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DISSERTATION ABSTRACT
Checkers Marshall
Doctorate of Philosophy
Department of Chemistry and Biochemistry
March 2023

Title: Nanoparticles of Metal-Organic Frameworks: A General Synthetic Method
and Size-Dependent Properties

Metal-organic framework nanoparticles exhibit both high internal surface
area and good colloidal stability in a variety of solvents including biological
media. These materials are sought after for a range of applications, mainly in drug
delivery, catalysis, and separation membranes.!) Considerable effort has been put
into controlling the size and shape of MOF crystals to develop materials that, due
to small particle size and good colloidal stability, may be solution-processable.
In this thesis, a simple model to help predict size trends in MOF nanoparticle
syntheses is developed, then the model is applied both to well-known and novel
MOF nanoparticle systems. In Chapter 2, I first present a simple equilibrium
model to further our understanding of how to control MOF nanoparticle size. MOF
nanoparticles can be synthesized via several top-down and bottom-up approaches.

Y

One of the most prevalent bottom-up methods is to use “modulators,” molecules
added to the growth media to change the reaction conditions and therefore the
crystals” growth. This chapter encompasses a literature-based perspective on
how the presence and identity of a modulator will impact the final size of a MOF

nanoparticle and introduces the “Seesaw model” to explain these effects. In

Chapter 3, I then apply this model to the well-known nanoMOF systems Zn(mlm),

v



(ZIF-8) and CugBTC, (HKUST-1). We show that, by using a mixture of an
conjugate acid/base pair, that both modulator equivalents and proton activity
play a role in determining final particle size. In Chapter 4, I first develop the
synthesis for a novel nanoMOF system, a family of metal-triazolate MOF's, then
explore the MOF Fe(1,2,3-triazolate), in more depth for its size-dependent optical
and electronic properties. Finally, in Chapter 5, the effects of ion identity, solvent
identity, particle size, and film thickness on the redox activity of Fe(TA), thin films
is studied in depth.

This dissertation contains both published and unpublished co-authored

material.
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syntheses. The particle size distribution was fit to a weighted
Gaussian curve, and the values presented are the mode 4
standard deviation (0). The asterisk denotes a significant
phase impurity observed in the sample.

Iron triazolate particle sizes from syntheses with varying
amounts of 1-benzyl-2-methylimidazole. We include Scherrer
sizes, and a select SEM size for these exploratory modulator
syntheses. The particle size distribution was fit to a weighted
gaussian, and the values presented are the mode + standard
deviation (o).
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Table

C.5.

C.6.

C.7.

C.8.

C.9.

[ron triazolate particle sizes from six identical syntheses.
To ensure the synthesis was replicable, seven small scale
syntheses were repeated. Phase purity was confirmed by
PXRD and Scherrer analysis was performed to obtain
particle sizes. .

Peak positions of redox features in colloidal Fe(TA), in 0.1
M TBAPFs / DMF. Peaks in the colloids are wide and they
overlap one another, such that determining peak positions
was not always possible to do accurately. .

Values of electrons and ions determined from QCM
experiments at 100 mV/s. The mass of the MOF was
calculated using the Sauerbrey relation from the change

in frequency of the dry, bare QCM and the QCM after spin-
coating and the crystal was allowed to dry fully. Moles of
electrons was determined by integrating the CV curves.
Moles of anions was calculated from change in frequency
over a cycle, using first the Saurbrey relationship, then the
molecular weight of the unsolvated anions.

Raw data for conductivity measurements on Fe(TA), thin
films made in air. The films were allowed to sit in ambient
aerobic conditions for over 1 week. Measurements were
performed with a co-linear four point probe method. .

Raw data for conductivity measurements on Fe(TA), thin
films made in Ny. The films were allowed to sit in ambient
aerobic conditions for 1 day, and measurements were
collected once per day whenever possible. Measurements
were performed with a Van der Pauw four point probe
method. Two measurements are collected in different
orientations (R1 and R2). F is a correction factor. .
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CHAPTER I
INTRODUCTION

Metal-organic framework nanoparticles exhibit both high internal surface
area and colloidal stability in a variety of solvents, including biological media.
These materials are sought after for a range of applications, mainly in drug
delivery, catalysis, and separation membranes. ) MOFs are materials that self-
assemble from metal ions and multitopic organic ligands; because the particular
metal ion and ligand can be chosen by the chemist, this class of materials is
astonishingly diverse, with over 90,000 unique structures having been synthesized
to-date.® Most often, MOF's are synthesized as “bulk powders,” meaning that
their crystal size and shape is not controlled, and typically the diameteres of the
crystals are hundreds to thousands of nanometers. Hence, the materials are in a
powdered form that can be difficult to process for use in practical applications.
Considerable effort has been put towards controlling the size and shape of MOF
crystals to develop materials that, due to small particle size and good colloidal
stability, may be solution-processable.® Smaller crystals additionally boast a
shorter diffusion pathlength for molecules of interest, meaning that catalytic
efficiency and separation efficiency are often inversely related to particle size.®
Due to the compositional and structural diversity of MOF materials, each new
nanoparticle synthesis typically requires high-throughput testing methods; this
type of development is time-intensive. In this thesis, an approachable model to help
predict size trends in MOF nanoparticle syntheses is developed, then the model is

applied both to well-known and novel MOF nanoparticle systems.
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Figure 1.1. Summary of work presented in this thesis. Classic MOF nanoparticles
(CuzBTCs) and redox-active MOF nanocrystals (Fe(TA),) are synthesized by
applying the Seesaw model. Fe(TA), nanoparticles are processed into thin films and
studied via electrochemical methods.

Chapter 2 encompasses a literature-based perspective on how the presence
and identity of a modulator will impact the final size of a MOF nanoparticle. MOF
nanoparticles can be synthesized via several top-down and bottom-up approaches.

One of the most prevalent bottom-up methods is to use °

‘modulators,” molecules
added to the growth medium to change the reaction conditions and therefore the
crystals’ growth. Most often, modulators are monotopic ligands and are employed

as the acidic form of their conjugate acid/base pair.¥) The modulator method

has facilitated the development of many carboxylate, imidazolate, and azolate



MOF nanocrystals. ® While it is not often clear how modulators affect crystal
growth, there are several in-situ reports that shed light on nanoMOF growth
mechanisms for some species. Rather than relying on complex in-situ analysis for
each individual synthesis, the “Seeesaw model” uses a system of coupled equilibria
to help the chemist intuit whether adding a certain modulator to their reaction will
result in an increase or a decrease in particle size.

In chapter 3, syntheses of prototypical MOF nanoparticles are explored
to support the Seesaw model. One classic example of a modulated nanocrystal
synthesis is that of of Zn(2-mIm), (ZIF-8), which simply uses excess of the MOF’s
linker (2-methylimidazole) to achieve smaller crystal sizes.(” An equilibrium
model was proposed by Cravillon et al in 2009 to explain the effect of excess
ligand.® In-situ studies using SAXS found that small amorphous particles are
formed prior to crystallization.® Ex-situ studies by ESI-MS and PDF analysis

additionally show many small clusters in the reaction solutions. %

The example
of ZIF-8 nanoparticles shows that, whereas simple equilibrium models can aid

in our understanding of synthetic conditions that yield nanoparticles, their
growth mechanisms are complicated and individual, requiring advanced analysis
to elucidate. The size control of ZIF-8 is used as an example in this chapter to
show how the system of equilibria can be de-coupled in certain situations. In

the case of the carboxylic acid MOF CuzBTCy (HKUST-1), there are a handful
of existing modulated syntheses. Basic modulators such as sodium formate and
trimethylamine have been shown to decrease particle size, while acidic modulators

such as dodecanoic acid increase particle size. (1112)

By using a mixture of an
conjugate acid/base pair, we show that not only can both of these seemingly

conflicting trends can be observed by changing a single variable, but that both



modulator equivalents and proton activity play a role in determining final particle
size (Fig. 1.1).

