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DISSERTATION ABSTRACT

Michael Anthony-Loren LeRoy

Doctor of Philosophy in Chemistry

Title: Understanding Interfacial Chemistry in Metal Based Soft Materials

Soft materials are a class of materials including colloids, polymers, DNA, and proteins.
Due to their organization on the mesoscopic length scales they exhibit a wide variety of
properties such as self-assembly and response to external stimuli. This has led soft materials to
be employed in a wide array of applications ranging from catalysis, electrochemistry, and
membrane technologies. Ionic liquids and metal-organic framework are two distinct classes of
hybrid organic-inorganic soft materials, that are well studied and used as filler materials for
polymer membrane separation technologies. However, a current challenge is understanding how
the interfacial chemistry between these filler materials and polymer impacts membrane structures
and properties. In this dissertation, molecular chemistry is used to explore how mesoscopic
properties give rise to those found in the bulk of ionic liquids and nanoscale metal-organic
frameworks respectively.

This dissertation includes previously published material co-authored material.
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Chapter 1.
Introduction

Soft materials are a diverse class of materials that include rubbers, adhesives, liquid
crystals, colloids, polymers, food and living tissues.!> The softness of these materials comes
from their low elastic moduli and ability to withstand deformations in structure from applied
stimuli. The organization of these materials are unique in that they are on the nm to um or
mesoscopic scale due to the self-organization of their atomic or molecular constituents. The
behavior of the material at the microscopic scale has distinct impacts on the behavior at the
macroscopic scale arising from the complex intermolecular interactions at play.

For soft materials a fundamental understanding of structure-property relationship is
important to understand for applications. The understanding of structure and property is
enhanced when soft materials are combined with nanotechnology to form the field of soft
nanotechnology. By making use of soft materials ability to self-assemble, fine control can be
used to create precise nanostructured materials for optics, electronics, and mechanics that have
well defined and tailored properties.>* Self-assembly is important as it allows for the templating
of materials in a patterned and order fashion, such as the formation of monolayers or vesicles.

Soft materials are able to self-assemble because the energy that is released by molecular
or particle motions and reorientations, are comparable to the thermal energy Ky T or the
Brownian motion.’ The low thermal energy barrier of these materials at the nanoscale makes
them highly susceptible to influences brought on by external stimuli due to weak non-covalent
interactions that are easily broken and reformed. The ease at which soft matter can undergo
restructuring leads to a diverse set of phase transitions these materials are able to undergo. The
weak intermolecular interactions at play in the ordering of soft materials consist of hydrogen
bonding, van der Waals interactions, ionic interactions, coordination bonds, and hydrophobic
interactions.

Hydrogen bonding for example plays a predominant role in protein interactions, where
water is a stabilizing force for protein structure. Whether that be proteins in the o helix or B sheet
structure, the degree of hydrogen bonding in the folded protein give rise to its stability. The more
hydrogen bonds in the protein the more stable and lower the free energy and vice versa. This is
due to the hydrogen bonds having a strength of around 20 kJ mol™!, allowing for superstructures

to from without the need of chemical reactions and the strength to maintain shape once formed.
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Electrostatic and van der Waals are important interactions that influence the stability of
colloidal systems. Colloidal systems such as those found in paints need to be stabilized to ensure
a long shelf-life. This can be accomplished by having charged particles in electrolyte medium,
that balances the repulsive electrostatic forces with those of the balancing van der Waals
interactions.*® Another method of to prevent aggregation of colloidal systems is through steric
stabilization by long-chain molecules such as polymers or fatty acids that are attached to the
colloidal particle surface and cause particle repulsion.

With the Nobel prize in physics being awarded to Pierre-Gilles de Gennes in 1991, there
has been a strong focus to better understand and comprehend the field of soft materials.”® In
particular, the integration of inorganic and hybrid nanomaterials for use in creating colloidal
suspensions. Of the soft materials for this integration process, the most well studied and know
are polymers. From the fundamental research on polymer growth mechanisms, to the large
scalability, interest as industrial materials, and fine synthetic control and versatility polymers
have been an ideal candidate for the incorporation of inorganic materials. Polymers are an
interesting class of soft material due to the wide synthetic scope and degree of applications. They
can be used to create hydrogels that are highly biocompatible and have tunable mechanical
properties.” ! Other classes of polymers include block copolymers, which consist of multiple
chemically distinct blocks of polymers connected end to end, star polymers macromolecules
polymeric chains anchored to a center point, and dendrimers which are starburst molecules.®!?
Due to the block copolymers having distinct domains based upon the homopolymers in each
segment, they have the ability to self-assemble into distinct assemblies on the mesoscopic
scale.!> Within the field of polymers there are already a wide range of soft materials to study
from theoretical, synthesis, and structural understanding as they relate to materials properties.

Though the field of polymers is important to the field of soft materials, they’re limited by
the fact that they are primarily organic molecules, which has limits on versatility and
applications. To overcome this barrier creating materials that are hybrids of both organic and
inorganic molecules is ideal. By combining both organic and inorganic systems together,
properties of both can be realized all in one single material in a cohesive and tailored manner.'*
Through the use of organics physical properties such as flexibility, hydrophobicity, and
connectivity can be applied. While the use of inorganic moieties can enhance mechanical or

thermal stability, improve electrical conductivity, and modulate viscoelastic properties. Of the
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many hybrid materials studied ionic liquids and nanosized metal-organic frameworks have
unique properties and applications.
lonic Liquids

Ionic liquids (ILs) offer a unique platform for materials design due to their composition
being a mixture of low molar mass cations and anions, without the need for solvent.!>!¢ Specific
properties that ILs have are low vapor pressure, low melting temperature, high thermal stability,
wide electrochemical window, and nonvolatility to name a few.!”"!° ILs are often called designer
solvents due to the ability to have highly systematic control of both the cation and anions
involved to make these materials.?*?! This lends ILs to have a plethora of combinations to
achieve specific design and materials properties. Due the diversity of ILs these materials are able
to show a variety of intermolecular interactions that influence the overall physiochemical
properties. These intermolecular interactions include electrostatics, hydrogen bonding, van der
Waals forces and n-m stacking.??2*

The most commonly used cations consistent of 1-methyl-3-alkylimidazolium, N-alkyl-N-
alkyl-pyrrolidnium, 1,2-dialkylpyrazolium, N-alkyl-pyridinium, tetraalkylammonium, and
tetraakylphosphonium.25 For anions the most common are thiocyanate, halides, sulfates, nitrates,
acetates, tetrafluoroborate, hexafluorophosphate, and bis(trifluoromethane)sulfonimide. Though
a wide combinations of ILs exist, the most widely studied are those based on the 1-methyl-3-
alkylimidazolium cations for applications that include gelation, polymer solubility,
electrochemistry, and understanding physiochemical properties.'®!*-26-3° Even with the recent
expansion of ILs into colloidal ionic liquids (CILs) a subclass of polymerized ionic liquids
(PILs), which cover the nano to meso length-scales and distinct topologies from 0D-3D, the
majority of the synthetic work focuses on organic based building blocks for both cations and
anions, giving more synthetic space but limited moieties to choose form.?! Even with the limited
structural diversity of ILs they have been widely used as on component in membrane
technologies which will be discussed in detail further on.*'*> However a fundamental
understanding of the interfacial interactions that govern ILs as single components is needed to
better grasp how they impact membrane functionalization when combined with multiple and
diverse systems such as polymers, silicas, zeolites and metal-organic frameworks (MOFs). These

materials range from traditional solely organic and inorganic materials to hybrid
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inorganic/organic materials which range from non-porous to porous hard materials to soft
materials.
Nano Metal-organic frameworks

Metal-organic frameworks (MOFs) are well known porous-coordination polymers that
have attracted a significant amount of attention due to their porosity, large surface areas, tunable
pore sizes and topologies, and wide synthetic tunability.**-** MOFs are composed of metal ions
and organic linkers ranging from single ion clusters to metal chain clusters, allowing for wide
combination of metal and linker idenitites.> " MOF synthesis is traditionally done through
hydrothermal or solvothermal methods using polar solvents such as DMF, water, water, and
alcohols.'* With these relatively simple building blocks the field of MOF chemistry has grown
exponentially with over 20,000 MOF structures having been identified and under study.*®

MOFs with their wide range of structures offer a scaffold for studying a diverse array of
applications such as gas adsorption, catalysis, sensors, etc.”® Though MOFs due to their hybrid
organic-inorganic nature offer better tunability compared to other porous materials such as
zeolites, the majority of them are synthesized as bulk materials and need to be nanosized in order
to increase their use for diverse applications.***' By nanosizing MOFs into nanoMOFs materials
they have an increase in surface to volume ratio, particle size control, and solution processability.
Unfortunately, of all the MOF structures available only a few have been synthesized as
nanoparticles through the use of modulators as competitive binding moieties.** Though a
“seesaw”” model for nanoMOF growth has been proposed, and has allowed for the synthesis of 6
nm MOF particles still is left to understand how nanoMOFs interact in colloidal and filler
materials****. This understanding is important as MOFs are important filler materials for use in
gas separation technologies such as mixed-matrix membranes (MMMs) that employ polymers
and other materials as substrate and binder materials respectively.*
Mixed-Matrix Membranes

Gas separation plays a crucial role in today’s energy and chemical production industries,
for the capture of fossil fuels, purification of plastics, and isolation of gases. Within the U.S
alone the separation industry uses 16 quadrillion BTU of energy per year, due to the use of
separation technology for thermally driven reactions such as distillation.* Distillation is a high
energy consumption process with over 200 unique separation globally, with the largest being

olefin/paraffin separation.’® The current distillation separation method of olefins/paraffins relies
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on their differences in volatility, which is a difference between 170 and 184K. Due to the small
difference in volatility, necessitates the use of large towers between 200-300 feet tall and high
reflux ratio just to achieve 99.9% pure olefins, that still require further purification downstream
of this already energy intensive process.’! This is an example of one high energy cost distillation
process that requires a shift away from current technology to new methodologies to not only
reduce energy consumption but increase separation efficiency and lower overall costs to
producers and consumers. To this end the use of membrane technologies has become an
attractive candidate for separation technology that improves efficiency and cost.

Membranes are an attractive form of separations technology due to their energy cost as
they don’t require feedstock to undergo a thermally drive phase change or the regeneration of
solid or liquid adsorbents. For gas-based separation membranes are simply able to rely solely on
the intrinsic properties of gas diffusion and sorption, which is dictated by the identity of the
membrane. Monsanto in 1977, was the first company to launch the use of membranes as an
industrially relevant separations technique for hydrogen purge recovery from petrochemical and
ammonia plants.>> When looking at materials used in membrane technologies for gas separation
a few important factors need to be considered: permeability, membrane structure and thickness,
configuration and overall design.’>® Permeability is the rate which a gas is able to move through
the membrane based upon thermodynamics and kinetics. Selectivity is another key parameter for
achieving high product purity at high rates of recovery. For most gas-separation membranes,
industry has turned towards the use of organic polymers, due to the ability to be spun into hollow
fibers therefore increasing their surface-area to volume ratios, resulting in an increase in
performance and efficiency.

A drawback of polymers is that they cannot withstand the high temperatures and harsh
chemical environments of due to exposure to CO; and petrochemicals leading them to swell or
plasticize, causing a decrease in efficacy and potentially being irreversibly damaged. Polymers
also show a distinct trade-off between permeability and selectivity for specific gases, this limit is
known as the Robeson upper bound.** In addition the variety of polymers currently employed in
membrane technologies is limited and lacks diversity. To improve the performance of polymer
based membranes for both selectivity and permeability, the addition of a filler material to the

polymer matrix has been employed, i.e. mixed-matrix membranes (MMMs). MMMs are
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composed of a polymer matrix the continuous phase and inorganic micro- or nanocrystalline
particles dispersed the discrete phase into the polymer.

