and [Pe,6,6.14]2[VOCl4] gave values
of 5.07 Pa's and 2.59 Pa-s respectively.

To explore the generality of redox as a post-synthetic modification technique for ILs, we
revisited a prior report on the oxidation of 1-hexyl-3-methylimidazolium ([HMIm]") [SnCls]
ILs.5"70 After repeating the reported air-free synthesis, °Sn NMR of neat [HMIm][SnCls]
displayed shifts of —128.9 and —138.9 ppm (Figure S4), consistent with Sn®* nuclei and the
previously reported values. Deliberate exposure of this ionic liquid to air produced a waxy material
confirmed to be [HMIm]2[SnCls] by *H NMR™ and '°Sn NMR (Figure S5 and S6).>""* Whereas
the previous study discussed the structure of the material in its crystalline form, we investigated
whether oxidation involved an ionic liquid-to-ionic liquid transformation as well. Indeed,
differential scanning calorimetry of neat [HMIm]2[SnCle] displayed a glass transition temperature
(Tg) at =54.1 °C and a melting point (Tm) at 91.2 °C (Figure S7), qualifying this material as a bona
fide IL, accessed through post-synthetic redox chemistry. Furthermore, the measured Ty is in good

agreement with other chlorostannate ILs."?

12
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Macroscopic changes accompanying the systematic modification of these perhalometalle
ILs offered a convenient platform for studying the intermolecular interactions that arise from

molecular composition and dictate bulk IL properties. In particular, we focused on the strong
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Figure 5: Absorption spectra and temperature-dependent viscosities of ionic liquids based
on VClIs with varying cation identities. (A) Absorption spectra of neat ILs. (B) Absorption
spectra of IL prepared as 32-mM MeCN solutions (B). (C) Measurements were collected between
100°C-150°C at shear rate of 10 rad/s. 1-hexyl-3-methylimidazolium (HMIm) and 1-butyl-2metyl-
3metylimidazolium (BMzIm) were used for comparison to BMIm- and Ps6,6,14-based VCls™ ionic
liquids.
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dependence of coloration and viscosity on the cation identity of the VCIls~ ILs. Whereas
[BMIm][VCls] and [HMIm][VCl4] appeared violet and purple, respectively, [Ps6,6.14][VCl4] was
blue. As these colors arise from vanadium-based orbitals, any dependence of the non-coordinating
cations was unexpected. UV-vis-NIR spectra of these related materials were collected on neat
liquids kept air-free. Indeed, the absorption profiles are considerably different in both peak
positions and overall shapes (Figure 5A). Motivated by reports that H-atoms at the 2-position of
such imidazolium rings can interact with halides,” we hypothesized that weak H-CI bonding
sufficiently perturbed the V3* ligand field to account for such marked spectral differences between
the imidazolium and phosphonium derivatives. Therefore, to eliminate the possibility of secondary
bonding interactions at the imidazolium 2-position, an analog was synthesized using 1-butyl-2,3-
dimethylimidazolium ([BMz2Im]*). By removing such interactions, we expected the resulting
spectrum to appear similar to the phosphonium IL. Instead, the spectrum of the resulting indigo
[BM2Im][VCl4] material appears more similar to the other imidazolium derivatives (Figure 5). To
confirm that the cations were responsible for these spectral differences, we dissolved the ILs in
acetonitrile, hypothesizing that dilution would eliminate cation-anion interactions through spatial
separation. Indeed, UV-vis spectra of the diluted solutions shown in Figure 5B display absorption
bands with similar peak energies and shapes, independent of cation identity, confirming that the
cations, although intended as non-coordination ions, unexpectedly interact with the [\VCl4]~ anions.

Altering the cation identity of the [V Cls]™ ILs also induced significant changes in viscosity
that accompanied these changes in color. Whereas [Ps6,6,14][VCl4] appears as a free-flowing liquid
at room temperature, the imidazolium derivatives exist as waxes until heated near 100 °C. Figure
5C shows variable temperature viscosities, beginning at 100 °C. These comparative data show that

replacing [Pes6.14]" with imidazolium cations increases viscosity by four orders of magnitude!

14
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Clearly, the intermolecular interactions causing changes in electronic absorption induces strong
changes in the supramolecular ordering of the ILs. Although viscosities of the [BM2Im]* and
[HMIm]* variants differ considerably, they are more similar than compared to the [Pss.6,14]"
species, suggesting that the 10,000-fold viscosity difference cannot be due entirely to H-CI
bonding interactions at the imidazolium 2 position. We note that the increase in viscosity of
[HMIm]* above 130°C can be attributed to the decomposition of the imidazolium cation,’* which
was confirmed by TGA (Figure S24).