With evidence that the Seesaw model can be used to predict MOF particle
size trends in modulated syntheses, chapter 4 moves forward to develop a novel
class of nanoMOFs. In the realm of redox-active metal-organic frameworks,
there are only limited synthetic studies in which crystal size is controlled.

Despite this, evidence suggests that crystal size and shape influence the bulk
electronic properties of MOF materials. For instance, the electronic conductivity
of Cuz(HHTP), and Niz(HITP), was first discussed as being dependent on

crystal size and shape in 2019 (HHTP = 2,3,6,7,10,11-hexahydroxytriphenylene;
HITP = 2,3,6,7,10,11-hexaiminotriphenylene).**) A single rod-shaped crystal

of Nig(HITP), shows metallic behavior, while a polycrystalline pellet shows
semiconducting behavior. This experiment confirmed computational results

that implied the material is metallic. ') A variety of defects, including grain
boundaries, in the polycrystalline material create a band-gap that is not present
in the single crystal. Additionally, measurements of rods and exfoliated flakes

of Cug(HHTP), show that both in-plane and out-of-plane conductivity are of a
similar order of magnitude, indicating that charge carriers flow through the 2D
sheets in addition to hopping between them. In a separate study, the conductivity
of single crystals of Nig(HHTP), show an increase of two orders of magnitude over
polycrystalline Nig(HHTP),.® Only two other studies delve into the morphology
control of conductive MOFs, in which Cuz(HHTP), is modulated with pyridine,
ammonia, and DMF. (1%16) Most studies are limited to top-down methods, by which

17;18

a variety of thin film materials have been made.!"18) Generally, the perception of

the utility of conductive MOFs has been dependent upon the difficulty of single



crystal synthesis. This roadblock, however, appeared as an opportunity to create
a novel class of semiconductor nanocrystals that exhibit permanent porosity. The
conductive MOF Fe(1,2,3-triazolate), was first reported in 2012.(**) Since then,
the bulk material has been studied for its redox-hopping conductivity that is
dependent upon the mixed valency of Fe?t/3* centers, as well as its spin-crossover

(20:21) This material was identified as a promising nanoMOF candidate

behavior.
since it is one of few 3-D connected conductive MOF's and the synthesis of the
material is relatively simple and results in a phase-pure product (Fig. 1.1). Finally,
in chapter 5, the redox chemistry of iron triazolate nanoparticles is studied in-
depth, showing how particle size can be used as a tool to tune redox activity. This
work shows that, to consider using conductive MOF's in real-world technological
applications, processability, particle size, and thin film thickness are important
practical considerations.

In this thesis, the development of the Seesaw model led to the synthesis
of a novel family of nanoMOFs that show size-dependent optical and electronic
properties. The materials Fe(1,2,3-triazolate)s, Co(1,2,3-triazolate)s, and Cd(1,2,3-
triazolate), were synthesized as nanoparticles of different sizes for the first time.

It was found that Fe(TA)y’s optical absorption, thin film conductivity and redox

properties depend on particle size.



CHAPTER II
SIZE CONTROL OVER MOF NANOPARTICLES

This chapter includes an excerpt from previously published and co-authored
material from Marshall, C.R.; Staudhammer, S.A.; Brozek, C.K. Size control over
metal-organic framework porous nanocrystals. Chem. Sci. 2019, 10, 9396-9408.
This work was conceptualized and developed by Checkers R. Marshall and Carl K.
Brozek. The perspective was written by Checkers Marshall, with data collection
assistance from Sara Staudhammer and with editorial assistance from Professor
Carl K. Brozek.

Nanocrystals are distinguished from their bulk counterparts by the extreme
size-dependence of their functional properties. For example, catalytic activities of

(23;24

metal nanoparticles,*? nanocrystal plasmon resonance energies, ) and quantum

dot absorption and emission profiles in photovoltaic, solar fuel, and luminescence

(25;26

technologies ) reflect underlying electronic structures sensitive to sub-nanometer

size variations. Tailoring nanocrystals to a given application therefore relies on

generating particles with precise diameter values and uniform size distributions.

Since the advent of reliable synthetic methods, inorganic nanocrystals of metals ?7)

28;29;30

and semiconductors | ) have found widespread use as advanced materials in

diverse areas, whereas design principles for organic-inorganic hybrid nanomaterials
are just emerging.
Recently, considerable efforts have focused on exploring the nanoscale

synthesis of metal-organic frameworks (nano-MOFs) due to the promise of their

(31;32;33)

heightened performance in drug delivery, catalysis, ® membrane design

(35;36;37

for gas storage and separation, ) and analyte sensing.®® As 3D porous

coordination polymers comprised of inorganic clusters bridged by multi-topic



organic linkers, MOF's display immense modularity that has given rise to more
than 20,000 unique bulk phases, ®? each with the potential to adopt enhanced
functionalities when prepared as nanocrystals. *?) To advance this research
frontier, we must identify synthetic targets and universal mechanistic principles.
Building on the publication of recent reviews 1424344 and rigorous mechanistic
studies, (%45:46:4748) we identified key open questions: Which MOFs have been
prepared as nanocrystals? Which sizes are achievable? And Which mechanistic
parameters govern nano-MOF sizes? Here, we address these outstanding questions
by compiling experimental parameters and particle sizes from across the nano-
MOF literature; statistically treating reported size data (see Methods section
below); comparing nano-MOF sizes, size-measurement techniques, and synthetic
conditions; and identifying underlying chemical principles from observed trends.

49:1:4150) have compared the impacts of varying synthetic

Whereas recent reviews!
techniques, such as microwave versus solvothermal, and conditions, such as
time and temperature, we target the generalized chemical equilibria and kinetic

pathways universal to nano-MOF syntheses.
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Figure 2.1. Summary of all MOF materials reported to-date as nanocrystals with
precisely measured particle diameters. Average and median sizes are included
using all reported literature values for each MOF material. Smallest known sizes
for each MOF are labelled according to the corresponding synthetic method,

i.e., coordination modulation (CM), metal-organic gel (gel), slow addition (SA),
and ionic liquid microemulsions (ILM). See methods section for details of data
treatment. All tabulated values are included in Table A.1.

Figure 2.1 summarizes all nano-MOF's we identified with quantifiable size
diameters, plotted by average, median, and smallest sizes (listed in Table A.1),
and in Table 2.1 with MOF compositions and experimental details. These data
indicate that while many MOF materials have been accessed as nanocrystals, the
vast majority have not. Furthermore, Fig. 2.1 suggests that typical nano-MOF
sizes exist on the 100 nm scale, with few extending below 20 nm, in contrast to
the 1-10 nm diameters achievable for inorganic nanocrystals. ®® For most MOF
materials, select studies have achieved sub-100 nm diameters, but these cases are
exceptions, as size averages and median values are far larger. For each class of

MOF materials displayed in Fig. 2.1, the smallest size provides the current state-
8




of-the-art in minimizing nanocrystal sizes, median values indicate the most likely
achievable sizes when using the coordination modulation synthetic method, and

average values lend insight into the distribution of reported values for each given

class of MOF nanocrystals.
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Figure 2.2. Size comparisons of HKUST-1 nanocrystals prepared by (A) microwave-
assisted growth at varying reactant concentrations and added equivalents of
dodecanoic acid and (B) by solvothermal synthesis at a fixed reactant concentration
of 0.0024 M and varying equivalents of triethylamine (TEA) or acetate (OAc)
modulators. ®1°253) The nanocrystal sizes in these studies were determined by TEM
(A) and PXRD (B).