By combining these two materials, an ideally synergistic effect is created where the ease
of processability of the polymer and the higher performance of the inorganic filler increase the
overall performance of the composite membrane. While MMMs have been shown to have
increased physical, mechanical, and thermal properties; they still have disadvantages in
interfacial defects, brittleness, ideal ratio of filler to polymer, etc.*’*® Other considerations that
industry and researchers should consider is filler identity whether it be a porous or non-porous
material such as zeolites or silica nanoparticles. This choice will influence the way the target
moieties are separated such as solution-diffusion mechanism, Knudsen diffusion, surface
diffusion, or molecular sieving.>®

MOFs have been an attractive candidate for use in MMM s due to their porous nature,
organic linker that allow for favorable interactions with the polymer matrix, and tunable
chemistries for gas selectivity. Some MOFs such as ZIF-8, HKUST-1, and UiO-66 are able to
nanosized which allows for better integration with the polymer due to better adhesion and less
generated void space between the MOF and polymer. However, one current draw-back is the
need to prevent agglomeration of the nanoMOFs, low MOF loadings and the lack of a
fundamental understanding of the MOF/polymer intermolecular interactions as they apply to the
structure-property relationships of the MMM.>® By understanding the intermolecular interactions
of the hybrid material, more selective membrane fabrication can be developed for a wider variety
of gas separations, and increase the usage above the Robeson upper bound.

Ionic liquids have also been implemented in membrane technologies specifically for use
in CO; separations. A variety of ionic liquid membrane architectures have been deployed and
studied such as, supported ionic liquid membranes, polymer/IL membranes, gelled IL
membranes and poly(ionicliquid)-(PIL) based membranes.*? A recent advance of the IL
membrane field has been the development of ionogel membranes, which incorporate ionic
liquids dispersed in a solid continuous phase such as a polymer matrix. When combined with an
inorganic filler a new subclass of MMMs has been developed, that of mixed-matrix ion gel
membranes.’’ The addition of ILs to MMM matrix has the added advantage of decreasing the
poor adhesion between polymer and filler materials, filling of interfacial defects, and improved

selectivity. Though showing promise this class of MMM s is relatively new and more research is
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needed to evaluate these materials as compared to industry standard membranes. In order to do
so a fundamental understanding of the individual components is needed, in order for a judicious
decision to be made when targeting a specific separations application.

The focus of this dissertation is to apply molecular chemistry to investigate the
intermolecular interactions involved in two classes of soft materials and the impact on structure-
property behaviors, specifically perhalometallate ionic liquids and nanoMOFs. In Chapter II, the
use of perhalometalle anions in ionic liquids to use post-synthetic modification and monitor the
influence of structural composition on IL composition and viscoelastic properties. Work from
this chapter was previously published from LeRoy, M.A.; Mroz, A.M.; Manusco, J.L.; Miller,
A.; Van Cleve, A.; Check, C.; Heinz, H.; Hendon, C.H.; Brozek, C.K., J. Mater. Chem, 2020, 8,
2267-22685 https://doi.org/10.1039/DOTA06195F. In Chapter III, we investigated the forces that
govern the colloidal stability and solubility of nanoMOF particles, demonstrating the solvent-
linker interactions dictate stability. This work was previously published from LeRoy, M.A.;
Perera, A.S.; Laminchhane, S.; Mapile, A.N.; Khaliq, F. Kadota, K.; Zhang, X.; Ha, S.; Fisher,
R.; Wu, D.; Risko, C.; Brozek, C.K., Chem. Mater., 2024, 36, 8, 3673-3682
https://doi.org/10.1021/acs.chemmater.3c03191. These findings elucidate important
intermolecular interactions in soft materials, that can be extended to understanding the structure-

property relationships that govern MMM efficiency and selectivity for gas separations.
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Chapter 11
Post-synthetic modification of ionic liquids by ligand-exchange and redox chemistry
Work in the chapter was published from LeRoy, M.A.; Mroz, A.M.; Manusco, J.L.;
Miller, A.; Van Cleve, A.; Check, C.; Heinz, H.; Hendon, C.H.; Brozek, C.K., J. Mater. Chem,
2020, 8, 2267-22685 https://doi.org/10.1039/DOTA06195F.
As molten salts below 100 °C, ionic liquids (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

6266 68-70 71-73

redox flow and multivalent-ion batteries,®” dye-sensitized solar cells, capacitors,

74776 and electrocatalysts’’ by enhancing ion mobility’® or by forming bonds with

thermoelectrics,
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 ILs.%2

Despite the importance of molecular composition in controlling the functional properties

Scheme 2.1

A common cations common anions

R/N\ (j @
BF 4~ C(CN) 5~

PF ¢~ N(SO ,CF 3),”
31 i
+S—R LN *p., - AIdl 4
I:> Rz/Nv'R“ RZ/P\'R4 BICN) 4 N

B perhalometallate ionic liquids
—N /N\/\/+MCI3 —» N /N\/\/
cl- MCl 4~

C post-synthetic modification of ionic liquids

9 [0] 4 HBr )
cl ';M;‘CI -~ MCl,> ﬁ MBr ,2- this work
cl Cl
4H-eCl

of ILs, several key challenges remain. First, whereas the vast majority of IL research has
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explored a wide set of organic cations, little is known about the impact of anions due to their
limited tunability. 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 2.1A shows common cations and anions incorporated into ILs. The cations are
typically organic species, such imidazolium, phosphonium, pyridinium, or sulfonium ions, with
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 interesting 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).6794100 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 AICls,%7%4% exist in dynamic equilibrium with species of varying
nuclearities and coordination numbers. Employing these ILs in technologies such as multivalent
ion batteries requires 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
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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 VBr3; 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 (TBAPF¢) 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 the corresponding metal halides in a 2:1 molar ratio for divalent metals, and 1:1 molar ratio
fortrivalent 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 Elmer 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 II 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-pm
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 N». Electrostatic potential maps were generated by coloring the electron density
isosurface plotted up to 0.03 eV/A3 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
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volume and mass recorded. Molar volume was calculated by dividing the molecular weight of

each IL by their respective densities.

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
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.
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Figure 2.1: Absorption spectra of neat ionic liquids 1-butyl-3-methylmidazolium
(BMIm) perchlorometallate ions. [BMIm]>[CoCl4] in blue, [BMIm]>[NiCls] in green,
and [BMIm]>[CuCl4] in yellow.

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 BMIm,MCls~ (M = Cr**, Fe**, Mn*", Co*", Ni?', and Cu?"). Determining the
purity of ILs typically involves NMR spectroscopy,!?"1% which probes the identity of the
organic cations, detects for adventitious water content, and yet applies to only certain

perhalometallate anion nuclei, such as ''”Sn.!* Given the propensity of perhalometallates to
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speciate into complex anionic equilibrium mixtures, we sought analytical methods with broader
applicability.

Figure 2.1 plots electronic absorption spectra of neat ILs composed of [BMIm]" and
CoCls*, NiCls?", and CuCls* perhallometallate anions. Spectra collected for ILs containing Cr",
Fe**, and Mn?" are shown in Figure A1. All spectra in Figure 2.1 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 Dg, 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 Dg and B values of 315.82 cm™ and 791.92 cm! respectively, which agrees with
previously reported values for tetrahedral CoCls?~.195-1%7 The spectral bands centered at 15492
cm™ and 5592.5 cm™! can thus be assigned to the *A,—*T(P) and *A>—*T\(F) transitions,
respectively. For the Ni-containing IL, assigning the bands at 14999 cm™ and 7511.7 cm™! to the
3T1—3T1(P) and *T1—>A; 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
NiCls*" ions, but this result can be attributed to distortions in the geometry of the anion.!'?>107-109
Finally, assignment of the band at 8337.2 cm™! at for the Cu-containing spectrum to the *T>—’E
transition of tetrahedral Cu?* gives a Dq value of 368 cm™!, which is consistent with a chloride
ligand field for a CuCls> with a slight distortion from ideal tetrahedral geometry.!?7!10 As
expected for metal ions with d° electronic configurations, spectra of the Fe**- and Mn?"-based
ILs did not display d-d transitions (Figure A1). Interestingly, the spectrum of the Cr** IL showed
hallmark ligand field bands expected for Oy, rather than 7,, symmetry, suggesting this ionic
liquid contains CrCle* instead of CrCls~ anions.!'"!'? 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.

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
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convenient handles for monitoring reaction progress. Treating [BMIm]>[CoCls] 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 ([Ps¢6.14]") as the cation due to its enhanced
hydrophobicity. Layering of [Pe,6,14]2[ CoCls] 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.

Figure 2.2 shows the “A,—*T(P) transition split by spin-orbit coupling for the product as the red
dotted trace, which matches the spectrum of [Ps¢6,14]2[ CoBr4] prepared directly (brown dashed
trace). Both spectra appear red-shifted relative to the spectrum of [P 6.6,14]2[ CoCl4] (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,

114-117

the viscosities of these ILs are higher than monoanionic chlorometallate ILs, which could

be attributed to greater Coulombic attraction resulting from the dianionic charges.
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Figure 2.2: Electronic absorption spectra of neat ionic liquids composed of
trihexyltetradecylphosphonium (Ps,6,6,14) perhalocobaltate ions synthesized directly
or through post-synthetic ligand exchange. Spectra in blue and brown correspond to

directly synthesized [CoCls]*- and [CoBrs]*-based ionic liquids. The spectrum of the
CoBr4* prepared through ligand exchange is shown in red.

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 V4" in
chloride ligand spheres, rather than V**.!1® Therefore, we reattempted the synthesis of
[BMIm][VCls] 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
[Ps,6.6,14] " 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
Scheme 2.2

4VCL] + O, + 4H,0 — 4[0=VCI ] + 4H* + 2H,0
neat material before and after reaction completion (Figure 2.3A). To verify that the reaction
proceeded through a single-step process, a 4.35-mM MeCN solution of [Psg6,14][VCl4] was

prepared in an air-free cuvette, opened to atmosphere, and monitored by UV-vis spectroscopy

25



oxidized

o
)

¢ o =

[e] o
|||||||||||||/
>

Norm. Abs. (a.u.)
o
N

o
(V)

\_/\,

00 | I | I T I | I I I — H'I
30000 25000 20000 15000 10000 5000

Wavenumber (cm-')

20

15

IIIIIIIIIII

10

€ (L mol-' cm™)

5:_ ........

30000 25000 20000 15000

Wavenumber (cm™')
Figure 2.3: Absorption spectra of [Pe,,6,14][VCls] and [Pe,6,6,14]2[OVCls] prepared
neat (A) and dissolved in MeCN (B). Light blue and green correspond to the
[Pe.,6,6,14][VCls] and [Pe66,14][VOCl4], respectively. Data in panel B were collected by
preparing a 4.35 mM MeCN solution of [Pse6,14][VCls] that was kept air-free and then
introduced to air. Arrows indicate the direction of spectral evolution.

over a 5-hour period whereby the solution turned from light purple to light green (Figure 2.3B).
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 O.
Based on previous mechanistic studies of VCl; oxidation to vanadyl ions, we propose the
mechanism shown in Scheme 2.2.!'*12° Comparison of the data in Figure 2.3 to spectra of
vanadium-chloride eutectic mixtures suggested the oxidation of V3* to V*' to generate a vanadyl-
based ionic liquid.!?!-1%*

Confirmation of vanadium oxidation and generation of a V=0 vanadyl moiety was
achieved by measuring ATR-IR and X-band EPR spectra of [Ps,6,14][ 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 2.4A).!%°> Whereas
[Ps.6.6.14][VCla] is EPR silent, as expected for S=1 from a d? electronic configuration, the air-

exposed product displays the characteristic splitting pattern for V4" resulting from a d'
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Figure 2.4: Spectroscopic evidence for post-synthetic conversion of VCl4~ ions into
OVCl4*. (A) ATR-IR spectra of [P 6,6.14][VCla] (blue) and [Pe.6.6.14]2[ VOCl4] (green). (B)
X-band EPR spectrum of [Pegg,14]2[ VOCls]. 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.

configuration with hyperfine splitting to a nuclear spin of /=7/2 (Figure 2.4B).!?%126 Whereas an
octahedrally symmetric V** center would display an eight-line pattern, the data in Figure 2.4B
show additional peaks that would arise from the axial symmetry of a vanadyl chloride anion. To
distinguish between O=VCl4*~ and O=VCl;" as the resulting IL anion, time-dependent density
functional theory (TD-DFT) calculations were performed and compared to the experimental
spectrum of the neat material (Figure A13). The additional bands at 22,000 cm™" and 7,000 cm™
predicted for the O=VCl3™ anion suggests [P¢ .6,14]2[ VOCl4] as the true identity. Redox activity of
[Pe.,6,6,14][VCls] was further explored by cyclic voltammetry. Variable scan rate data were
collected air-free using MeCN solutions of [Pe6,6,14][ VCls]. Traces in Figure A3 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 V>*2* couple, and the waves at ~ 0.3 V and ~ 0.8 V to the

27



V34 and V43" couples, respectively. Room temperature viscosity measurements of
[Ps,6,6,14][ VCl4] and [Pe6,6,14]2[ VOCls] 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]") [SnCl3]~
ILs.!16:129 After repeating the reported air-free synthesis, ''’Sn NMR of neat [HMIm][SnCl;]
displayed shifts of —128.9 and —138.9 ppm (Figure A4), 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 A5 and
A6).116130 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]>[SnCls] displayed a glass
transition temperature (7) at —54.1 °C and a melting point (77) at 91.2 °C (Figure A7),
qualifying this material as a bona fide IL, accessed through post-synthetic redox chemistry.