To explore whether perchlorometallate ILs exhibit such extreme cation dependencies in
general, absorption spectra and variable temperature viscosities were measured for ILs prepared
from [CoCl4]?, [NiCls]*, and [VOCI4]? and a variety of cations. Figure S8 plots viscoelastic data
for [CoCl4]?~, with room temperature values ranging between 6.9-36 Pa-s, a typical range for ILs
with different cations. Additionally, the UV-vis-NIR spectra show ligand field bands with similar
peak positions and peak shapes. Likewise, the absorption profiles for [NiCls]>~ ILs with different
imidazolium or phosphonium cations appear nearly the same (Figure S9), and various derivatives
of [VOCI4]?" ILs display a similar range of room temperature viscosities (Figure S10). Whereas
monoanionic [VCl4]~ requires only a single charge-balancing cation, however, these cobalt, nickel,
and vanadyl materials require two per dianion, which we hypothesized might hinder inter-ion
attractive interactions through steric crowding. By this reasoning, [VCl4]~ might ion-pair
effectively with single imidazolium rings and not with bulky phosphonium cations, whereas the
dianions might not pair well with any cation due to steric repulsion, leading to a lack of cation
dependence. Viscosities of [FeCls]™ ILs should, therefore, exhibit a cation dependence akin to
[VCl4]7, but the data in Figure S11 show that viscosities differ by only 0.62 Pa-s between [HMIm]*

and [Ps66,14]" derivatives.
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Figure 6: Representations of VCI- oligomers. (A) DFT Geometry-optimized V2Clg?
“dimer”. (B) Portion of the VVCls crystallographic structure.

Although the cation dependence most likely results from differences in ion pairing, these
results, therefore, suggest that the intermolecular interactions arise from chemistry specific to V3.
The structure-induced absorption changes observed for the [VCls]™ IL are reminiscent of high-
pressure studies involving V3*-doped MgO and Al.O3 that showed compression of metal-ligand
bonds leading to increased ligand field interactions and concomitant blue shifts to absorption
bands.” However, whereas uniform compression of all metal-ligand bonds produces simple
energetic shifts in the absorption profile of metal ions, the data in Figure 5A show that the presence
of imidazolium cations considerably distorts the shapes of the [VCl4]~ bands. The complex
interplay of supramolecular interactions causing the severe cation-dependent optical and
viscoelastic properties must therefore cause speciation of V** into anions that deviate from ideal
tetrahedrally symmetric [V Cl4]~ ions.

Given the strong covalency of V3*-CI- bonds and the propensity of VCls to form 2D
covalent networks,” we hypothesize that the synthesis of [VCl4]~ ILs generates an equilibrium
mixture of VCIy~ aggregates rather than individual [V Cls]” monoanions. Figure 6 displays possible
representations of the aggregates, including small vanadium dimers (Figure 6A) and larger

oligomeric fragments of the 2D VCls lattice with octahedral vanadium ions (Figure 6B). The size

16
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of the oligomers, we propose, depends on the ability of cations to break apart versus stabilize the
large anionic clusters. On one hand, the steric bulk and electronegative alkyl groups of [Ps,6,6,14]"
might serve to fragment the oligomers, whereas electron-deficient imidazolium rings might better
support the formation of VCI~ aggregates and give rise to the higher viscosity. The presence of
six-coordinate vanadium ions would also explain the blue-shifted absorption bands, as the higher
coordination would increase the ligand field strength surrounding V3.

To investigate the plausibility of VCls aggregation as an explanation for the observed

cation dependence, we employed a suite of computational tools. Figure S12 shows computed

experimental

[BM,Im][VCI,]

JIVEL]

>
0 6,65,65,14

simulations

Dinner

Abs. (a.u.)

245pm

LTI PRPPRPY PP L SR

Vel § o vey,

25000 20000 15000 10000
Wavenumber {(cm)