Interestingly, compiling size data for a given MOF revealed that often
the most impactful size determinants were those that changed between separate
synthetic investigations, rather than the parameters systematically explored

within isolated studies. For example, Figure 2.2 shows a portion of data compiled



for nanoscale HKUST-1 (Cus(BTC)2(H20)3). Clearly, the differing reaction
conditions between the results in panel a versus panel b had a greater impact
on the nanocrystal sizes compared to the minor impact of copper salt and added
base identities shown in panel b. Either the differing reactant concentrations (2.34
mmol versus 0.17 mmol), solvent conditions (DMF/H;O/EtOH versus butanol),
or solvothermal versus microwave synthetic routes involved distinct processes that
produced stark size differences. In response to such cases, we focus our mechanistic
analysis on reports that employed “coordination modulators” —typically monotopic
acid ligands—as these represent the bulk of literature examples, although small
particles of MOF's have been generated by many other techniques, such as
preparation via microemulsions, ®%%) dual injection, ®? and metal organic gels. %
Reliable preparation of small nano-MOF particles depends on a firm
mechanistic understanding of nano-MOF initiation, growth, and termination.
Typically, nano-MOF syntheses are discussed (434%57:50) i terms of the LaMer
model of particle growth,®® which separates crystal nucleation from growth,
and describes both in terms of thermodynamic driving forces triggered by high
precursor concentrations. In-situ data suggest that MOF-5 (Zn,O(BDC)3) may
follow this model, as nucleation and growth appear to be effectively separated.(*®)
However, systems such as HKUST-1 and ZIF-8 (Zn(Hmim),) behave differently,
exhibiting slow nucleation phases that overlap with growth.®%6%) A collection of
in-situ XRD studies of MOF crystal formation revealed no significant difference in
the time scales between nucleation and growth phases, implying that both processes
can occur simultaneously. Y Furthermore, the majority of nano-MOF syntheses

occur under dilute conditions (Table A.2).

10



We argue, therefore, that while thermodynamics remain central to

understanding MOF crystal nucleation and growth, nano-MOF sizes are kinetically

controlled by chemical parameters that arrest particle growth. In particular, the

critical conditions for ensuring small nano-MOF sizes involve depleting the local

concentrations of reactant metal ions, thereby allowing linkers and monotopic

modulators to trap nano-MOF particles. Analysis of the literature reveals that

ideal conditions involve excess ligand (linker or modulator), dilute reactant

concentrations, strong metal-ligand bonds, and low proton activities. In this

perspective, we support this kinetic model with literature examples that illustrate

the role performed by each parameter and apply this insight to rationalizing

previously unexplained phenomena.

Table 2.1. A guide to MOF names, their component linkers and metals, and
modulators that have been shown to access nanoscale particle size.

MOF Names Linker Metal Source Effective Modulators
COMOC-4, 2,2’-bipyrimidine-5,5’- GaNO3 * HoO none (62)
MOF-253 dicarboxylic acid
DUT-23 4,4,4” -benzene-1,3,5- CuNOj3 * HyO none (63)
triyl-tribenzoic acid,
4-4’-bipyrimidine
DyBTC 1,3,5-benzenetricarboxylic acid DyNO3 * H20 acetic acid
sodium acetate (64)
Fe-soc-MOF 3,3’,5,5’-azobenzenetetra- Fe(NOg)3 * 9H20 sorbitan trioleate (tween-85) (65)
carboxylic acid
HKUST-1, 1,3,5-benzenetricarboxylic acid Cu(NO3)g or Cu(Oac)g dodecanoic acid (1)
Cu-BTC acetic acid
sodium acetate (64)
w/ triethylamine (53)
2-methylimidazole (66)
PAA (67)
IR-MOF-3 2-aminoterepthalic acid Zn(NOg3)s pvp (67)
PVP + TMAB (68)
MFU-4 1H,5H-benzo(1,2-d:4,5- ZnCly lutidene (69)
d’)bistriazole NaOH, KOH (33)
MIL-88A fumaric acid FeCls * 6Hp0 NaOH (70) NaOH, acetic
acid (71
MIL-88-Fe 1,4-benzenedicarboxylic acid FeCls * 6H20 acetic acid (72)

MIL-88B-NH2

1,4-benzenedicarboxylic acid

FeClg * 6H0

11

acetic acid, F127(73)



MOF Names

Linker

Metal Source

Effective Modulators

MIL-96

MIL-100-Al

MIL-100-Cr

MIL-100-Fe
MIL-101

MIL-125

MIL-125-NHgo

MOF-5 /
IR-MOF-1

MOF-74,
CPO-27
NU-1000

NU-1003
PCN-222,
MOF-525

PCN-224

UiO-66

UiO-68

ZIF-7
ZIF-71
ZIF-8

1,3,5-benzenetricarboxylic acid

1,3,5-benzenetricarboxylic acid

1,3,5-benzenetricarboxylic acid
1,3,5-benzenetricarboxylic acid

1,4-benzenedicarboxylic acid

1,4-benzenedicarboxylic acid

2-aminoterephthalic acid

1,4-benzenedicarboxylic acid

1,4-benzenedicarboxylic acid

(1,3,6,8-tetrakis(p-benzoic

acid)pyrene

1,3,6,8-Tetra(6-
carboxynaphthalen-2-yl)pyrene
tetrakis(4-
carboxyphenyl)porphyrin
tetrakis(4-
carboxyphenyl)porphyrin

1,4-benzenedicarboxylic acid

Biphenyl-4,40-dicarboxylic acid
(BPDC)

benzimidazole
4,5,-dichloroimidazole

2-methylimidazole

Al(NO3)s
Al(NO3)3
Cr(NOg3)3

FeCls
Cr(NO3)3

Ti(OCH(CHs)2)4

Ti(OCH(CHg)2)4

Zn(NO3)2

Cu(NO3)2, Ni(NO3)2

ZrOClay

ZrOCly
ZrOCly
ZrOCly

ZrOClay

ZrOCls
Zn(NO3)2 * 6HyO

Zn(NO3)s * 6Hp0
Zn(NO3)s * 6Hy0

12

trimethyl-1,3,5-

benzenetricarboxylate (74)

benzoic acid,
trimethyltrimesate (75)
none (76:75)

none (75)

none, stearic acid,

4-methoxybenzoic acid,

benzoic acid,

4-nitrobenzoic acid,

perfluorobenzoic acid 77

acetic acid (78)

benzoic acid, HF, TMAOH,

sodium hydroxide (79)

benzoic acid (80)

(Fe) 2-methylimidazole (81)

poly(ethylene glycol) diglycidyl

ether (82)

benzoic acid

p-toluylic acid

none (83)

Acetate (counterion) (64)

decylbenzoic acid (84)

TEA (85) TEA4+PVP (89)
TEA+CTAB (87)

p-perfluoromethyl-

benzenecarboxylate (45)

benzoic acid, acetic acid (88)

2-methylimidazole (81)

benzoic acid +

trifluoroacetic acid (39)

biphenyl-4-carboxylic acid (90)

acetic acid (91)

benzoic acid + trifluoroacetic

acid (83)

benzoic acid, (89) gichloroacetic

acid (O1)

benzoic acid (92:57)

trifluoroacetic acid, dichloroacetic

acid, acetic acid, formic acid (93)

Benzoic acid, acetic acid (94)

Polyethyleneimine (95)

n-butylamine + 1-mIm (96)

Excess linker (8)

n-butylamine (59)



MOF Names Linker Metal Source Effective Modulators

Zn-BDP 1,4-Bis(1H-pyrazol-4-yl)benzene Zn(OAc)2 * 2H20 None (97)

Factors Controlling MOF Nanocrystal Sizes

We propose that the kinetic trapping of MOF nanocrystals of particular
sizes depends on the competition between four chemical equilibria (Figure 2.3):
1) linker deprotonation; 2) modulator deprotonation; 3) linker complexation, and
4) termination. Equilibria with fast forward-direction rates and low reversibility
dictate whether MOF particles steadily grow toward bulk phases or arrest quickly
to form small nanocrystals. MOF linkers must deprotonate (Eq. 1) before forming
metal-linker bonds. Modulators are usually acids, and so must also be deprotonated
(Eq. 2). Complexation between metal ions and linkers facilitates particle
growth (Eq. 3). Reports suggest that early in MOF growth, large collections of
molecular complexes and oligomers develop in solution before coalescing into MOF
particles. 19 Subsequent MOF growth is then dominated by the arrival of oligomer
clusters or solvated reactant molecules.®® During the final termination step (Eq.
4), linker and modulator ligands compete for metal ion coordination sites.