Furthermore, the measured T, is in good agreement with other chlorostannate ILs.!3!
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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 2.5: Absorption spectra and temperature-dependent viscosities of ionic liquids
based on VCls 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 Ps6,14-based VClys ionic liquids.

dependence of coloration and viscosity on the cation identity of the VCls™ ILs. Whereas
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[BMIm][VCls] and [HMIm][VCl4] appeared violet and purple, respectively, [Pse.6,14][VCls4] 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 2.5A). Motivated by reports that H-atoms at the
2-position of such imidazolium rings can interact with halides,'*?> we hypothesized that weak H—
Cl bonding sufficiently perturbed the V** 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 ([BM2Im]").

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 2.5A). 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 2.5B 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 [VCls]”
anions.

Altering the cation identity of the [VCl4]™ 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 2.5C shows variable temperature viscosities, beginning at 100 °C. These
comparative data show that replacing [Pe6,14] " with imidazolium cations increases viscosity by
four orders of magnitude! Clearly, the intermolecular interactions causing changes in electronic
absorption induces strong changes in the supramolecular ordering of the ILs. The similarity in
viscosities between the [BMaIm]" and [HMIm]" further suggests that such interactions do not
involve H—CI bonding at the imidazolium 2 position.

To explore whether perchlorometallate ILs exhibit such extreme cation dependencies in
general, absorption spectra and variable temperature viscosities were measured for ILs prepared

from [CoCls]*, [NiCls]*, and [VOCl4]*" and a variety of cations. Figure A8 plots viscoelastic
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data for [CoCl4]*", with room temperature values ranging between 6.9-36 Pas, 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 A9), and various
derivatives of [VOCIl4]* ILs display a similar range of room temperature viscosities (Figure
A10). Whereas monoanionic [VCls]™ 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, [VCls]
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 [FeCls4]™ ILs should, therefore, exhibit a cation
dependence akin to [VCl4], but the data in Figure A11 show that viscosities differ by only 0.62
Pa‘s between [HMIm]" and [Pe6.14]" derivatives.

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 V**-doped MgO and Al,Os 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 2.5A show that
the presence of imidazolium cations considerably distorts the shapes of the [VCls]” bands. The
complex interplay of supramolecular interactions causing the severe cation-dependent optical
and viscoelastic properties must therefore cause speciation of V3 into anions that deviate from
ideal tetrahedrally symmetric [VCl4] ions.

Given the strong covalency of V>*-CI~ bonds and the propensity of VCl; to form 2D

covalent networks, '3?

we hypothesize that the synthesis of [VCls]™ ILs generates an equilibrium
mixture of VCI»~ aggregates rather than individual [VCls4]” monoanions. Figure 2.6 displays
possible representations of the aggregates, including small vanadium dimers (Figure 2.6A) and
larger oligomeric fragments of the 2D VClIjs lattice with octahedral vanadium ions (Figure 2.6B).
The size 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
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of [Pe.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 VCl; aggregation as an explanation for the observed
cation dependence, we employed a suite of computational tools. Figure A12 shows computed
electrostatic potential (ESP) maps of imidazolium rings with varying alkyl groups and [Pe.6,14] .
Consistent with previous calculations,'** and experimental reports on H- and halogen-bonding
interactions of anions with imidazolium rings,'*>!3¢ the ESP maps show pockets of electron
deficiency at the imidazolium 2 position and ring center, whereas [Pe6,6,14] exhibits uniform

high electron density. These results support the idea that imidazolium cations could better

Figure 2.6: Representations of VCI/~ oligomers. (A) DFT Geometry-optimized V>Clg*
“dimer”. (B) Portion of the VCIl; crystallographic structure.

stabilize VCI/~ aggregates electrostatically compared to [Pee6,14]". 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-VCI,/~ pairs.'*” Given the complex mixture of possible anion
aggregates, Figure 2.7 plots TD-DFT-simulated absorption spectra in terms of simple limiting
case scenarios. First, spectra were computed for VCls®>~ and VCls~ with Oy, and Ty symmetry,
respectively. Clearly, the experimental traces of [Pse6,14][ VCl4] and [BM2Im][VCl4] cannot be

interpreted as a mixture of these two idealized species. Instead, we considered a hypothetical
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V2Clg* dimer based on the hypothesis that the equilibrium mixture involves oligomers of six-
and four-coordinate vanadium ions. Figure 2.6A displays the resulting geometry-optimized
structure, with each vanadium center distorted considerably from either O, and 74 symmetry and
the idealized bond lengths of 2.461 A and 2.245 A, respectively. The corresponding simulated
trace is shown in Figure 2.7. 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 V** oligomers. Inspired by the apparent
elongation of V-ClI bonds in the dimer model, we explored whether the experimental spectra
could be understood from another simplified scenario of [VCl4]™ possessing systematically

elongated V-Cl bonds resulting from [VCls]™ anion-aggregate interactions. Figure 7 includes
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Figure 2.7: Comparison of experimental and simulated spectra of VCIl/~ ILs.
Experimental absorption spectra of [BMaIm][VCl4] (pink) and [Pes6,14][VCls] (blue),
Simulated spectra for the V2Cls?>™ “dimer” (green), simulated spectra of VCls~ anions with
single V-Cl bonds elongated to 245 (purple) and 275 ppm (red), simulated spectra of
idealized VClg*~ and VCls~.
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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-CI1 bond
elongation of 245 pm shows better agreement with the [Ps¢6,14][ VCl4] experimental trace,
whereas the 275 pm simulation agrees more closely with the [BM2Im][VCl4] trace. These results
are consistent with the hypothesis that imidazolium cations produce V** oligomers distorted
farther from idealized tetrahedral symmetry.

Discussion

Scheme 2.3

=\ (CH 2)5CH = (CH 2)5CH
NN £P-(CH )sCHy | —N N £P-1(CH ,)5CH
e HiC(CH ), & 2 TR HcicH g5 (HsCH3
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+
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3CICH 55 (CH »)13CH 3

CoCl,>

20.77 Pass @ 25 °C
These results indicate that small changes to the coordination chemistry of ILs can yield

remarkably different properties in new ILs. Scheme 2.3 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 [Pe,6,14]2[ CoBra] from [Ps¢.6,14]2[ CoCls] 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][BF4] differs from [1-propyl-3-
methylimidazolium][BF4] by only 0.0918 Pa-s, while switching the anion from
[butylpyridinium][BF4] to [butylpyridinium][NTf:] causes a difference of only 0.1008 Pa-s.!3®
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
[CoCls]* and [CoBr4]*,'* 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
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flow (E4). Oxidation of [Peg,6,14],[ VCL] to [Pe,6,6,14]2[ VOCls] 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 [BM2Im], [HMIm], and [Pe6,6,14], 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 ILs.!4°

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

141

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,!#*!143
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 VCly -
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?* 116144195 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.’®14!47 Recent literature

has shown the generation of coordination networks derived from ionic liquids,'*® but structural

insight required an impressive suite of advanced characterization tools because the polymer
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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-m interactions, hydrogen and halogen bonding, and
Coulombic forces,'>? but predicting the magnitude of the impact of such interactions remains
challenging. Table 2.1 shows how systematic changes to composition and types of
intermolecular interactions impact viscosity and E,. For example, as discussed above, altering
halogen bond interactions in changing from [P .6,14]2[ CoCls] to [Ps6,6,14]2[ CoBr4] causes a minor
increase of £, by ~5 kJ/mol but large jump in viscosity by ~ 40 Pa-s. Altering electrostatic

interactions, on the other hand, can be studied by comparing [Ps¢.6,14]2[ CoCls] and

[Ps.6,6,14][FeCls]; by changing from a dianion to a monoanion the electrostatic interactions
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Figure 2.8: 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.

between and the [Peg6,14]" cation cause E, 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-r interactions, hydrogen

bonding, and van der Waals interactions becomes readily apparent. The viscosity of

36



[HMIm]>[CoCl4] compared to [BM2Im]>[CoCls] suggest the longer alkyl-chain length and
altered dispersion interactions of the former decrease viscosity from ~37 to 7 Pa-s. Comparing
[Ps,6,6,14][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 A10). In the extreme limit of intermolecular interactions,
oxidation of [Psg,6,14],[ VCL] to [Pe6,6,14]2[ VOCl4] 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* Pas, respectively.

Lastly, Table 2.1 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

Table 2.1: Viscoelastic and volumetric properties of select ILs prepared here. E,
and PC denote activation energy to viscous flow and packing coefficient, respectively.
Room temperature viscosities are reported.

lonic Liquid %ﬁ:_";ity E, (kJ/mol) (FLr/enfo\lf)Olume PG
[P, s dICOC| 2077 48.04 0.55 0.72
[Py 6 6 14,[COBI,] 80.96 53.37 0.49 0.76
[HMImL[CoCl]|  6.91 48.67 0.48 0.36
[BMmL[CoCl]|  36.53 68.47 0.31 0.46
[Pses:dlFEC | 0.670 33.38 0.47 0.52
[HMIm][FeC]l | 0.058 20.68 0.35 0.32

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
other properties. The data in Table 2.1 reveals, however, that while these volumetric parameters
and E, exhibit poor correlation with measured room temperature viscosities (Figures A21-A23),
higher packing coefficients (PCs) correlate with increased viscosity among ILs with similar
cations, i.e., imidazolium versus phosphonium ILs (Figure 2.8). Typically applied to

understanding guest-host supramolecular chemistry, PC is defined as the ratio of molecular
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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, %6

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 surprisingly 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 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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Chapter 3
Investigating the colloidal stability and solubility of nanosized metal-organic framework
particles
Work in the chapter was published from LeRoy, M.A.; Perera, A.S.; Laminchhane, S.;
Mapile, A.N.; Khaliq, F. Kadota, K.; Zhang, X.; Ha, S.; Fisher, R.; Wu, D.; Risko, C.; Brozek,
C.K., Chem. Mater., 2024, 36, 8, 3673-3682 https://doi.org/10.1021/acs.chemmater.3c03191.
Colloidal nanoparticles have reshaped materials science by combining solution
processability with size-dependent behavior. Due to their large surface-to-volume ratios,

colloidal nanoparticles are defined by their surface chemistry for both practical and fundamental

157 158,159

considerations: colloidal stability,

particle self-assembly, interfacial electrochemical

phenomena, '’ surface plasmon resonances, photophysical dynamics, heterogeneous reactivity,

and interparticle energy transfer'®!

represent just a few of the fundamental areas governed by
nanoparticle surfaces. Careful tuning of surface composition is also key to many practical goals:
solution processibility, interfacing nanocrystal into composite materials,'®? and achieving
environmental stability and biocompatibility.'®®> Given that this research derives from a relatively

small subset of materials—namely metals and conventional semiconductors, such as metal

ZIF-8/ZIF-67 ZIF-71 UiO-66 Uio-67

Fig. 3.1. Crystallographic images of the metal-organic framework materials investigated by
solubility measurements, with representative pore apertures (top) and corresponding metal-ion

environment (bottom) highlighted.
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chalcogenides—a major outstanding goal is to prepare other classes of nanomaterials with
intrinsically distinct behavior.