Figure 7: Comparison of experimental and simulated spectra of VCI/~ ILs.
Experimental absorption spectra of [BM2Im][VCls] (pink) and [Pss614][VClsa] (blue),
Simulated spectra for the V2Clg?>~ “dimer” (green), simulated spectra of VCls~ anions with
single V-CI bonds elongated to 245 (purple) and 275 ppm (red), simulated spectra of
idealized VCls*~ and VCl4~.
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electrostatic potential (ESP) maps of imidazolium rings with varying alkyl groups and [Ps,66,14]".
Consistent with previous calculations,’”® and experimental reports on H- and halogen-bonding
interactions of anions with imidazolium rings,””’® the ESP maps show pockets of electron
deficiency at the imidazolium 2 position and ring center, whereas [Ps6,6,14]" exhibits uniform high
electron density. These results support the idea that imidazolium cations could better stabilize
VCI- aggregates electrostatically compared to [Psses6,14]". Molecular dynamics simulations
performed both with force-fields and ab initio methods have elucidated the presence of
innumerable configurations of ion pairing in imidazolium-based ionic liquids that span a shallow
potential energy surface for their respective chemistries, so we refrained from locating specific
geometries of imidazolium-VCly- pairs.”® Given the complex mixture of possible anion
aggregates, Figure 7 plots TD-DFT-simulated absorption spectra in terms of simple limiting case
scenarios. First, spectra were computed for VCle>~ and VCls~ with On and Ta symmetry,
respectively. Clearly, the experimental traces of [Pss6,614][VCls] and [BM2Im][VCls] cannot be
interpreted as a mixture of these two idealized species. Instead, we considered a hypothetical
V2Clg? dimer based on the hypothesis that the equilibrium mixture involves oligomers of six- and
four-coordinate vanadium ions. Figure 6A displays the resulting geometry-optimized structure,
with each vanadium center distorted considerably from either On and Ta symmetry and the
idealized bond lengths of 2.461 A and 2.245 A, respectively. The corresponding simulated trace
is shown in Figure 7. These simulations rule out certain well-defined vanadium species and suggest
that the appearance of numerous absorption bands spanning a wide energy spectrum might be
explained by the presence of low symmetry V3* oligomers. Inspired by the apparent elongation of
V-Cl bonds in the dimer model, we explored whether the experimental spectra could be understood

from another simplified scenario of [VCl4]~ possessing systematically elongated V-CI bonds
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resulting from [VCl4]~ anion-aggregate interactions. Figure 7 includes simulated spectra for two
possible structures where single V-Cl bonds were fixed at 275 pm and 245 pm, while the rest of
the geometry was allowed to relax. Interestingly, the shorter V-CI bond elongation of 245 pm
shows better agreement with the [Pss6614][VCls] experimental trace, whereas the 275 pm
simulation agrees more closely with the [BM2Im][VCls] trace. These results are consistent with
the hypothesis that imidazolium cations produce V3* oligomers distorted farther from idealized
tetrahedral symmetry.

Discussion

Scheme 3. Summary of ionic liquids examined here with corresponding colors and room
temperature viscosities. viscoelastic properties.

(CH2)5CHg
+P- '(CH2)50H3

HaC(CHp)s™ A
¢ % (CH2)15CH3

H* + 0=VCl,>

(CHz)sCH,
+P-s '(CH2)5CH3

H3C(CHy)s™ b
¢ 2% (CHp)15CHs

FeCl,~

2.59 Pass @ 25 °C 0.67 Pass @ 25 °C

These results indicate that small changes to the coordination chemistry of ILs can yield
remarkably different properties in new ILs. Scheme 3 summarizes key differences for some of the
ILs reported here that arise in viscosity and color through systematic variation in cation and anion
identities. Halide exchange to produce [Ps.6,14]2[CoBr4] from [Ps6,6,14]2[CoCla] caused viscosity
to increase by 60.19 Pa-s, which exceeds rheological differences observed through systematic
changes to conventional IL ions with more obvious structural differences. For example, the room

temperature  viscosity  of [butylpyridinium][BFs]  differs  from [1-propyl-3-
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methylimidazolium][BFs] by only 0.0918 Pas, while switching the anion from
[butylpyridinium][BF4] to [butylpyridinium][NTf2] causes a difference of only 0.1008 Pa-s.2° Such
a large difference from such a minor change to the overall IL composition is surprising. Although
anion aggregation could account for higher viscosities and has been observed for [CoCl4]*~ and
[CoBrs]*-2! the UV-vis spectra suggest the presence of just mononuclear species. Instead, we
hypothesize that the greater molecular weight and polarizability of bromide ligands increases
viscosity by enhancing halogen bonding and raising the activation energy for viscous flow (Ea).
Oxidation of [Ps6,614]y[VCI¥T] to [Psss6.14]2[VOCI4] caused a far greater change to viscosity.
Whereas elevated temperatures were required to perform rheological measurements on the former,
room temperature viscosity of the vanadyl IL produced values of 14.22, 15.27, and 2.59 Pa-s for
[BMz2Ilm], [HMIm], and [Pess6,14], respectively. These results help quantify the impact of
intermolecular interactions on macroscopic properties. In the case of ligand exchange, enhanced
secondary bonding interactions altered viscosity 102-10° times greater than changes between
conventional ILs. Disrupting covalent bonding between VCI¥~ oligomers through O-atom
transfer, transformed an ionic liquid glass into a free-flowing liquid. Despite the power of this
synthetic strategy, it bears few if any literature precedents. One of the few related examples
involved anion exchange of halides loosely associated to IL polymers, rather than bound as ligands
to metal centers in 1Ls.%2 The proof-of-concept ligand exchange demonstrated here will inspire
future efforts to design ILs based on the exchange of halides for other ligands, such as amides,
isothiocyantes, and acetates, as has been well-described for molecular complexes®*-8" and which
cannot be accessed as ILs metallate anions through typical routes. Other unconventional ILs based
on ligand exchange methods may include mixed-halide anions with variable compositions such as