1) L—H == L +H*
2) Mod—H —~ Mod-+H*

3) I+Mr= L—M
4) L—M + Mod~- == L—M-Mod

Figure 2.3. Key chemical equilibria controlling nano-MOF growth and termination.

According to our kinetic model, this process continues until the local
concentration of ligands far exceeds the metal ions, thereby arresting particle

growth. In addition to these four chemical processes, the assembly of cluster nodes

13



and solvent decomposition have also been invoked to discuss nano-MOF nucleation
and growth,®? but we focus on the most general processes that dominate

particle trapping. Critical analysis of nano-MOF sizes and synthetic conditions
reveal the existence of key parameters that may be programmed to deplete local
concentrations of metal ions and generate small particle sizes: modulator identity
and concentration, equivalents of linker or modulator, and metal-ligand bond
strengths.

Modulators. Modulators are typically monotopic carboxylic acids
and occasionally Brgnsted bases added to nano-MOF syntheses. The intended
purpose of modulators varies, but we propose that their function is to influence
nano-MOF sizes by affecting linker deprotonation and arresting particle growth. !
Modulators also act to prevent particle aggregation. Although modulators produce
size trends that appear complex and contradictory, their role can be rationalized
in terms of the four equilibria outlined above. When strong Brgnsted bases
are used as modulators, their primary role is to facilitate ligand deprotonation
(Eq. 1) and enhance metal-linker complexation (Eq. 3) relative to metal-ion
diffusion, thereby depleting local metal ion concentrations and forming small MOF
nanocrystals. For example, nanocrystals of MFU-4 (Zn;Cly(BBTA);3) decrease in
size with added lutidine or KOH. () Similarly, when nanocrystals of NU-1000
(Zrg(u3-OH)g(OH)s(TBAPYy),) are prepared with the addition of 4-biphenyl-
carboxylic acid, particle sizes decrease further if NaOH is added to the precursor
linker solution.®” and IR-MOF-3 (Zn,O(TPDC);3) require triethylamine (TEA),
which become more uniform with initial addition of cetyltrimethylammonium
bromide (CTAB).®" Similarly, including n-butylamine decreases nanocrystal

sizes of ZIF-71 (Zn(Hdcim),).(*9) Interestingly, nanoparticles of MIL-101(Cr)

14



(Cr3(H20)20[(CsH3)(CO4)3]2) are synthesized without any modulator by simply
decreasing the amount of HF, which is used as a mineralizing agent in the

5. (100:80;78) Adding a strong base to the reaction mixture,

traditional bulk synthesi
however, results in smaller particle sizes. (™)

When carboxylic acids serve as modulators, their presence can increase
or decrease nano-MOF sizes depending on whether they impede linker
deprotonation (Eq. 1) or act as surface capping ligands (Eq. 4). By interfering
with deprotonation, they slow down metal-linker complexation (Eq. 3) relative to
metal-ion diffusion, resulting in large nano-MOF sizes. On the other hand, they
can terminate particle growth by acting as surface-capping ligands and produce
small sizes. For example, Figure 2.4a shows that while adding 0.33 equivalents of
perfluorobenzoic acid generates larger MIL-101 particles relative to using no HF or
modulator, the addition of more weakly acidic 4-nitrobenzoic acid, benzoic acid,
4-methoxybenzoic acid, and stearic acid decreases particle sizes with increasing
modulator pKa values. 10 The less acidic the modulator, the lower the HT activity
in solution available to protonate linker molecules (Eq. 1).

Adding small quantities of acidic modulators decreases nano-MOF sizes
until the H™ activity in solution reaches a threshold value that begins to interfere
with linker deprotonation (Eq. 1). Further addition of acid slows metal-ligand
complexation relative to metal-ion diffusion, leading to large particle sizes. For
example, Figure 2.4b serves as a useful comparison to the data in Figure 2.4a.
Both studies were conducted at similar concentrations (0.076 M versus 0.033 M)
and both involve similarly strong metal-ligand bond strengths (Zr**-carboxylate
and Cr3T-carboxylate) but whereas 0.33 modulator equivalents were employed in

Figure 2.4a, much higher quantities were involved in Figure 2.4b. The data show

15



that UiO-66 (ZrgOg(BDC)g) nanocrystal sizes increase with additional modulator.
Interestingly, modulators with lower pKa values produce larger particle sizes at a
given amount of added modulator. For instance, 15-20 equivalents of trifluoroacetic
acid (TFA) or dichloroacetic acid (DCA) produce 200-nm UiO-66 nanocrystal sizes,
whereas twice that amount of acetic and formic acid are needed. Acidic modulators
hinder metal-ligand complexation (Eq. 3) relative to metal-ion diffusion so that
particles continue to grow. Indeed, adding thousands of equivalents of formic
acid to the synthesis of UiO-66 generates single crystals hundreds of microns in
diameter. (19) This kinetic explanation fits many other studies in which particle
sizes increase with additional acidic modulator, ®1:10394104) jpcluding HKUST-1
modulated by dodecanoic acid,®) PCN-224 (Zr-TCPP) with benzoic acid, (1%
Ui0-66 with benzoic acid®) and MIL-88B-NH, ([Fe3O0(BDC-NH;)3(H;0),) with
acetic acid. (10

Concentrated reaction conditions necessitate the addition of modulator;
otherwise, rapid metal-ion diffusion due to short effective pathlengths outcompetes
growth termination (Eq. 4). Indeed, most nanoscale MOF syntheses rely on dilute
conditions (Table A.2). For example, synthesis of MIL-101-Cr involving high
concentrations (0.2 M HyBDC) produces small particle sizes only with addition
of small quantities of benzoic acid (Fig 2.3c).®) Benzoic acid has a greater effect
than acetic acid on decreasing particle sizes at such high reactant concentrations,
suggesting that under these reaction conditions, interfering with metal-ligand

complexation is critical to kinetically trapping small MIL-101-Cr nanocrystals.
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Figure 2.4. Nanoscale MOF sizes depend on the equivalents and pKa values
of added modulator reagents. (A) MIL-101(Cr) nanocrystal sizes decrease
with increasing modulator pKa values. Sizes were determined by TEM. (101
(B) As modulator equivalents increases, sizes of UiO-66 particles increase.
(TFA: trifluoroacetic acid, DCA: dichloroacetic acid, FA: formic acid, and AA:
acetic acid). Shaded box provided to emphasize sizes below 200 nm. Sizes
were determined with STEM and DLS (DLS not shown).1%) (C) MIL-101-Cr
nanocrystal sizes decrease with increased modulator equivalents, while MIL-88B-
NH,-Fe exhibits the opposite trend. Interestingly, MIL-88B microcrystals are
formed as an impurity at and above 5 benzoic acid equivalents (orange). Sizes
were determined with SEM (orange and pink) and TEM (blue). (8%:78106)
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Phase purity must be considered when choosing modulator equivalents
and reaction concentrations. For example, while adding few equivalents of either
acetic or benzoic acid in the synthesis of MIL-101 at high concentrations results
in phase-pure MIL-101 nanocrystals, greater equivalents induce the formation
of mixed-phase products%”) because MIL-101 and MIL-88B occupy the same
reaction space, with both arising from Fe?* or Cr®* and trimesic acid. 1%
Therefore, at a benzoic acid : linker ratio of 10 : 1, only MIL-88B microcrystals
form. (™ Concentration plays an important role in controlling nanocrystal
phase purity as well. For example, MIL-101-Cr and MIL-88B-Fe nanocrystals
have been obtained with similar equivalents of acetic acid, but the synthesis
of MIL-88B-Fe was an order of magnitude more dilute (Fig. 2.4c). Such phase
transformations with variable modulator equivalents indicate the importance of
nonclassical growth mechanisms. ") Similar phenomena have been observed for the
phases spaces involving MIL-100-Al (Al3x (H30)90(BTC)y) / MIL-96-Al (Al;50O-
(OH)16(H20)5(BTC)g MIL-110-Al (Alg(OH)12(OH)3(H20)3(BTC)3) and NU-901
(Zrg(u3-OH)g(OH)s(TBAPY),) / NU-1000. (90:109110)