Metal-organic frameworks (MOFs) have been targeted for a wide range of fundamental
questions and practical applications due to their porosity and wide synthetic tunability. Recent
studies indicate their practical implementation in membrane-based applications requires the

164,165

preparation of MOFs as nanoparticles rather than as bulk powder, in part to enable control

166 and solution

over particle size and morphology, and to enhance their biocompatibility
processability.!” Few MOFs have been prepared as nanoparticles, however. In the scarce
existing synthetic methods, “modulators”, rather than the typical surfactant ligands found in the
quantum dot literature, direct the size of MOF nanoparticles (nanoMOFs).*? Unlike surfactant
ligands, evidence suggests that modulators only rarely incorporate onto the exterior or interior
surfaces.!®3"170 Instead, as described by the “seesaw” model reported previously, modulators
influence particle sizes by affecting the metal-linker binding and linker deprotonation
equilibria.*>** With this predictive model, we recently demonstrated a nanoparticle synthesis of
the conductive MOF Fe(1,2,3-triazolate), with diameter sizes controllable to just 6 nm—the
smallest nanoMOFs to-date.'® Size-dependent optical and charge-transport behavior emerged
from this new class of semiconductor nanocrystals distinct from traditional quantum dots.
Remarkably, despite the lack of surfactant additives and the absence of incorporated modulator,
the particles exhibited indefinite colloidal stability in DMF under anaerobic conditions. Bare

166172 jnorganic materials have been stabilized through

particles of nonporous'’! and porous
electrostatic repulsion between large surface charge, in accordance with Derjaguin-Landau-
Verwey-Overbeek (DLVO) theory.!”*>"!7> Porous inorganic particles have also been stabilized
through non-DLVO-type forces such as through favorable solvent interactions at the nanoparticle
external surfaces.!’®!”” Unlike these examples, nanoMOFs possess organic constituents with the
potential for favorable solvent interactions at both the interior and exterior surfaces, akin to
polymers and other soluble macromolecules. In fact, such solvent-linker interactions may
resemble those responsible for the stabilization of nonporous nanoparticles coated with organic
capping ligands.!” From an applications perspective, the ability to functionalize nanoMOFs into

polymer matrices will be impacted by the surface interactions underpinning this unexpected

colloidal stability.!”®"1¥2 These fundamental and technological questions therefore motivate a
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need to understand the structure and composition of nanoMOF surfaces and the nature of their
interfacial interactions.

Here, we report the week-long colloidal stability of common nanoMOFs (Fig. 3.1) in the
absence of conventional surface ligands. Rather than electrostatic repulsion from surface charges
or steric repulsion from surface ligands, colloidal stability appears to arise from interactions
between solvent and the particles. We find that the maximum amount of nanoMOFs that may be
suspended (particle solubility) correlates with the solubility of the native MOF linker and the
ability of solvent to access interior particle surfaces. While altering the metal ion identity leaves
particle solubility unchanged, altering linker identity changes particle solubility to correlate with
the linker solubility. Furthermore, calorimetry measurements indicate the immersion enthalpies
of nanoMOFs resemble the solvation enthalpies of the constituent linkers and that these energies
are independent of particle size. Atomistic molecular dynamics (MD) simulations reveal that
solvents best at dissolving nanoMOFs are those that pack densely into the pores and interact with
the linkers. Taken together, these results provide a foundation for predicting the best solvents for
preparing colloidally stable nanoMOFs. On a fundamental level, these results open opportunities
for exploring a fundamentally distinct type of material interface that includes both exterior and
interior surfaces, where guest molecules access both and strongly influence colloidal behavior.
Experimental Section
Materials

All chemicals were used as purchased unless otherwise stated. Zinc(II) nitrate hexahydrate
(99%, metal basis, crystalline, Thermo Fisher Scientific), 2-methylimidzole (99%, Acros
Organics), zinc(Il) acetate dihydrate (crystalline, Baker Analyzed, J.T. Baker), 4,5-
dichloroimidazole (98% Beantown Chemical), benzimidazole (Aldrich), titanium(I'V) butoxide
(TCI Chemicals), 1,4- benzenedicarboxylic acid (terephthalic acid), biphenyl-4,4'-dicarboxylic acid
(Chem Scene LLC), benzoic acid (JT Baker), copper(Il) nitrate trihydrate (99%, Acros Organics),
1H-1,2,3-triazole (98%, TCI), zirconium(I'V) chloride (99.5%, Strem Chemicals), zinc(Il) acetate
dihydrate (JT Baker), 2,5-dihydroxyterephthalic acid (98% TCI Chemicals), hydrochloric acid
(certified ACS Plus, Fisher Chemical), tetrabutylammonium chloride (98% TCI Chemicals),
tetrabutylammonium nitrate (98% TCI Chemicals), tetrabutylammonium hexafluorophosphate
(98% TCI Chemicals), potassium hexafluorophosphate (> 95% TCI Chemicals), cobalt(Il) nitrate
(anhydrous, Baker Analyzed, J.T. Baker), MeOH (certified ACS, Fisher Chemical), ethanol (200
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Proof, anhydrous meets UPS specs, Decon Labs Inc.), N, N-dimethylformamide (certified ACS,
Fisher Chemical), and MilliQ Water 18.2 MQcm'™.
Synthesis of CuTA> nanoparticles

In a 20 mL scintillation vial, 0.059 g of Cu(NO3)2-6H20 was dissolved in 2 mL of DMF.
To this solution was added 42.6 pL of 1H-1,2,3-triazole. The vial was capped and heated at 100°C
for 2 h with stirring, followed by centrifugation and washing with DMF three times.
Synthesis of MIL-125 nanoparticles

A two-neck round bottom flask fitted with a reflux condenser and gas adapter was charged
with terephthalic acid (0.352 g, 2.12 mmol) and cycled under dynamic vacuum and N, before being
put under a steady flow of N,. Dry DMF (5 mL) was added, then allowed to stir at 110 °C for 30

min. After complete dissolution of the linker, 1.5 mL MeOH, benzoic acid (1.18g, 10.6 mmol), and
5-uL of DI water were added, and the solution was stirred under reflux for an additional 30 min.
Ti(IV) butoxide (0.42 mL, 1.23 mmol) was then added and the reaction was stirred vigorously at
110 °C under reflux for 14 h. The particles were then washed with cold DMF, and then MeOH
three times.
Synthesis of 26-nm MOF-74 nanoparticles
5 mL of a 0.25-M solution of Zn(OAc2)-2H>0 (2.29 g, 5 mmol) in EtOH:DMF (1:1), was added
to a scintillation vial and stirred. 5 mL of a 0.1-M 2,5-dihydroxyterephalic acid (0.99g, 2 mmol)
was injected via syringe at a rate of | mL/min. After 24 h, the reaction was stopped by
centrifugation and washing three with MeOH.
Synthesis of UiO-66/67 nanoparticles

A three-neck round bottom flask fitted with a reflux condenser and gas adapter was
charged with terephthalic acid or biphenyl-4,4'-dicarboxylic acid (2.12 mmol) and cycled under
dynamic vacuum and N, before being put under a steady flow of N,. DMF (5 mL) was added, then

allowed to stir at 110 °C for 30 min. After complete dissolution of the linker, and 5 uL of DI water
were added. Zr(IV) chloride (1.00 g, 1.23 mmol) was then added and the reaction was stirred
vigorously at 110 °C under reflux for 2 h. The particles are then centrifuged, and then washed with
MeOH three times.
Synthesis of ZIF-8 nanoparticles

ZIF-8 nanoparticles (nanoZIF-8) were synthesized following literature procedure.'®® In
general, to synthesize 36-nm nanoZIF-8, zinc nitrate hexahydrate (2.00 g, 6.72 mmol) in 136 mL
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of MeOH, was poured into a 2-methylimidazole solution (2.76 g, 33.6 mmol) in 136 mL of MeOH
stirring at 500 rpm and left to react for 1 h. The resulting nanoparticles were centrifuged and
washed three times with MeOH by sonication and centrifugation. The particles were then dried at
100 °C under vacuum for 24 h. To achieve different sizes, the ratio of Zn:2Mim:MeOH was adjusted
by a scale of 1:x:1000 with x =2, 3, and 5 equivalents for large, medium, and small sizes of
nanoZIF-8, respectively. SEM images of nanoZIF-8 are shown in Figure B1.
Synthesis of ZIF-71 nanoparticles

35-nm: Zinc acetate dihydrate Zn(OAc,)-2H,0 (0.11 g, 0.6 mmol) in 5 mL of DMF was

combined with 4,5-dichloroimidazole (dcIm, 0.27 g, 2 mmol) in 5 mL of MeOH stirring at 500
rpm. The solution immediately turned a milky pink and was left to react for 45 min. The resulting

solution was centrifuged and washed three times with MeOH.

54-nm: Zn(OAc,):2H,0 (0.037 g, 0.2 mmol) in 5 mL of DMF was combined with dcIm
(0.11 g, 0.8 mmol) in 10 mL of MeOH stirring at 500 rpm. The solution immediately turned a
milky pink and was left to react for 30 min and left static at room temperature for 24 h. The
resulting solution was centrifuged and washed three times with MeOH.

83-nm: Zn(OAc2)-2H>0 (0.037 g, 0.20 mmol) in 5 mL of DMF was combined with dcIm
(0.11 g, 0.80 mmol) in 10 mL of MeOH stirring at 500 rpm. A 1-M HCI (2 pL, 0.00008 mmol)
solution was added to the reaction and immediately removed from stirring and left static at room
temperature for 24 h. The resulting solution was centrifuged and washed three times with MeOH.

SEM images of nanoZIF-71 are shown in Figure B1.
Synthesis of ZIF-11 particles

In general, to synthesize ZIF-11, a solution of Zn(OAc2)-2H>0 (0.100 g, 0.455 mmol) and
5 mL NH4OH (5-M) were added to 5.3 mL of toluene. This solution was poured into a
benzimidazole solution (0.120 g, 1.02 mmol) in 50 mL of MeOH stirring at 500 rpm and left to
react for 3 h. The resulting nanoparticles were centrifuged and washed three times with MeOH by
sonication and centrifugation. The resulting particles were then dried at 100 °C under vacuum.
Powder X-Ray Diffraction

Sample crystallinity was verified by powder X-Ray diffraction (PXRD) with a Bruker D2
Phaser benchtop diffractometer. Using the PXRD, Scherrer analysis was conducted to analyze

crystallite size of the nanoMOFs and are shown in Figure B2-B8.
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Dynamic Light Scattering (DLS) and Zeta Potential Measurements

DLS and zeta potential measurements were performed using a Zetasizer Nano from
Malvern Panalytical. For the DLS experiments, three measurements were conducted per sample,
and for the zeta potential, five measurements were conducted per sample. Before each
measurement the sample was sonicated for ten minutes to break up any aggregates that had
potentially formed.
Solubility Measurements

All samples were prepared by adding excess nanoMOF or linker to 500 puL or 1 mL of
solvent respectively to create a saturated solution. The resulting mixture was then sonicated and
allowed to settle for 24 h until the solid and liquid phases reached equilibrium. All solubility
measurements were conducted on the supernatant.

To determine the linker solubility in each solvent, 1 mL of supernatant was transferred into
a pre- weighed vial and heated under vacuum at 50 °C until only the solid residue remained. This
procedure was done to prevent 2-methylimidazole from subliming. The mass of the vial was then
weighed to determine the residual mass of the solid. This process was repeated three times to give
an average value and standard deviation.

The nanoMOF solubility was determined by thermogravimetric analysis using a (TGA
Q500), for each sample 20 pL of solution was added to pre-weighed aluminum TGA pan. The
sample was then heated to 10 “C below the boiling point of the solvent to avoid bumping, starting
from room temperature at 10 °C/min, then held isothermally for 15 minutes while being maintained
under constant N> flow. The solubility of the nanoMOF was then determined from the residual mass
of the TGA curve Figure B13. This process was repeated three times to give an average value and
standard deviation.
Solubility after Addition of excess solvent or linker
All sample solubility values were measured as stated above with the following modification: To
study the impact of extra solvent, an additional 500 pL was added to a saturated MeOH solution
of 316-nm ZIF-8 particles followed by sonication and allowed to rest for 24 h to reach a new
equilibrium. The excess linker measurement followed the same procedure except instead of
solvent, 7 mg of 2-methylimidazole was added to solution.