MClsxBr>~, which direct halide-abstraction routes could not access. Practically, the ability of
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perhalometallate anions to undergo ligand exchange serves as a cautionary tale for their use in
electrochemical energy devices, such as bromine redox flow batteries, where anionic active species
may engage in undesirable reactivity with the IL electrolyte.

This work shows that conventional UV-vis spectroscopy enables deep insight into IL
nanostructure that otherwise would be difficult to detect. UV-vis spectra have been used in isolated
instances to confirm the presence of metal ions extracted into ionic liquids® and to understand
conversion of metal-containing ionic liquids into coordination polymers,3% whereas this work
applies ligand-field analysis to confirm compositional purity and distinguish between mononuclear
and polynuclear complexes. Although the solid-like nature of the VCls™-based ILs suggested the
presence of strong intermolecular interactions, UV-vis allowed specific hypotheses about the
nanostructure composition to be tested through comparison to TD-DFT simulated spectra.
Perhalometallate aggregation has been detected in ILs based on Sn?*, AI**, or Zn?* 59192 byt could
only be detected by subtle differences in Raman spectra. Here, iterative comparison between
experimental and simulated spectra pointed to VCls~ forming oligomers stabilized by imidazolium

ions through secondary bonding interactions.*%3% Recent literature has shown the generation of

Table 1: Viscoelastic and volumetric properties of select ILs prepared here. Ea and
PC denote activation energy to viscous flow and packing coefficient, respectively. Room
temperature viscosities are reported.

oo Liguid | (peq)” | Ekaimol) | Free Tome | e
[P....JiCoCl]|  20.77 48.04 0.55 0.72
[P, CoBr]|  80.96 53.37 0.49 0.76
[HMIm}[CoCl] 6.91 48.67 0.48 0.36
[BM,Im}[CoCl]|  36.53 68.47 0.31 0.46
[P, JIFeCl]| 0670 33.38 0.47 0.52
[HMIm][FeC]] 0.058 20.68 0.35 0.32
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coordination networks derived from ionic liquids,*® but structural insight required an impressive
suite of advanced characterization tools because the polymer contained Zn?* ions silent by UV-vis
spectroscopy.*®

These results explore a range of forces spanning dispersion to covalent bonding, whereas
typical reports of ionic liquids focus on manipulating just a few types of intermolecular
interactions. Previous reports have shown that rigid supramolecular IL structures, i.e. those with
stronger, localized interactions exhibit higher viscosities,”” often showing anisotropic charge
distributions within the ion components that cause high viscosities.®® Such examples of localized
and ordered charge pairs allows for enhanced intermolecular interactions through n-n interactions,
hydrogen and halogen bonding, and Coulombic forces,*®® but predicting the magnitude of the
impact of such interactions remains challenging. Table 1 shows how systematic changes to
composition and types of intermolecular interactions impact viscosity and Ea. For example, as
discussed above, altering halogen bond interactions in changing from [Pess6,14]2[COCl4] tO

[Ps.6,6,14]2[ CoBr4] causes a minor increase of Ea by ~5 kJ/mol but large jump in viscosity by ~ 40
80 [Pﬁ,ﬁ,ﬁ,M]z[COBra] o

70
60

50
[BM,Im,[CoCl] S

40 o
- HMIm[FeCt) - L

30

Viscosity (Pa-s)

5 P . l4
P, o dllFeCL] 2" Pagerl [GOGLE
‘ m
I

L4
s
/

20

10~ / ~eHMIm],ICoCl,] S
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03 0.4 0.5 0.6 07 08