Linker Equivalents. Excess linker equivalents shift equilibria toward
enhanced metal-ligand complexation (Eq. 3), thereby depleting local metal ion
concentrations ®") and arresting particle growth without added modulator (Eq. 4).
In other words, excess linkers serve as surface-capping ligands. The excess linker
method was first reported in 2009 for ZIF-8 and has since been used in further ZIF-
8 and ZIF-71 nanocrystal syntheses (Fig. 2.4).®1%%) Nano-MOF particle sizes can
be further reduced by adding Brgnsted bases to enhance linker deprotonation (Eq.
1).® Irreversible ligand deprotonation may lead, however, to unchecked particle

growth through rapid metal-ligand complexation, unless counterbalanced by excess
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surface-capping ligands—illustrating the intricate kinetic balance of the four key
underlying processes outlined in Eq. 1-4.

Although several chemical parameters may contribute to decreased nano-
MOF sizes, the impact of certain factors may dominate over others. For example,
linker excess was discovered to be the single strongest size determinant of ZIF-
8 nanocrystals through systematic investigations into the role of Brgnsted base,
linker excess, and reactant concentrations (Fig. 2.5a,b).® Nanocrystals of ZIF-
8 can be synthesized using an excess of the linker 2-methylimidazole (2-mIm),®)
whereas typical bulk syntheses of ZIF-8 combine the zinc salt and imidazole linker
in a 1:1 - 1:2 ratio. ™Y Simply increasing the metal-to-linker ratio to 1:5 results
in nanocrystals sizes of 40 nm (Fig. 2.5a).(®) Reactant concentration was also
studied as a size determinant, with the data in Figure 2.5a showing that more
dilute systems lead to smaller ZIF-8 crystal sizes. In terms of our kinetic model,
the role of dilution is to increase metal-ion diffusion pathlengths, allowing particles
to be terminated in isolation from additional metal ions. The impact of added
base was also investigated, but only the basic modulator n-butylamine resulted in
reduced nanocrystal sizes, whereas less basic 1-methylimidazole and sodium formate
resulted in micrometre-sized crystals.®® Nevertheless, compared to the impact of
dilution (Fig. 2.5a) and Brgnsted base, the most significant decreases in ZIF-8 sizes
were achieved by linker excess (Fig. 2.5b). These systematic comparisons suggest
that growth termination is more important than linker deprotonation in controlling

ZIF-8 nanocrystal sizes.
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Figure 2.5. ZIF nanocrystal syntheses with varying relative ratios of metal,
linker, modulator, and solvent. Synthetic variables are in bold. (Hmim: 2-
methylimidazole, Hdcim: 4,5-dichloroimidazole). (A) Dilution results in a series
of ZIF-8 nanocrystals sizes.® (B) Excess linker exerts a stronger influence than
base on nanocrystal sizes.® (C) Addition of n-butylamine rather than linker
excess exhibits biggest impact on ZIF-71 sizes. (19)

If linker deprotonation limits nanocrystal formation kinetics, however,
addition of Brgnsted base will produce a greater effect than the equivalents of
excess linker. For example, systematic studies of ZIF-71 nanocrystal synthesis
indicate that in contrast to ZIF-8, the most influential variable is n-butylamine
equivalents (Fig. 2.5¢).(19 When the linker-to-metal ratio is doubled from two
to four with base and concentration held constant, particle sizes remain around
80-100 nm. Increasing the proportion of base, however, reduces particle sizes to
approximately 20 nm. The sensitivity of ZIF-71 nanocrystal sizes to the equivalents
of added base results from the less acidic 4,5-dichloroimidazole linker.

Interestingly, rather than follow this excess linker strategy, most reported
nano-MOF syntheses rely on the same linker equivalents used in bulk syntheses
(Table A.2). On the other hand, select studies have shown that excess linker was

ineffective in generating nanoscale particles. Excess trimesic acid does not produce
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HKUST-1 nanocrystals, for instance.©® Although excess linker reduces the sizes
of UiO-66 particles, higher water content exerted the greatest size control, perhaps
due to its role in assembling the Zr**-oxo cluster nodes. 112

Metal-Linker Binding Strength. Strong metal-ligand interactions
favour small particle size because they enhance rates of both complexation (Eq.
3) and termination (Eq. 4) during nano-MOF growth, thereby depleting the local
concentrations of metal ions relative to linkers or modulators. Systematic studies
varying the metal identities of heterobimetallic materials illustrates the influence of
metal-ligand interactions on nanocrystal size. For example, higher Co?* contents in

(113

Zn’**-based ZIF-8 nanocrystals results in larger nanocrystals (Fig. 2.6).'3) Using

Cu?* further accentuates this effect, with comparatively larger sizes produced at

identical dopant metal concentrations. 14 Because linker-to-metal ratios remained
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Figure 2.6. Heterobimetallic ZIF-8 nanocrystals increase in size as the Zn?*
atoms are substituted for Co** or Cu?" atoms. Insert: highlighted data at low
equivalents, where identical Co?T and Cu®" quantities produce different particle
sizes. Particle sizes were determined by TEM (main) and SEM (inset). (113:114)

constant in these experiments, the increase in size with lower Zn?* content can
be attributed to the strong Zn%*-imidazolate interactions, which quickly produce
small particles unless harder ions such as Cu?* interfere. Similarly, differences in
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metal ion labilities were invoked to explain why MOF-74 (My(DOBDC)) crystals
nucleate and grow faster with Zn?t than with Co®*.(®) Surprisingly, cobalt-doped
UiO-66 nanoparticles are smaller in size than their zirconium-only counterparts
when synthesized under otherwise identical conditions. ™ As the strength of the
zirconium—carboxylate bond is expected to be stronger than cobalt-carboxylate
bonds, metal-linker complexation rates may not be the only equilibrium to
consider. For instance, weaker bonds might slow particle growth, allowing diffusing
linkers trap the cobalt variants at smaller sizes. To date, there have been few
studies regarding the effect of mixed metals on MOF nanocrystal size and this area
warrants further exploration.

Initial reactant concentration

— low high
=

=

-

= =

E§ D0 ,
@ il i
c

b=

o

o

a

c =

= =2

st Y
5] £ |
o _ TR
3 .

o

Figure 2.7. Reaction conditions that favor small or large MOF nanocrystal sizes
when linker or acidic modulators are present in excess.