Calculation of Nanoparticle Solubility
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To determine MOF solubility in terms of moles of formula units per liter, based on a molecular

weight for ZIF-8 of 227.58 g/mol:

g

mol ZIF8 = residual mass from TGA (g) X 227.58@ (3.1)
Solubilit (mol) _ mol ZIF — 8 12
otubtty L/ volume pipetted into pan (3-2)

To determine the solubility of ZIF-8 in terms of moles of particles per liter, a crystal density of

0.35 g/cm?, molecular weight 227.58 g/mol, and a spherical diameter of 40 nm was assumed:

4mr3
Volume = 3 (3.3)
Particle M.W = Volume * crystal density X avogadro's number
_ g particles (3.4)

mol

mass fromTGA

l ticles = .
mo: particies Particle molecular weight (3-3)

mol particles mol particles
I ) = (3.6)

Solubilit < =
otudtty volume pipetted for TGA

Water Stability of ZIF-8 and ZIF-67
To test the water stability of nanoZIF-8 and ZIF-67 over the 24 hours needed to conduct the
solubility measurements, a soaking test in Milli-Q water was conducted for 48 hours. All
solutions were prepared in the same way as those for the solubility measurements. PXRDs were
taken for both ZIF-8 and ZIF-67 as both 24 h and 48 h Figure B10.
Immersion Calorimetry

Near-room-temperature immersion calorimetry using a microcalorimeter (Setaram C80)
was employed to determine the immersion enthalpies of three ZIF-8 samples with different particle
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sizes in DMF, hexane, and MeOH. In each measurement, '8+ '87 a hand-pressed sample pellet (7-8
mg) was dropped into the organic solvent (8 mL) that was kept at 25 °C in the calorimetry
chambers. The direct interactions between the organic solvent and the ZIF-8 sample introduced led
to a calorimetric peak. Integration of the area under each calorimetric peak yielded the heat of
immersion (kJ) for each ZIF-8 pellet. At least four successful measurements were performed on
each sample to ensure reproducibility. The error bars were calculated as two standard deviations of
the mean. The average molar formula of ZIF-8 was taken as CgH;(N4Zn (227.6 g/mol). Immersion
calorimetry results are shown in Table B1.

Molecular Dynamics Simulations

Initial Configurations

Atomistic molecular dynamics (MD) simulations were carried out to obtain an atomic-scale
insights into the experimental observations with four different solvents. (Figure B14) A slab of
periodic ZIF-8 was placed along the z-axis with the dimensions of 45x60 A? and the solvent
reservoirs were maintained around 80 A totaling a box size of 60x60x205 A*. Structural
information for ZIF-8 was extracted from crystal structures as reported in Park ez. AL® and the slab
was created with VESTA.*!° The initial configurations of the solvent systems were generated
using Packmol!! with the aid of Molcontroller'? and VMD'?. All MD simulations were carried out
using the GROMACS 2020 software package.'* The OPLS-AA (optimized potential for liquid
simulations — all atom)'> forcefield parameters were obtained using the LigParGen server'® and
multiple literature sources with partial charges derived from the electrostatic potential (ESP)
method.!”* (DFT) calculations were performed at ®B97XD/aug-cc-PVDZ level of theory using
Gaussian 16 software suite.?*

Simulation Details

MD simulations were carried out using Gromacs 2020 software package.!* The systems were
subject to energy minimization (maximum of 100000 steps) with the steepest descent method
followed by 4 ns of NVT (constant number of molecules, volume, and temperature) ensemble
equilibration for 500 ps with the velocity rescaling with a stochastic term with a 0.1 ps coupling
constant? at 298.15 K. Subsequently, two NPT (constant number of molecules, pressure, and
temperature) ensemble simulations were conducted: The first applied the Berendsen?® barostat for
10 ns to stabilize the volume, while the second followed for 40 ns with Parrinello-Rahman?’

barostat with a time step of 2 fs and the same temperature controlling parameters as in the previous
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step. For all ZIF-8/solvent systems, three-dimensional (xyz) periodic boundary conditions (PBC)
with a compressibility of 4.5 x 10° bar!' and a coupling time of 2.0 ps were applied with VAW and
particle-mesh Ewald (PME)? cut-offs of 1.4 nm for long-range interactions. Bonds, angles, and
dihedrals were constrained during simulations using LINear Constraint Solver (LINCS)
algorithm.?
Results and Discussion

Recent literature has revealed preliminary evidence that nanoMOFs exhibit surprising

colloidal stability in polar solvents and in the absence of common surfactant ligands,*>!16%188-190

whereas stability in nonpolar solvents requires careful surface functionalization.!”®!! To
investigate the origin of this stability, nanoparticles of five common MOF materials were
synthesized and studied for colloidal stability over a week-long period (Fig. 3.2). In certain cases
(ZIF-8 and UiO-66) synthetic methods were previously reported,'®*!°? while others (CuTA; and
MIL-125) required novel methods in our labs. Dynamic light scattering measurements of MIL-
125 (TisOs(OH)a(terephthalate)s), ZIF-8, Ui0-66 (ZrsO4(OH )4(terephthalate)s), and CuTA>
(Cu(1,2,3-triazolate),) nanoparticles suspended in MeOH exhibited constant hydrodynamic
diameters (sizes) over 7 days indicating the nanoparticles avoid aggregation despite the absence
of detectable surface ligands or surfactants (as determined by thermogravimetric analysis (TGA)
and NMR) (Figure 3.2a). For comparison with ZIF-8, ZIF-71 (Zn(4,5-dichloroimidazolate),)
nanoparticles were suspended in MeOH and investigated, but due to significantly larger
hydrodynamic diameters, they were omitted from Figure 3.2a and included in Figure B9. In
addition to hydrodynamic radii, zeta potentials of all nanoMOFs remained similarly consistent
over a week (Figure 3.2b). The values of these zeta potentials reflect that surface potentials of
+20 mV and larger correlate with long-term colloidal stability of the particles in general.!**1%4
We interpret the positive values of CuTA», ZIF-8, and UiO-66 to suggest open metal sites
dominate their surfaces, while an excess of deprotonated linkers at the surface ZIF-71 and MIL-
125 could explain their negative zeta potentials. The stability of these common nanoMOFs with
sizes as small as 27 nm is unusual given that metal or conventional semiconductor nanocrystals

of similar sizes would quickly aggregate without surface ligands.
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Fig. 3.2. Colloidal stability of nanoMOFs. (A) Nanoparticle hydrodynamic diameter and (B)
surface zeta potential measurements of common nanoMOFs suspended in MeOH (1 mg/mL)
over a 7-day period. Nanoparticle sizes by Scherrer analysis: 83, 87, 52, and 27 nm respecitivley
for MIL-125, ZIF-8, UiO-66 and CuTA;. (C) Zeta potential measurements of 42-nm crystalline
sized nanoZIF-8 suspended in N-N-dimethylformamide (DMF), MeOH (MeOH), ethanol
(EtOH), and H>O. (D) Images of nanoZIF-8 colloids stabilized in DMF, MeOH, EtOH, and H>O
taken 1 month after initial suspension.

Among the investigated nanoMOFs, ZIF-8 nanoparticles exhibit colloidal stability in the
widest range of solvents. However, as opposed to conventional quantum dot colloids that
suspend in toluene or hexanes following post-synthetic treatment with surfactant molecules,
ZIF-8 nanoparticles suspend indefinitely without deliberate surface functionalization in MeOH
(MeOH), ethanol (EtOH), water (H>0), and dimethylformamide (DMF), but not in hexanes,
chloroform, or toluene without appropriate surfactant, as shown recently.!®® To probe whether
this curious solvent stability depends on particle size, three sizes of ZIF-8 particles were
synthesized and suspended in four different solvents and the corresponding zeta potentials were
measured over time (Figures 3.2¢ and B10). Particle sizes reported here reflect the particle
diameters determined from SEM images (Figure B1) as opposed to coherently scattering domain
sizes determined by Scherrer analysis of PXRD reflections or hydrodynamic diameters in DMF
from dynamic light scattering (DLS) (Figure B18). For all samples, SEM sizes were larger than
the values determined by Scherrer and smaller than the hydrodynamic radii. This trend suggests
that particle contain multiple crystallite domains. In all solvents, the nanoZIF-8 particles exhibit
large and stable zeta potentials, as consistent with DLV O theory that colloids are stabilized by
charged surface layers that repel neighboring particles and prevent aggregation.'*>!7 Although
ZIF-8 particles have been reported to degrade gradually in water, these studies also suggested a
strong concentration dependence where more dilute solution degraded faster,'’® whereas the

saturated solutions studied were prepared at far higher concentrations. Furthermore, these
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nanoZIF-8 methanolic suspensions display visual stability for at least one-month storage,
requiring only gentle sonication (~10 min.) to recover turbid suspensions (Figure 3.2d). In fact,
particles remain stable in methanol with constant zeta potentials of 31 mV for over a year.
Interestingly, the only solvents to suspend ZIF-8 nanoparticles are also those that dissolve
2-methylimidazole (2MIm), the linker of ZIF-8. Although one would expect the solvent to etch
the particles given the linker solubility, the particles sizes remain constant, as discussed above.
Given that linker molecules dominate the atomic composition of ZIF-8, we further explored
whether nanoZIF-8 stability arises from favorable interactions with solvent. Using standard
solubility methods described in the Supporting Information, the solubility of 2MIm and
nanoZIF-8 were measured in MeOH, EtOH, H>O, and DMF. For the linker 2MIm, solubility
was greatest in H>O and lowest in DMF. By solubility, we refer to the maximum quantity of
nanoparticles or linker suspended or dissolved at room temperature. Figure 3.3a plots the
solubility of ZIF-8 formula units. These data reveal that particle solubility correlates directly
with linker solubility and independent of particle size, given the similarity of solubility of three
particle sizes when calculated per-formula-unit. To test whether these measurements truly probe
a thermodynamically reversible dissolution-precipitation equilibrium, the solubility was
redetermined after 500 puL of additional MeOH was added to methanolic solution of 316-nm
ZIF-8 particles. Indeed, gravimetric concentration remained essentially unchanged from 0.4796
+ 0.1 mg/mL to 0.4160 £ 0.05 mg/mL. These results suggest precipitated particles redissolved as

expected for a reversible process. To further probe the potential influence of linker-solvent
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Fig. 3.3. Solvent-dependent linker and particle solubility. (a) Per-formula-unit solubility of
ZIF-8 and ZIF-67 particles versus linker solubility. (b) Per-formula unit solubility of MOF-74
particles versus linker solubility. (c) Per-particle solubility of nanoZIF-71 versus linker
solubility. (d) Per-formula-unit solubility of UiO-66 and UiO-67 particles versus linker
solubility.

interactions on ZIF-8 nanoparticle solubility, a large excess of 2-mIm was added to a saturated

solution of 316-nm particles, causing maximum solubility to raise from 1.294 &+ 0.55 to 6.245 +
0.8 mg/mL. Because solubility determination involves heating the particles well past the
sublimation point of the linker, these results imply precipitated particles redissolve in the

presence of excess linker.
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To further investigate the origin of ZIF-8 nanoparticle solubility, we measured the
solubility of related materials. Figures 3.3a includes the solubility of nanoZIF-67—a Co?" rather
than Zn** derivative of nanoZIF-8 (Fig. 3.1). These data show solubility sits within the
uncertainty of the nanoZIF-8, suggesting solvent-metal site interactions have little impact on
particle solubility. Because ZIF materials contain single-ion clusters, whereas most MOFs
feature multinuclear nodes, we explored the solubility of 26-nm MOF-74 (Znx(2,5-
dihydroxyterephthalate)) nanoparticles, which has 1-D metal-oxo chains. As shown in Figure
3.3b, the particles were again most soluble in solvents that best dissolved the linker. To further
explore the impact of linker identity on particle solubility, we tested the solubility of nanoZIF-
71—a MOF similar to ZIF-8 but composed of a different linker, 4,5-dichloroimidazolate (dcIm).
Due to the more polar nature of dcIm, the overall solubility trend differed from nanoZIF-8, but
the dependence of particle solubility on linker solubility still held, as shown in Figure 3.3c. With
dcIm being now the least soluble in water and the most soluble in ethanol, the solubility of
nanoZIF-71 followed the same trend as nanoZIF-8. To explore whether this relationship between
particle and linker solubility held for framework materials with discrete multinuclear metal
clusters, we measured the solubility of UiO-66 (ZrsO4OHa4(1,4-benzenedicarboxylate)s) (Fig.
3.1) particles and compared against the solubility of the constituent linkers, terephthalate. Indeed,
the relationship holds for solvents that dissolve the linker, whereas hexanes, toluene, and other
solvents that do not dissolve terephthalic acid also fail to dissolve UiO-66 nanoparticles.
Interestingly, nanoMOF per-formula unit solubility falls in the range of mM for both ZIFs and
Ui0-66, although the solubility and crystal density of the latter (1.237 g/cm?) are smaller. To
further explore the impact of crystal density, linker identity, and pore size, an isoreticular MOF,
Ui0-67 (ZrsO4OHa(biphenyl-4,4"-dicarboxylate)s) (Fig. 3.1) was studied. Figure 3.3d shows
that the particle solubility correlates with the solubility of biphenyl-4,4"-dicarboxylic acid and is
slightly lower than UiO-66 nanoparticle solubility. The lower solubility and crystal density
(0.8872 g/cm?) of nanoUiO-67 suggest particle solubility increases when more solvent-linker
interactions are available per formula unit. The ability of N,N-diethyl-meta-toluamide (DEET) to
solvate nanoMOFs was also explored given its chemical similarity to DMF but larger size (ca. 10
A). Interestingly, although DEET dissolves terephthalic acid, it fails to form stable suspensions
of UiO-66 (pore sizes are ca. 7.5 A and 12 A), whereas it dissolves both biphenyl-4,4'-
dicarboxylic acid and UiO-67 (pore sizes are ca. 12 A and 16 A). DEET also fails to form stable
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suspensions of the smaller pore nanoMOFs of ZIF-8 (3.4 and 11.6 A), ZIF-67 (3.4 and 11.6 A),
ZIF-71 (4.2 and 16.5 A), or Cu(TA), (4.86 A). Because calculating molarity depends on
assuming the crystal density of the nanoMOF, which might be altered by defects such as
collapsed pores or missing constituents, all solubility values for the aforementioned were also