Packing Coefficient

Figure 8: Correlation plot of IL viscosities versus packing coefficient (PC). Room
temperature viscosities are reported with constant shear rates of 10 rad/s. Packing
coefficients were determined from experimental molar volumes and simulated molecular
volumes as detailed in the SI. The dotted and dashed lines denote linear best fits to the
imidazolium- and phosphonium-based ILs, respectively.
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Pa-s. Altering electrostatic interactions, on the other hand, can be studied by comparing
[Ps.6.6.14]2[CoCls] and [Ps 6,6,14][FeCla4]; by changing from a dianion to a monoanion the electrostatic
interactions between and the [Ps,6,6,14]" cation cause Ea to drop by 15 kJ/mol but viscosity drops by
more than an order of magnitude. By systematically changing just the cation from a phosphonium
to imidazolium, the effect of stronger intermolecular forces such as n-n interactions, hydrogen
bonding, and van der Waals interactions becomes readily apparent. The viscosity of
[HMIm]2[CoCl4] compared to [BM2Im]2[CoCl4] suggest the longer alkyl-chain length and altered
dispersion interactions of the former decrease viscosity from ~37 to 7 Pa-s. Comparing
[Pe6.6,14][FeCls] to [HMIm][FeCls] increases viscosity by an order of magnitude, which we
attribute to the enhanced halogen-binding interactions of imidazolium ions, corroborated by
calculations presented here (Figure S10). It is noteworthy that the low viscosities of these FeCls~
materials, in particular the 0.058 Pa-s of [HMIm][FeCla], are comparable to ILs used in energy
devices, such as the 0.053 Pa-s of BMimTFSI,*° where performance depends on rapid mass transfer
kinetics. In the extreme limit of intermolecular interactions, oxidation of [Pes6,14]y[VCI¥] to
[Ps.6,6,14]2[VOCIl4] causes viscosity to decrease by 2.48 Pa-s, which we attribute to breaking the
covalent VCI~ networks. These results, therefore, permit changes intermolecular interactions to
be correlated with approximate changes of viscosity, dispersion, halogen bonding, electrostatic,
and covalent bonding giving rise to changes on the order of 10°, 10, 10%, and 10 Pa-s, respectively.

Lastly, Table 1 reveals an interesting relationship between IL rheological properties and
intermolecular structure. As molecular species that produce bulk behavior, ILs have motivated
intense research effort on understanding a physical connection between the intermolecular and
macroscopic behavior. These studies have debated whether free volume,® molar volume,'® or

molecular volume?® serve as the most accurate predictor of IL viscosity, ionic conductivity, and
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other properties. The data in Table 1 reveals, however, that while these volumetric parameters and
Ea exhibit poor correlation with measured room temperature viscosities (Figures S21-S23), higher
packing coefficients (PCs) correlate with increased viscosity among ILs with similar cations, i.e.,
imidazolium versus phosphonium ILs (Figure 8). Typically applied to understanding guest-host
supramolecular chemistry, PC is defined as the ratio of molecular volumes to molar volumes, such
that dispersion interactions give rise to PC of ~0.55 and H-bonding and stronger interactions
increase PC to 0.7 and beyond.*®* Here, we computed the molecular volumes from the electric
field, the derivative of the electrostatic potential. This method has demonstrated utility in
quantifying the volume and surface area of small polarized molecules,'°21% while accounting for
changes in ionic size due to formal positive and negative charges, as well as highly polarized
covalent bonds (see Supporting Information). Whereas volumetric parameters fail to account for
intermolecular interactions, PC treats them explicitly. While preliminary, PC appears to be a
promising parameter to predict IL macroscopic behavior, such as IL viscosities and conductivities.
Conclusion

We demonstrate that ligand exchange and redox coordination chemistry serve as post-
synthetic design strategies for ILs. By tailoring anion composition in a systematic fashion, these
methods expand the diversity of ILs, in general, allowing greater control over structure-function
relationships. For example, these results indicate that slight changes to perhalometallate
coordination spheres result in large changes to bulk rheological properties, suggesting secondary
bonding interactions can dominate bulk IL interactions. By employing transition-metal-containing
anions, these results also demonstrate that conventional UV-vis spectroscopy enables deep insight
into the purity and speciation of the local molecular environment of ionic liquid ensembles.

Complex supramolecular assemblies can be modeled by comparing experimental and simulated
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spectra. Systematic variation of IL compositions and intermolecular forces permits Coulomb
interactions between ions, to be untangled from secondary halogen bonding between terminal
chlorides and imidazolium = rings, and dispersion effects. Comparing the effect of these forces
reveals the approximate orders of magnitude that each interaction exerts on bulk IL viscosity.
Lastly, relating viscosity to packing coefficients shows promise as a novel approach to predicting
bulk IL properties. Taken together, these results demonstrate that coordination chemistry provides
powerful design and analytical techniques for investigating the fundamental connection of
molecular properties to macroscopic behavior.
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