Summary. The metal-ligand chemistry outlined in Eq. 1-4 provides a
framework for understanding trends in reported nano-MOF sizes. Based on these
insights, Figure 2.6 offers a general guide for designing small MOF nanocrystals.
Excess linker or acidic modulator generally reduce nanocrystal sizes unless either
metal-linker complexation far exceeds termination kinetics or if acid addition
inhibits linker deprotonation. Dilute reactant concentrations paired with low

proton activities ensure small particle sizes by enhancing complexation (Eq. 3) and
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termination (Eq. 4), while isolating particles from diffusing metal ions to prevent
runaway growth.
The Seesaw Relationship

Seemingly incompatible trends reported for nano-MOF sizes can be
reconciled by viewing nano-MOF growth as a balance between reactant
concentration, linker and modulator deprotonation, metal-ligand interactions,
and metal-ion diffusion. Figure 2.8a summarizes our model into two regimes. In
regime I, small quantities of acidic ligands (either modulators or linkers) decrease
particle sizes by supplying surface-capping ligands, overwhelming local metal ion
concentrations. Higher quantities of acidic ligands further decrease nanocrystal
sizes by increasing the rate of metal-ligand complexation relative to metal-ion
diffusion. This trend continues until reaching minimum nanocrystal sizes « at
threshold values of added acidic ligand ¢ (Fig. 2.8a). This critical point corresponds
to a minimum of relative ratios between local metal ion-to-ligand concentrations 3
and ratios of relative rates of diffusion and metal-ligand complexation o (Fig 2.8a).
In Regime II, additional equivalents of acidic ligands raise solution proton activities
such that they interfere with linker deprotonation. As a result, nanocrystal sizes
increase with additional acidic ligand because metal-ion diffusion rates outcompete
particle termination. This “Seesaw” relationship between nano-MOF sizes and
relative termination versus diffusion rates strikes a balance precisely where particles

sizes are at a minimum.
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trends between particle sizes and equivalents of p-toluic acid. (110

Figure 2.8b summarizes data exhibiting a Seesaw curve for NHo-MIL-125
and UiO-66 sizes with varying quantities of p-toluic acid. ™% For both materials,
particle sizes at first decrease, bottom-out at minimum values, and then increase
with higher quantities of modulator. Competition between complexation and
metal-ion diffusion may explain Seesaw curves in related phenomena, such as the
polymorphic balance between MIL-101 and MIL-88B phases achieved by tuning
benzoic acid equivalents (Fig 2.4c).®? Low benzoic acid equivalents produce
decreasing sizes of MIL-101 until higher equivalents lead to large micron-sized

particles of MIL-88B instead. We propose that most reported trends of nano-
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MOF sizes capture just portions of the entire curve of the Seesaw relationship.
Type-I behavior, where added acidic ligand decreases particle sizes, is observed
for the MIL-101(Cr) and ZIF-8 syntheses discussed above (Fig. 2.4a, 2.5a). (1778:8)
Examples of regime II relationships behavior, where particle size increases with
respect to increasing modulator equivalents, have been observed for many MOFs
when monocarboxylic acids are added, including reports on UiO-66, HKUST-1,
PCN-224, and MIL-88B-NH,. (?1103:94104) Baged on numerous reports exhibiting
regime II behavior, the curvature of the slope region II appears proportional to
modulator acidity such that highly acidic ligands produce larger particle sizes at
fixed equivalents. The impact of highly acidic modulators is so pronounced that
they can halt particle growth entirely, whereas less acidic modulators added in large
excess simply promote large particles.

Whether type-I or type-I1 behaviors emerge for a given MOF material
depends on the similarities between the particular complexation, termination, and
metal-ion diffusion rates. Although the Seesaw curve involves kinetic trapping,
the extreme limit at the far right of the curve involves particles grow over much
longer time periods due to sluggish metal-ligand complexation that places MOF
crystal growth in an entirely different regime determined by thermodynamics.
According to this model, defects incorporated in nano-MOFs must be kinetically
trapped, whereas defects in macroscopic MOF single crystals arrive through
thermodynamically driven processes. This model helps explains why addition of

strong acid helps to produce large single crystals of MOFs. (1)
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Best Practices and Outstanding Challenges
Elevating the rigor of MOF nanocrystal synthesis will require addressing

critical challenges. Here, we offer recommendations on synthetic, characterization,
and data-reporting methods to facilitate future MOF nanocrystal investigations.

Colloidal Stability. Applying MOF nanoparticles in applications such
as drug delivery requires that the particles be colloidally stable. A re-dispersed
nanoparticle solution may suffer from significant aggregation or coalescence without
sufficient surfactant ligand coverage. Measurements of zeta potentials provide useful
information on the charge at the nanoparticle surface, such that values far away
from zero indicate that a dispersion is stable.1®® DLS (dynamic light scattering)
measurements may be used to determine colloidal stability, as it is a solution-
phase size measurement method. Aggregating particles observed by DLS display
unusually high hydrodynamic radii. Additionally, further growth or aggregation
causes the apparent sizes to increase over time.

Incorporation of Modulator. Identifying the presence and location
of modulators in nano-MOF's is important in determining whether they serve
as surface-capping ligands or form internal defects. Mirkin et al. found that
while the colloidal stability of UiO-66 crystals correlated to the identity and
amount of modulator, the exact role of modulators at the particles surfaces was

105)

unclear. 1% For example, while small equivalents of weakly acidic modulators

resulted in aggregation, nanoparticles of UiO-66 have been synthesized without
any monocarboxylic acid modulator. 112
A common method to quantify ligand incorporation in MOFs is to

perform acid digestion NMR studies. The linker-to-modulator ratio in the MOF

can be elucidated through "H-NMR peak integration. 1'®) Defects may also be
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identified as a weight percent by thermal gravimetric analysis (TGA).®7120) The
relative incorporation of a modulator depends on its function during synthesis.
For instance, in the synthesis of ZIF-8 with n-butylamine, less than 1 percent
incorporation is observed by 'H NMR. The absence of incorporated modulator
indicates its primary role is to deprotonate the linker, rather than cap particles
during termination.®® When the ratio of modulator is higher than would be
expected for surface passivation, it must either be creating defects in the MOF
particle, or be present as a guest. For example, a reported synthesis of UiO-

66 modulated with benzoic acid revealed an 8:10 benzoic acid-to-linker ratio,
even after extensive washing. ®* The amount of modulator incorporated can
depend on pH, as one NMR digestion study of UiO-66 showed that acetic acid
incorporation first decreased, then increased, with respect to the amount of

119 The authors speculated that amount of deprotonated

triethylamine added.
MOF linker BDC (benzenedicarboxylate) in the reaction was maximized at the
minimum of the acetate incorporation curve. Interestingly, modulator incorporation
observed in this study exhibits a U-shaped curve, indicating that modulator defect
concentrations can be minimized at a critical amount of added modulator. This
U-shape does not correspond to size, however; the size monotonically decreases,
indicating the minimum size and minimum defect concentration occur with
different quantities of added modulator. Due to the insight obtained from these
studies, we recommend acid digestion NMR studies as a standard method to
characterize MOF nanoparticles. We expect synthetic methods to advance toward

finer levels of control as trends emerge from the impact modulators have on defect

incorporation and nanocrystal size.
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Measurement Methods. Size analysis of MOF nanocrystals relies on
appropriate use of structural characterization methods, as has been discussed in a
previous review. %) Typical techniques include PXRD (powder X-ray diffraction),
microscopy, DLS, and SAXS (small angle X-ray scattering). In general, we
recommend reporting data from at least two complimentary methods, even when
data contradict.