plotted simply in g/L units in Fig. B14, revealing the same qualitative correlations.
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Whereas nanoMOFs generally suspend only in polar solvents, industrial processing of
colloidal nanocrystals requires nonpolar suspensions.'® Therefore, to demonstrate the ability to
predict nanoMOF colloidal stability from linker solubility and to achieve nonpolar dispersions of

nanoMOFs, we identified ZIF-11 (Zn(benzimidazolate),) as a possible candidate due to the slight

solubility of the linker in toluene (5.4 £0.9 mM). Indeed, particles of ZIF-11 disperse in toluene
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with a zeta potential of —5.3 mV. For insight into the energetics of solvent-nanoMOF
interactions, immersion enthalpies of ZIF-8 nanoparticles of different sizes were measured in
MeOH and DMF using near-room-temperature immersion calorimetry (Table B1). We report
immersion enthalpies in terms of moles of 2MIm to explore the correlations discussed above
between particle solubility and various solvent properties. Immersion of 86.7 nm ZIF-8 in DMF
and MeOH gives enthalpies of —9.6 kJ/mol 2MIm and —8.8 kJ/mol 2MIm (Fig. 3.4), respectively,
which resemble the molar solvation enthalpy of —12.5 £ 0.5 kJ/mol reported for 2-
methylimidazole in MeOH at 298 K.2%° Put differently, the solvent environment around 2MIm in
bulk solvent resembles the energetics of its environment in ZIF-8 immersed in solvent. These
measurements comprise some of the only immersion enthalpies reported for nanocrystals.
Immersion enthalpy does not change significantly between different sized particles, however,
ranging between —9.0 kJ/mol 2MIm and —9.6 kJ/mol 2MIm of the largest and smallest particles
of ZIF-8 suspended in DMF. When normalizing per mole of Zn sites, these values double to ~ —
20 kJ/mol Zn, which is far lower than the ~ —80 kJ/mol Zn expected for solvation of Zn>" ions in
comparable solvents and the enthalpy of DMF to the open Zn?" sites in MOF-5.2%! These
relatively small enthalpies may also indicate that entropy plays an important role in nanoMOF
colloidal stability, just as entropy dominates the solvation energetics of polymers, according to
Flory-Huggins theory,?’? and the colloidal stability of proteins.?>** Nevertheless, the favorable
enthalpy of immersion in polar solvents corroborates the existence of stabilizing solvent-based
interactions that contribute to nanoZIF-8 colloidal stability. The size-independence of the values
also suggests that particle solubility is not controlled exclusively by solvent interactions, for
example with open metal sites, at the external particle surface. Instead, as with polymers, the
energetics of MOF particle solubility depend on the sum-total of all solvent-constituent
interactions. Due to the potential availability of both exterior and interior surface in MOF
particles, solubility becomes most favorable when solvent gains access to the entire MOF
particle, just as how polymer solubility increases when all monomer components are accessible
to solvent. However, based on this interpretation, MOF particles may still be soluble if solvent
only accesses exterior surfaces, but not as soluble as if interior components could be accessed as
well.

For atomic-scale insight into these favorable solvent-MOF interactions, a computational

model system was investigated that simulated bulk solvent interfaced with a well-defined “slab”
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of ZIF-8, as detailed in Figure B14. Atomistic MD simulations were performed using DMF,
EtOH, MeOH, and H>O and analyzed in terms of the trajectories of the solvent into the slab, the
packing density and geometric ordering of solvent within the MOF pores, and the interactions
between solvent and ZIF-8 linkers. Figure 3.5a shows a snapshot of each system after a 50 ns
simulation period. Visual inspection indicates that while solvent diffuses into ZIF-8 in all cases,
packing density is lower for DMF and H>O. Figure 3.5b depicts this result quantitatively as
normalized (dividing by the density of the respective solvent) number density projected along the
z-axis of the simulation box, showing H>O and DMF to have the lowest densities within the ZIF-
8 slab and MeOH the highest. With the exception of H>O, this result suggests the solubility of
ZIF-8 depends on the ability of solvent to densely pack inside the pores, which corroborates the
solubility versus solvent density trend plotted in Figure 3.5b. The low packing density of H>O is
expected given its high polarity and the hydrophobic nature of ZIF-8 pores. Although H.O
intercalates the least, charge density analysis suggests it interacts the strongest with the MOF
interior (Figures 3.5¢-3.5e). A net-zero charge density arises from an isotropic distribution of
molecules, as expected for a disordered system such as bulk solvent. The non-zero charge
densities shown for the total solvent-ZIF-8 system (Figure 3.5¢), only ZIF-8 (Figure 3.5d), and
only solvent (Figure 3.5e) indicate that the presence of solvent inside ZIF-8 causes of net
reordering of both the MOF and solvent within the pores. Interestingly, the charge density
amplitudes are greatest for H>O. This result suggests that the strong solvating strength of H.O
arises from enthalpically favorable interactions with 2MIm that also contribute to the high
solubility of 2MIm in H>O. Plotted differently as radial distribution distances of solvent with
respect to the Zn or N atoms within ZIF-8, Figure B15 reveals that solvent molecules order
within the pores as clusters, seen as well-defined peaks and valleys. Regardless of solvent type,
the radial distributions show solvent ordering closer to 2MIm than to the metal sites, further

supporting experimental evidence of strong solvent-linker interactions.
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For insight into how solvents interact differently with 2MIm, we inspected the dynamics
of the 2MIm linkers over the course of the simulation. To explain the non-zero charge density of
ZIF-8, we suspected solvent induced the “gate-opening” phenomena observed for ZIF-8 and
other MOFs with linkers that freely rotate.?°2!! Figure 3.6 plots the average angle change in the
imidazole ring plane over the course of the simulation period.?!? While linker rotation dynamics
are observed for all solvents, the presence of H>O causes the clearest evidence of net ordering of
2MIm. This result explains the origin of non-zero charge density and provides a rationale for the

high solubility of ZIF-8 particles in H2O despite its low density within the pores.
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Fig. 3.6. Average angle (0) in the imidazole ring plane to its initial geometrical position as a
function of time. a) Three-dimensional structure of the aperture of the ZIF-8 molecular pore and
angle (0) between initial and current geometrical position. b) Change in angle with respect to
time sampled over the last 20 ns of NPT simulation.
Conclusion

These combined experimental-computational results portray a mechanism of colloidal
stability with nanoMOF particles that more closely resembles the solubility of large
macromolecules, dictated by exothermic interactions between solvent and the MOF interiors and
exteriors. Solubility measurements with varying particle size and composition and immersion
calorimetry suggest the solvent-linker energetics dominate these favorable interactions. Although
smaller particles have more exposed exterior surface sites, the independence of solubility from

particle size suggests that solvent access to the entire particle, including the interior, dominates
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overall solubility. These results also suggest a positive correlation between the solubility of MOF
particles and the solubility of the constituent linker molecules, due to solvent-linker interactions
dictating overall particle solubility. Atomistic MD simulations of ZIF-8 interfaced with various
solvents suggest that solvents better at packing into the MOF pores lead to greater nanoMOF
solubility, further improved by strong solvent-linker interactions. Because solvent can penetrate
the interior cavities and interact with the external surfaces, these results challenge conventional
notions of colloidal stability rooted in electrostatic repulsion and surface capping ligands, and
concepts of solubility reserved for much smaller species. More broadly, these results will
improve the solution processability of MOF materials into membranes and thin films for

industrial applications.
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Chapter 1V
Future Directions

In this dissertation, the impact of intermolecular interactions on two classes of metal
based soft materials has been discussed perhalometallate ILs and nanoMOFs by use of molecular
chemistry. Both classes of materials are advantageous material for research due to their high
synthetic tunability, unique structures, and varying intermolecular interactions. In Chapter II, we
demonstrated that ILs can undergo post-synthetic modification through the use of ligand
exchange and redox coordination chemistries. By choosing to focus on perhalometallate anions,
the diversity of ILs can be expanded, allowing a greater fundamental understanding of structure-
property relationships. This can be understood by inducing slight changes in the anion
coordination sphere that significantly impacts the rheological properties of the material. This is
due to changes in the secondary bonding interactions that occur between the cation and anion
species. The use of transition-metal containing anions, allows for the use of UV-Vis
spectroscopy as a unique tool for the determination of the ionic liquids purity, speciation, and
local molecular environment. Furthermore, by selectively choosing cations and anions for IL
compositions, we can also influence and understand the intermolecular interactions occurring
between the two. This allows for a better understanding of how systematic changes in IL
structure impacts parameters such as viscosity, and show how coordination chemistry can be an
important tool designing ILs for specific design applications.

In Chapter III we focused on elucidating the mechanism of colloidal stability with
nanoMOF particles by using a combination of experimental and computational experiments. By
employing solubility measurements in conjunction with calorimetry, we are able to suggest that
the energetics of solvent-linker interactions are favorable for stability. This is due to the solvent
being able to interact with the interior and exterior of the MOF pores, which is akin, to that of
large macromolecules such as polymers and proteins. The solubility data was able to show a size
independence when comparing smaller to larger particles. One would assume that with the
higher surface to volume ratio with decreasing size there would be a strong dependence for
solubility. However, it appears that the ability of solvent to access all of the MOF surface, ie
interior and exterior, is the main driving force for solubility and stability, which is in positive
correlation with favorable solvent-linker interactions. This is further corroborated by Atomistic

Molecular Dynamic simulations which imply that the ability of solvents to pack into the MOF
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pores leads to greater nanoMOF solubility and strong-solvent linker interactions. These results
overall showcase a unique view of colloidal nanoparticle solubility and stability. Furthermore,
these results highlight an improved method for understanding solution processability of MOFs in
membranes for applied applications.

Though both distinct types of soft materials, both have been incorporated into mixed-
matrix membranes (MMMs) for use primarily in the field of gas separations. Gas separation
through the use of membranes is an important field of research and highly industrially relevant,
it’s important to understand how to best improve this technology. Though much work has been
done to study the interactions in MMMs as whole, it’s still important to understand the
interactions of the individual components. In this dissertation, the intermolecular interactions that
give rise to macroscopic properties of both ionic liquids and nanoMOFs have been investigated.
By varying the compositional structure of the ionic liquids we were able to see systematic
changes in the rheological properties, and were able to determine the purity and composition
through judicious use of perhalometallate based anions by use of UV-Vis spectroscopy. This
combination also allowed for a more fundamental understanding of the intermolecular
interactions that governed these macroscopic properties, as a sum and individual components.
The work that investigated nanoMOF colloidal solubility and stability highlighted the
importance of strong solvent-linker interactions as well as solvent accessibility to both the
interior and exterior of the MOF crystal. By combining experimental and computational methods
the understanding of solvent-linker interactions in nanoMOF solubility, showcases the
fundamental understanding that can help improve solution state processability for nanoMOFs.

Though this work has shown how important intermolecular interactions play an important
role in understanding soft materials macroscopic properties, work is still needed to be done to
understand the interactions when these materials are used in composite materials. One of the
most important challenges in MMM is strong interactions between materials to reduce voids in
the membrane. By specific tailoring of the intermolecular interactions between MMM
components, increased cohesion can be attained thus potentially improving membrane
performance. A second challenge is to choose materials whose individual macroscopic properties
when combined increase that of the overall material such as membrane stability and durability. A
final challenge is to identify how to combine individual components in the ideal ratios to

maximize membrane fabrication and industrialization. One method to improve the strength of the
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interfacial interactions is to design materials that have favorable interactions. An example would
be functionalizing an imidazolium based ionic liquid with a carboxylate, sulfate, or phosphate
end group that could promote binding with the surface of a nanoMOF particle. The bonding
interaction has the potential to bind with the open metal sites or linker located at the surface of
the nanoparticle. The advantage of choosing to use an end group such as a carboxylate or
phosphate is that they allow for the use of the molecular chemistry previously discussed to
understand the changes in the intermolecular structure by monitoring potential differences in IR
and UV-Vis and how they relate to changes in the macroscopic properties such as viscosity.

Though the previous methods have allowed for understanding of simple interfaces for
both ionic liquids and nanoMOFs, the understanding of the interface for polymer
nanocomposites (PNCs) has remained a challenge, especially as it relates to macroscopic
properties. The complexity of understanding polymer nanocomposite interface is a result of the
changes in the overall molecular motion of the polymer when compared to that of the neat
polymer itself. The impact on molecular motion of the polymer nanocomposite material can be
related to changes seen in the macroscopic properties of density, mechanical modulus, or glass-
transition temperature (T¢).2!> As mentioned before one significant challenge of creating PNCs is
in the dispersibility of the nanoparticle material in the polymer matrix. This challenge relates to
the intermolecular interactions between polymer and nanoparticles at the molecular level. This
specific challenge is further enhanced when factoring in the processing conditions used to form
the final PNC material. The most common factor to consider is the solvent being used to cast the
PNC which impacts the equilibrium states of the polymer and nanoparticle as they form the
PNC.2!*215 Solvent identity plays an important role due to the differences in intermolecular
interactions, casting methods, and overall processability for a desired PNC application.

In order to better understand the intermolecular interactions in PNCs we can turn to
broadband dielectric spectroscopy (BDS) a laboratory technique that allows for the study of the
relaxation dynamics ie molecular changes of both the neat polymer and PNCs over a broad
frequency range (10~ to 10”7 Hz) and with high accuracy.?'® An advantage of BDS is the ability
to analyze multiple relaxation processes at the same temperature ie a- and B-relaxations, small
sample amounts, and can be run over a wide temperature range.?!” Use of BDS allows for
correlation with other techniques that probe both the relaxation dynamics and macroscopic

mechanical properties of PNCs such as small-angle X-ray scattering (SAXS), dynamic light
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scattering (DLS), dynamic mechanical analysis (DMA), differential scanning calorimetry (DSC),
and rheological measurements.?'® By combining these techniques a more fundamental
understanding of how intermolecular interactions in PNCs impact the macrostructural properties
can be understood.

Considering our new knowledge of the importance of intermolecular interactions in both
ionic liquids and nanoMOFs we aim to leverage that to better understand how to construct
mixed-matrix membranes through controlled assembly of nanoparticles in a polymer matrix.
Specifically, we have chosen to focus on moieties consisting of ionic liquids, oligomers, and

polymers that are terminated by carboxylic acids as seen in Scheme 4.1. The hypothesis being
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that having a carboxylic acid terminated species will allow for strong covalent binding of the
carboxylate with the surface of a nanoparticle or the promotion of hydrogen bonding between
species, whether that be polymer or surface linker. The use of carboxylic acid terminated capping
ligands we also hypothesize, will aid in creating a homogeneous dispersion of nanoparticles
within the polymer matrix, which will potentially allow for determination of the maximum
number of binding sites at the surface for a given nanoparticle size. By understanding the binding
environment, we can have precise control over how the nanoparticles self-assembly and can then
measure how systematic changes in such as molecular weight in oligomers or polymers, changes

in hydrogen bonding, or anion identity in ionic and polyionic liquids impacts the overall
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composite material properties. Precise control of the materials properties is important when
considering applications such as melt electrowriting, where 3D materials are made from
continuous polymeric microfibers by the electrohydrodynamic effect.?!* Such precise control of
the binding environment could be used to determine the impact of temperature on transition
metal-based nanoparticles during the electrowriting process. Processing factors including
solvent identity, additional filler, and loading percents can be used as metrics to determine ideal
conditions. In combination with the techniques mentioned above, these ideal processing
conditions could ideally be related back to our understanding of the intermolecular interactions
that then give rise to macroscopic properties, and then selectively tuned for a given process or
application. Moving forward using molecular chemistry as a diagnostic handle to understand
intermolecular interactions can be added to the toolbox for better materials design and processing

for a membrane based technologies.

62



APPENDIX A: SUPPLEMENTARY FOR CHAPTER 2
Experimental Methods
Synthesis
Imidazolium derivatives
[BMIm]2[CoCly4] (1). In a 10-mL Schlenk flask 260 mg (2 mmol) CoCl; and 700 mg (4 mmol) 1-
butyl-3-methylimidazolium (BMIm) chloride were combined under an inert atmosphere. The
reaction mixture was then heated at 115°C for 2 hours with stirring. The resulting dark blue ionic
liquid was stored under No.
Compounds (2) [BMIm]2[NiCl4], a dark blue liquid, (3) [BMIm][CuCls], a light orange liquid,
and (4) [BMIm]>[MnCly], a pale yellow liquid, were prepared in a similar fashion. Compounds (5)
[BMIm][CrCls], a dark purple liquid, and (6) [BMIm][FeCls], an orange liquid, were similarly
synthesized but by using a 1:1 mixture of the precursors.
[HMIm]2[CoCl4] (7). In a 10-mL Schlenk flask 260 mg (2 mmol) CoCl; and 810.88 mg (4 mmol)
I-n-hexyl-3-methylimidazolium (HMIm) chloride were combined under inert an atmosphere. The
reaction mixture was then heated at 115°C for 2 hours with stirring. The resulting blue ionic liquid
was stored under No.
Compounds (8) [HMIm]>[NiCls], a dark blue liquid, and (9) [HMIm]2[SnCls], a light-yellow
liquid, were prepared in a similar fashion. Compounds (10) [HMIm][SnCls], a light yellow liquid,
(11) [HMIm][VCls], a purple liquid, and (12) [HMIm][FeCls4], an orange liquid, were also
similarly synthesized but by using a 1:1 mixture of the precursors.
[BM2Im]2[CoCls] (13). In a 10-mL Schlenk flask 260 mg (2 mmol) CoClz and 754.7 mg (4 mmol)
1-butyl-2,3-dimethylimidazolium (BMzIm) chloride were combined under an inert atmosphere.
The reaction mixture was then heated at 115°C for 2 hours with stirring. The resulting blue ionic
liquid was stored under No.
Compound (14) [BM2Im]>[NiCls], a blue liquid, was prepared in a similar fashion, whereas for
compound (15) [BM2Im][VCl4], a indigo liquid, a 1:1 mixture of the precursors was used.
Phosphonium derivatives
[P6,6,6,14]2[ CoCl4] (16). In a 10-mL Schlenk flask 260 mg (2 mmol) CoCl; and 2.07 g (4 mmol)
trihexyltetradecylphosphonium (Pe66,14) chloride were combined under an inert atmosphere. The
reaction mixture was then heated at 115°C for 2 hours with stirring. The resulting blue ionic liquid

was stored under Na.
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Compound (17) [Pee6,14]2[NiCls], a blue liquid, was prepared in a similar fashion, whereas
compounds (18) [Pese,14][VCls], a blue liquid, (19) [Psee,14][VBrs], a green liquid, (20)
[Ps,6.6,14]2[ CoBr4], a blue liquid, and (21) [Peee,14]FeCls], an orange liquid, were prepared by
combing precurors in a 1:1 mixture.

Ligand Exchange of Perchlorocobaltate to Perbromocobaltate ILs

Ligand exchange was performed by first chilling 2.7 g (2.32 mmol) of (16) [Ps¢,,14]2[CoCl4] at 4
°C and 21.5 mL of 1M HBr to —20 °C for 4 hours. The HBr solution was added dropwise to the
ionic liquid causing a gradual color change from dark blue to dark red. After addition was
completed the solution was stirred for 12 hours with intermediate shaking. The mixture was left to
settle forming two layers. The final ionic liquid was extracted from the organic layer with
methylene chloride and dried under vacuum.

Oxidation of Vanadium ILs

Vanadium ILs (11) [HMIm][VCls], (15) [BM2Im][VCls], and (18) [Ps.6,14][ VCls] were oxidized
by exposure to air and followed by heating at 150°C for two days. Solution-phase ILs in MeCN
were oxidized by exposure to air.

TD-DFT Calculations

The ORCA 4.0.1.2 software package®?’ was used for simulating electronic absorption spectra.
The all-electron def2-TZVPD basis sets Gaussian basis sets developed by the Ahlrichs group

221.222 with the def2/J auxiliary basis.?** Calculations were

were employed in all calculations,
performed at the spin-unrestricted level using the M06-L functional.** Geometry optimizations
began from crystallographically determined structures. In calculations that fixed individual V-CI
bond distances, all other atomic positions were optimized. Otherwise, all positions were
optimized. All calculations were performed with and without the Control of the Conductor-like
Polarizable Continuum Model (CPCM)??° using ethanol to model the ionic liquid medium, as has
been performed.??

Packing Coefficient Calculations

Density functional theory (DFT) was used to perform geometry optimizations for the individual
cations and anions of interest, as implemented in Gaussian09.2?’ Optimizations were performed

using a RMS force convergence of 107 hartree, except for trihexyltetradecylphosphonium which

required 10~ hartree convergence due to the shallow potential energy surface for the n-aliphatic
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carbon chains. The electronic wavefunction was obtained with the GGA functional MO6L, 224228
with a triple zeta basis set, including polarization and diffuse functions on all atoms.?*’

Packing coefficients were calculated using the formulation previously presented by Mecozzi et
al,'>* where the packing coefficient is taken as the ratio between the sum of the anion and cation
molecular volumes (V;,,) and the occupied volume (V).

Vin

Vo

Packing Coef fient =

The occupied volume is derived using the experimental concentration. The molecular volumes are
calculated using a previously reported method,!>%!% using the electrostatic potential returned by
DFT.

Supplementary Figures:
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Figure Al. Electronic absorption spectra of neat
ionic liquids 1-butyl-3-methylmidazolium (BMIm)
perchlorometallate ions. [BMIm]>[MnCl4] in yellow,
[BMIm]>[CrCl4] in purple, and [BMIm]>[VOCl4] in red,
and [BMIm][FeCls] in orange.
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Figure A2. Temperature-dependent viscosities of [CoCls]>" and
[CoBr4]* ionic liquids. Measurements collected between 25-200°C
at 10 rad/s.
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Figure A3. Cyclic voltammogram traces of mM [Pe66,14][ VCls] in
acetonitrile. Scan rates were conducted at 25, 50 and 100 mV/s with
a Pt wire W.E. and Ag wire C.E/R.E.
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Figure A4. '"Sn NMR spectrum of neat Sn*'-based
[HMIm][SnCl3] ionic liquid.
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Figure AS5. 'H NMR spectrum of neat Sn*'-based
[HMIm]>[SnClg] with assigned peaks.
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Figure A6. !'"?Sn NMR spectrum of Sn**-based [HMIm]>[SnCls].

67



2.4
2.0
1.6
1.2
0.8
0.4

0.0

_0_4||||||||||||||||||||||||||||||||
-100 -50 0 50 100 150 200

=-54.1°C

Heat Flow (mW)

T,=91.2°C
/

T I T I T I T I T I T
~— —

Temperature (°C)

Figure A7. Differential scanning calorimetry scan (heating
only, plotted with exothermic values as positive) of neat Sn**-
based [HMIm]z2[SnCle] ionic liquid. Data shows a T, at —54.1
°C and Ty at 91.2 °C.
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Figure A8: Temperature-dependent viscosities of [CoCl4]*
ionic liquids containing imidazolium (HMIm or BMzIm) or
Ps,6,6,14 cations. Measurements were collected between 25°C-
200°C at shear rate of 10 rad/s.
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Figure A9: Absorption spectra of [NiCls]*" ionic liquids with
different imidazolium (HMIm and BMIm) and Ps¢,14 cations.