According to the Scherrer relation, the full-width-at-half-max of a given
PXRD peak relates to the particle size. Although smaller particles will exhibit
broader diffraction peaks in general, peak broadening may result from several
factors, such as lattice stress or instrument effects. 1?!) Several peaks should
be modelled to determine reliable size estimates. When considering polyhedral
crystals, shape factors should be chosen to match the particle morphology and

121

specific miller index of the peak under consideration.!?!) Crystallographic domain,

not particle, sizes, are estimated by this method. Aggregated particles comprise of
multiple domains, which leads to conflicting data between PXRD and other sizing
techniques. (12%)

Dynamic light scattering (DLS) overestimates particle sizes because the
method determines the hydrodynamic radii of particles. Authors often attribute
size overestimates from DLS to aggregation. Recent reports have suggested that
MOF porosity may induce unconventional diffusion behaviour, which would

112

hamper analysis by DLS. (M2 The interpretation of DLS relies on the assumption

that particles are hard spheres that move in solution via Brownian motion. (12%)

Irregularly shaped particles or porous particles defy these simplified models. (124125
Several advanced models exist that describe hollow nanoparticles, although

these too may be inadequate for describing the complex microporosity of MOF
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126

particles. 120) The key utility of DLS is in developing biological applications of large

particles, where it can effectively identify the presence of microscopic aggregates in
solution. 127)

Microscopy is the most common method to determine particle sizes. Both
SEM (scanning electron microscopy) and TEM (transmission electron microscopy)
are widely used, although they rely on high-energy electron beams that can
compromise MOF structural integrity. *®) Microscopy finds its greatest advantage
in probing particle morphology, although the 2D projections of 3D particle
shapes should be considered carefully.® Furthermore, analysis must be applied
to statistically relevant ensembles of particles. It is essential to report the size of
the population used to estimate size and size distributions; these values are often
missing in the literature.

SAXS is a less common technique, but it presents several advantages:
SAXS measures solution-state samples without overestimating sizes and it
examines statistically relevant populations.®® Accurate analysis relies on choosing

(128) Although size and porosity of

appropriate approximations and form factors.
hollow nanoparticles can be accurately determined by SAXS, nano-MOF's lack
a generally accepted model due to their complex topology. 126 The model used,
and any other relevant data analysis, should be rigorously reported. In general,
critical treatment of particle size data is essential to rigorous investigations into the
structure—property relationships of MOF nanocrystals.

Conclusions. MOF nanocrystal sizes and synthetic conditions were
critically analysed from across the literature to develop a deeper mechanistic

understanding of nanocrystal formation. A general model was presented that

reconciles seemingly contradictory trends for MOF nanocrystal sizes versus
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common synthetic parameters: excess ligand, additional acid or base, reactant
concentrations, and metal ion identities. A universal “Seesaw” relationship is
proposed that relates nano-MOF sizes to a competition between particle growth
facilitated by diffusing metal ions and particle termination by depleting metal ion
local concentrations through rapid ligand complexation. Therefore, conditions that
favour high relative concentrations of ligands and that maximize metal-ion diffusion
pathlengths produce the smallest nano-MOF sizes. This model also sheds light

on the mechanism of MOF crystal growth, in general, and provides a framework
for designing macroscopic single crystals. By compiling data for all known MOF
nanocrystals, we define the goalposts for future nano-MOF synthetic targets and
provide a mechanistic model rooted in chemical parameters that may be tuned to

discover the full potential of this emerging class of nanomaterials.
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CHAPTER III
EXPERIMENTAL EVIDENCE FOR THE SEESAW MODEL

This chapter includes an excerpt from previously published and co-authored
material from Marshall, Timmel, E.T.; C.R.; Staudhammer, S.A.; Brozek, C.K.
Experimental evidence for a general model of modulated MOF nanoparticle growth.
Chem. Sci. 2020, 11, 11539-11547. This work was conceptualized and developed
by Checkers R. Marshall and Carl K. Brozek. The article was written by Checkers
Marshall, with experimental and analytical assistance from Emma Timmel and
Sara Staudhammer, and with editorial assistance from Professor Carl K. Brozek.

Precise size control can yield distinct functional behavior from materials
with seemingly similar compositions. Achieving control at the nanoscale,
in particular, has uncovered remarkable size-dependent properties, such as
the luminescence of quantum dots and the distinct catalytic activities of
metal nanoparticles. %22 Recent reports suggest that the rich structural and
compositional diversity of bulk metal-organic frameworks (MOF's) produces
enhanced functional properties when realized on the nanoscale.** For example,
advanced MOF-based gas separation technologies use nanoparticulate MOF's
(nanoMOF's) dispersed into mixed matrix membranes (MMMs) to achieve enhanced
efficiencies over bulk phases. Remarkably, MMMs that employ nanoMOFs have
been shown to surpass the Robeson limit—an intrinsic trade-off between selectivity

129:130) While the gas separation

and permeability in separation membranes.
performance of nanoMOF's has attracted industrial interest, their improved
activities as atomically defined catalysts and drug delivery agents has opened

emerging areas of research. (131132133 Degpite advances in nanoMOF applications,
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accurate models are still needed to probe fundamental mechanistic details and
reliably control particle sizes.

Several models exist to describe nanocrystal nucleation and growth,
including the classic LaMer model, the Watzky-Finke model, and various statistical
models, yet recent evidence challenges their applicability to MOF growth. (134135:136)
Whereas the LaMer model describes distinct stages of a burst nucleation induced
by supersaturated monomer concentrations, followed by diffusion-limited particle

(134) nanoMOFs form at dilute concentrations, and in-situ studies reveal

growth,
continuous nucleation and growth of MOF particles. ®® Models based on monomer
addition also do not apply to MOFs, as studies suggest MOF formation involves
transiently metastable “primary” phases, aggregative growth, and other non-

classical events, (61:9:137:138

) Although these existing models can be modified to
account for non-classical events, nanoMOF research requires a general model
based on the acid-base and coordination chemistry of MOFs to reliably predict

and control particle sizes.
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Figure 3.1. Equilibrium concentrations of MOF linker species determined from

the coupled equilibria of the Seesaw model. Linker—metal ([LM]) and protonated
linker ([LH]) concentrations calculated as a function of initial metal ion ([M*]) and
proton ([H*]) concentrations. Inset: [LM] calculated as a function of initial [M™]
for a range of [H*]. Initial concentrations were chosen from typical experimental
conditions reported here.
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The Seesaw Model and pKa

Previously, we proposed a novel “Seesaw” model of nanoMOF growth
based on a metadata analysis of existing literature.® This model specifically
explained why the use of modulators—typically monotopic analogs of MOF
linkers—causes particle sizes to increase in certain cases, but decrease in others.
These trends could be explained by modulators functioning as capping ligands at
low concentrations and as acids at high concentrations (Figure 3.2, regions I and
I1, respectively). More broadly, we proposed that MOF nanoparticles result from
excess ligand depleting local concentrations of metal ions and kinetically trapping
particle growth. Accordingly, the trapping process depends on the competition
between coupled equilibria associated with ligand deprotonation and metal-ligand
complexation. In the absence of aggregation, crystallite sizes, therefore, minimize
when monomer ratios in solution are most “off-stoichiometric” relative to the MOF
stoichiometry, which complements established models of bulk polymer and crystal
growth that propose the largest particles are generated by solutions with monomer
ratios that match the intended material stoichiometry (Figure 3.2a), as discussed
below. The curious Seesaw-shaped relationship between particle size and modulator
equivalents observed previously for MIL-125-NH, and UiO-66 nanoparticles (139
(Figure 3.2b) could be explained as exhibiting both region I and II behavior, where
sizes first decrease with additional modulator acting as capping ligand and then
increase as acidic modulators keep linkers protonated and unable to kinetically trap

particles.
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Figure 3.2. Scheme depicting the dependence of particle sizes on metal-to-linker
solution stoichiometry. (a) In the proposed Seesaw model of MOF nanocrystal
growth (solid line), particle sizes minimize at maximally imbalanced metal-to-
linker ratios and at low proton concentrations (g). The Seesaw arises from acidic
ligands acting as capping agents in region I and as acids in region II. Conversely,
rates of bulk ionic crystal growth (dashed line) maximizes at monomer solution
stoichiometries that match the bulk crystal (o). (b) Observation of the Seesaw
relationship between NHy-MIL-125 particle sizes and modulator equivalents,
reproduced from ref. 115.