=

o

o
I

Viscosity (Pas)
o

[P

0.01

6,6,6,14]

[HMIm] [VOC|]
JVOC|] 3

50

100 150
Temperature (°C)

Figure A10: Temperature-dependent viscosities of [VOCl4]*
ionic liquids containing imidazolium (HMIm or BM2Im) or
Ps,6,6,14 cations. Measurements were collected between 25°C-
200°C at shear rate of 10 rad/s.
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Figure A11. Temperature dependent viscosities of [FeCla] ionic
liquids containing HMIm and Pee,6,14 cations. Measurements
collected between 25-150°C at 10 rad/s.
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Figure A12. Electrostatic potential maps constructed for each
cation explored herein and the methyl substituted imidazolium
rings to illustrate the impact of electron-withdrawing alkyl
substituents. Polarizabilities are presented in red text and dipole
moments are shown in blue; within the maps, red corresponds to
regions of relative positivity and blue, negativity. Increasing the
length of the alky chain enhances the molecular polarizability and
net dipole moment; it can also be seen that the proton in the 2
position increases in electrophilicity as the alkyl chain increases in
length and that the 2,3-dimethyl variants show their greatest
electrophilicity on the face of the ring, rather than in front.
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Figure A13. TD-DFT of simulated [OVCI3]" and [OVCl4]* anions
and experimental [OVCI]" spectra.

7
> il
r
s

P

6,6 6,14]2

[COC|] g~
P

T T T =T T T

In Viscosity (Pae-s)
o
o

@
o

250  2.75 3.00 3.25
(T/K")x 103

Figure A14. Arrhenius plot of [Pe 6.6.14]2[CoCls] (*=0.996).
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Figure A15. Arrhenius plot of [Pe 6.6.14]2[CoBra] (1>=0.996).
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Figure A16. Arrhenius plot of [HMIm]>[CoCla] (r*=0.991).
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Figure A17. Arrhenius plot of [BM2Im]o[CoCls] (1>=0.991).
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Figure A18. Arrhenius plot of [Pe.6.14][VCla] (1>=0.993).
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Figure A19. Arrhenius plot of [Pe ¢.6.14][FeCla] (1?=0.990).
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Figure A20. Arrhenius plot of [HMIm][FeCls] (1?=0.997).
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Figure A21. Viscosity vs Ea plot for various ILs reported here.
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Figure A22. Viscosity vs Free volume plot for various
ILs reported here.
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Figure A23. Viscosity vs Molecular volume plot for
various ILs reported here.
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Table Al. Cartesian coordinates of the geometry-optimized VOCl;~, VOCls*, VCls, VCls™,

elongated V-Cl bond lengths, and dimer of VClg-VCls.
VOCI; X

\Y%
Cl
Cl
Cl
O

-6.54395396670483
-4.30396504074253
-7.23366461651539
-7.36885566219071
-7.16266071384653

YOCl4 X

v
Cl
Cl
Cl
Cl
O

-6.77774206956111
-4.89066532554752
-7.97581116882425
-6.98694572187346
-5.48455985195872
-7.84948586223495

VCly X

\Y%

Cl
Cl
Cl
Cl

-6.52030464311140
-4.27513726523367
-7.27818443044818
-7.26880567133938
-7.27066798986735

VCls X

v
Cl
Cl
Cl
Cl
Cl
Cl

-2.04827040285955
-1.98505709364099
0.35125088724121

-2.11088756505193
-4.44827280465886
-1.95109847850913
-2.14766454252075

Y
-0.29232762795535
-0.11286832297413
0.73328938622419
1.14310590690421
-1.75805934219890
Y
-0.32267787042807
-0.95593506088053
1.03030690377371
1.52266865101555
-1.03532081020180
-1.43877181327886
Y
-0.05616575429708
-0.05913984233518
0.82638884085433
1.16269435152964
-2.16062759575171

Y

0.61559165990641
3.02199997188484
0.55196150754853
-1.79076546605242
0.68004376450511
0.65116468755874
0.57938387464879
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Z
0.13184713553779
-0.10238102334569
-1.79069871721589
1.66904573937769
0.09218686564611
Z
-0.09851996408668
1.24665349193267
-1.68451249998524
1.36158473423461
-1.94084159946864
0.27334583737328
Z
-0.00320320170501
0.00671431729897
-1.92263550953603
1.72477074071618
0.19435365322590

Z

-0.00824454676758
0.02765505294522
0.08208263580656
-0.04477317837910
-0.09791734600515
-2.46641657783130
2.45056396023135



V-Cl Bond Length 230 ppm

v
Cl
Cl
Cl
Cl

X
-6.55789964977586
-4.31920704773071
-7.32487137893691
-7.32305357655084
-7.33057834700569

Y
-0.00827422937702
0.00849748862575
0.90232275212788
1.23222344743809
-2.10261945881471

V-Cl Bond Length 240 ppm

\Y%
Cl
Cl
Cl
Cl

X
-6.52833381715816
-4.30324490329034
-7.32676544947378
-7.34613698007190
-7.35112885000581

Y
-0.04657308607269
0.02246393583263
0.90718513159555
1.26993228123850
-2.12085826259398

V-Cl Bond Length 245 ppm

\Y%

Cl
Cl
Cl
Cl

X
-6.50757463363672
-4.29299031998065
-7.32532621015501
-7.36339700696933
-7.36632182925828

Y
-0.06937119000275
0.03231275962039
0.90366223683106
1.29071508995106
-2.12516889639976

V-Cl Bond Length 260 ppm

v
Cl
Cl
Cl
Cl

X

-6.47689731842737
-4.28194073844320
-7.34252320012089
-7.37578764409360
-7.37846109891493

Y

-0.10708148137169
0.04003428220193
0.93168046264819
1.30171298148820

-2.13419624496663

77

z
-0.10046531344177
-0.13142508719586
-2.06834933155979

1.59741948347180
0.05219024872562

z
-0.01888738670304
-0.16526161033795
-2.07141075737732

1.58578980987496
0.01913994454335

Z
0.03144229256899
-0.18993753503235
-2.06307156851530
1.57469018479710
-0.00375337381843

Z

0.10769460935215
-0.20558527361019
-2.11304073317845

1.57014499707245
-0.00984359963596



V-Cl Bond Length 275 ppm

v
Cl
Cl
Cl
Cl

X
-6.45294780461319
-4.27530519260705
-7.36856901468163
-7.37582047862366
-7.38296750947447

Y
-0.13549553655009
0.04180868750040
0.95728298177204
1.30780206857354
-2.13924820129588

V-Cl Bond Length 300 ppm

X

-6.41823680941886

Y

\Y% -0.17415210552639
Cl -4.26724913882586  0.03733815373071
Cl -7.41697229529935  1.00286368644475
Cl -7.37119566125940  1.30791372188408
Cl -7.38195609519653  -2.14181345653315
Dimer  x z

\Y% 3.22531 1.67175  17.34155
Cl 524275 191686  18.47855
Cl 3.80113  3.30304  15.73472
Cl 1.94261  3.04414  18.62522
Cl 1.52535  0.68638  16.04624
Cl 272630  -0.41616  18.86678
Cl 4.60530  -0.22168 1597779
\Y% 3.11477  -1.66213  16.96931
Cl 446817  -3.29354  17.69622
Cl 1.55936  -2.73064  15.77998

78

z
0.17189449288147
-0.20411194058639
-2.17969495142264
1.57721415666044
-0.01593175753289

z
0.26611334320177
-0.19321904489178
-2.30627100776400
1.59967371680589
-0.01692700735188



Table A2. Viscoelastic and volumetric properties of selected ILs. Vo: occupied volume. Vm:

molecular volume.

jonic Liquid | MW. (gimol)| oo X;’L?/T)y Vo(Lmol) | v, (A%)
[PseerdolCOCL]  1168.46 1218 1.04 0.96 1130.50
[Pess:dolCOBL]  1346.26 1478 1.10 0.91 1144.28
[AMImL[CoCL]l  535.28 714 1.33 0.75 452.59
[BM,Im}[CoCl]  507.22 896 1.76 0.57 435.84
[Ps6.6:4[FECI] 790.26 1016 1.42 0.70 606.07

[HMIm][FeC]] 473.67 931 1.95 0.51 267.11
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APPENDIX B: SUPPLEMENTARY MATERIAL FOR CHAPTER 3

nanoZIF-8 nanoZIF-71

a) Ry
v~ 7‘:'«&{(’)",3 R’ 4244516 nm
3 o

0
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500nm

oL
200 %250 300 350 400
Diameter (nm)

Figure B1. SEM images of (a-c) ZIF-8 nanoparticles and (d-f) ZIF-71 nanoparticles

synthesized to produce different sizes.
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Figure B2. PXRD patterns of powder A) nanoZIF-8 and B) nanoZIF-71 synthesized for
three different sizes. Expected reflections are shown as the bottom trace. Sizes are determined by

Scherrer analysis.
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Figure B3. PXRD pattern of powder CuTA2.

L_JJ_thl s 83 nm

Intensity (a.u.)
_

Ak

T | I |
0 15 20 25 30 35

26(°)

l J | w lsimulated MIL-125
_[ AA ™
1

Figure B4. PXRD pattern of powder MIL-125.
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Figure BS. PXRD pattern of MOF-74 (Zn).
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Figure B6. PXRD patterns of powder UiO-66.
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Figure B7. PXRD patterns of powder UiO-67.
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Figure B8. PXRD pattern of powder ZIF-11.
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Figure B9. Size stability of nanoZIF-71 over seven days measured by dynamic light

scattering.
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Figure B10. PXRD patters of nanoZIF-8 and ZIF-67 exposed to 18.2 MQ H>0O over 48

hours.
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Figure B11. PXRD patterns of ZIF-8 aliquots immersed in 18.2 MQ H>O over two weeks. The

star denotes formation of new crystalline phase from degradation.
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Figure B12. Zeta potentials of 42-nm (left), 87-nm (middle), and 316-nm (right) diameter

nanoZIF-8 particles measured over a 5-day period in dimethylformamide (DMF), methanol

(MeOH), ethanol (EtOH), and water
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Figure B13. a) Particle solubility of nanoZIF-8 versus linker solubility. b) Particle solubility ZIF- 71

versus linker solubility. ¢) Particle solubility nanoZIF-8 versus molar volume.
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Figure B14. a) Solubility of nanoZIF-8 (g/L) versus linker solubility. b) Particle solubility Zn-MOF-74
(g/L) versus linker solubility. c) Particle solubility nanoZIF-71 (g/L) versus linker solubility. d)
Solubility UiO-66/67 (g/L) versus linker solubility.

86



a) 100 VisOH b) 100§ Eon
8of 80
X 60 X 6o
= L = i
o I o T
[0} r (0] r
= 40_ < 40|
20} 20[-
ol L ' L ol ! ! !
0 5 10 15 20 0 5 10 15 20 25
Time (min) Time (min)
¢)100r = d) 1001 OVIE
gof 80|
= eop seor
=y =
° o r
o r o |
= 40 =S40
20 20
ol ' | L ' | ol N R !
0 5 10 15 20 25 30 0 5 10 15 20 25 30 35

Time (min) Time (min)

Figure B15. Representative TGA traces of nanoZIF-8 evaporated from: a) methanol b) ethanol c) water

d) N,N-dimethylformamide.
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Figure B16. Schematic of model the ZIF-8/solvent systems used in the simulations.
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Figure B17. Solvent radial distributions functions for (a) DMF, (b) MeOH, (c¢) H20, and (d) EtOH
with respect to Zn (yellow) and N atoms of ZIF-8. COM: center of mass. Subscripts denote the
reference atom. Insets: (i) Nitrogen atoms with short-contacts of ZIF-8 linker at the ZIF-8/solvent

interface indicated by blue spheres, (ii) local environment of large pore in the respective solvent.
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Figure B18. Size analysis of ZIF-8 nanoparticles by three sizing methods.

Table B1. Immersion enthalpies of ZIF-8-A, B and C in DMF and methanol.

Sample | Particle Size (nm) | Enthalpy of Immersion Enthalpy of Immersion
DMF Methanol
J/g Zn kJ/mol Zn J/g Zn kJ/mol Zn
ZIF-8-A | 42+52 -839+19|-191+04 [-859+28 |-19.5+0.6
ZIF-8-B | 89 + 8.3 -84.1+£22|-191+05 [-768+15 |-175+03
ZIF-8-C| 316.0 +£23.7 -785+14|-179+03 | -874+25 |-19.9+0.7
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