Although observed previously for just these materials, we posited that the
Seesaw trend could be observed generally for all MOFs through deliberate control
over the parameters outlined by the model. Herein, we provide experimental
evidence for the Seesaw model by demonstrating that solution acidity, ligand
excess, and concentration form independent parameters that can be used to

achieve the first demonstration of a Seesaw relationship and reproducibly control
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nanoparticle sizes of two iconic MOF materials, Zn(mlm), (ZIF-8) and CusBTC,
(HKUST-1). With the results presented here, the Seesaw trend appears in at least
four compositionally distinct MOF' systems, suggesting that the mechanistic model
outlined here is universal to all modulated MOF syntheses.

ZIF-8 and Cu;BTC3; Nanoparticle Syntheses

In chapter 2, the four key equilibria expressions that form the basis of the
Seesaw model were presented (Fig. 2.3): linker deprotonation (Eq. 1), modulator
deprotonation (Eq. 2), metal-linker complexation (Eq. 3), and metal-modulator
complexation (Eq. 4). According to our model, the competition of these coupled
reactions creates conditions that either produce bulk or nanocrystalline MOFs.
For example, if these coupled equilibria maintain stoichiometric ratios of metal
ions and linkers, then the reaction proceeds to form bulk MOF crystals. If, on the
other hand, the coupled equilibria cause depletion of local metal ion concentrations,
then excess ligand overwhelms particle surfaces, trapping MOF's as nanoparticles.
Coupled equilibria can be studied by several mathematical formalisms. (140:141)
Herein, we simplify the system of equations using assumptions similar to the well-
known Initial-Change-Equilibrium (ICE) table method (Table B.19).

We propose that analysis of these coupled equilibria can be used to predict
whether synthetic conditions produce nanoMOFs by 1) knowing equilibrium
constants for the metal ions and carboxylic acids, 2) knowing the initial reactant
concentrations, and 3) by assuming that nanoparticles arise from reaction
conditions that develop excess concentrations of deprotonated linkers [L7],,
relative to the concentration of uncoordinated metal ions [M*].,. In other words,
reactant concentrations and equilibrium constants could be chosen such that

[L7]eq + [Mod ]eq > [MT], in the distribution of chemical species at equilibrium.
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For simplicity, we treat the MOF linkers as monotopic ligands and consider
only individual metal-linker bonds rather than the entire coordination sphere.
We also assume K, of the modulator and MOF linker to be equal, and that the
complexation equilibrium constants are equal.

For a fundamental justification of the Seesaw model, namely the U-shaped
size trend arising from the dual roles of modulator acting as acid or capping
ligand, we solved the system of coupled equilibria in Figure 2.3. Figure 3.1
shows the equilibrium concentration of linker-metal [LM]., and protonated linker
species [LH]., as a function of [H*] donated by the linker and modulator under
typical reaction concentrations (see Appendix B for full details). When initial
concentrations of acid are low, [LM],, is maximized and [LH]., is minimized.

In other words, reactions with low equivalents of acidic modulator favor linker
deprotonation and metal-linker bond formation. Critical concentrations of acid,
however, induce steep changes to [LM]., and [LH].,. At higher [HT], [LM],, is
minimized and [LH]., is maximized. The plateau of [LM]., and [LH]., spanning
four orders of magnitude for low values of [H"| followed by a steep change supports
our model that formation of linker-metal bonds can be favorable even with
additional acid, until reaching a critical concentration threshold that causes linkers
to remain protonated, thereby suppressing metal-linker bond formation and the
trapping of MOF particles. These results therefore justify a key claim of the Seesaw
model that acidic reaction conditions produce large particles by favoring linker
protonation, which improve the equilibria reversibility and maintains solution
stoichiometry required to grow MOF single crystals. Because we expect modulator
to decrease metal ion concentrations by forming modulator-metal species (Eq.

4), we also investigated the relationship between [LM]., and initial [M*]. The
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inset of Figure 3.1 shows that [LM]., depends directly on the available [M*] in
solution, suggesting that equivalents of modulator inhibits bulk MOF growth by
modulators competing with linkers for metal ions. Interestingly, the formation of
[LM]., decreases for high initial [H*], providing further evidence that modulators in
large excess function more as acids than as surface capping ligands. Taken together,
these results provide a fundamental basis for the key claims of the Seesaw model.

Powerful predictions can be made about the outcome of MOF syntheses
by analyzing the system of coupled equilibria in Figure 3.2. The results of the
analysis suggest that, as long as the presence of excess deprotonated linker is a
key determinant in kinetic trapping, nanoparticles should always result from cases
that employ excess linker and no modulator, as well as cases that use deprotonated
modulators as Brgnsted bases or capping ligands. When modulators function solely
as acids, they decrease the availability of L™, which inhibits the kinetic trapping
of nanoMOF's. The outcome depends on the particular equilibrium constants,
initial reactant concentrations, and how the reactant concentrations change during
MOF synthesis. The most complex scenario, which appears most frequently in the
literature, involves modulators functioning as both acids and capping ligands. ()
Nevertheless, nanoMOF sizes should be tunable through careful manipulation of
acid and ligand binding strengths if indeed nanoMOF growth depends on these two
independent parameters.

With these predictions in hand, we sought experimental evidence for the
Seesaw model and the independent tunability of nanoMOF sizes through acid and
ligand addition. Figure 3.3a plots nanoparticle sizes of ZIF-8 (Zn(mlm)y, mIm =
2-methylimidazolate) as a function of added HmIm ranging from 4 to 14 equivalents

per Zn?*, where conditions above 2 equivalents represent linker in excess. Based on
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analysis of the coupled equilibria, addition of only HmIm without modulator should
cause the depletion of [M*], resulting in kinetic trapping of smaller nanoMOF sizes.
Indeed, up to a reactant stoichiometry of 16-18 Hmim equivalents per metal, ZIF-

8 particle sizes continue to decrease. Above this linker excess, product is simply

not observed. These results resemble a previous report by Cravillon et al. that
showed excess linker up to eight linker equivalents leads to progressively smaller
ZIF-8 nanoparticles,® but the data presented here show that trend progresses
further. We note that particle sizes isolated here are slightly smaller than those
reported by Cravillon et al., which we attribute to the different characterization
techniques: here, crystallite sizes are reported by Scherrer analysis whereas the

previous account reported particle sizes from SEM imaging.
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Figure 3.3. ZIF-8 nanoparticle sizes as a function of excess modulator equivalents.
(a) Particle sizes versus excess linker equivalents of 2-methylimidazole (Hmim).
Above 18-20 equivalents, formation of ZIF-8 was not observed. (b) Particle sizes
resulting from increasing HCI equivalents with respect to zinc nitrate. Blue circles
denote samples synthesized with 14 equivalents of Hmim compared to zinc nitrate.

Details of the synthetic conditions can be found in the Experimental methods and
Tables B.16-B.19.

Figure 3.3b plots the size of ZIF-8 particles versus number of HCI
equivalents with respect to Zn?* at a fixed linker excess of 14 equivalents. As a

non-coordinating species, HCI acts only to increase proton activity. Therefore,
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HCI addition allowed us to test the hypothesis that nanoMOF sizes increase with
higher proportions of protonated linkers incapable of trapping nanoparticles,

as indicated in Figure 3.1. The data show ZIF-8 nanoparticle sizes predictably
increase with additions up to 0.7 HCI equivalents per Zn* ion. (Fig. 3.3b).

These results corroborate previous studies showing that the addition of HCI can
weaken metal-linker bonds in ZIF-8, implying there is a more dynamic equilibrium

142) Futher, the use of acids as

for metal-linker bond formation in acidic media. ¢
modulators helps single-crystal growth for in several MOF systems. (%) These
results demonstrate that protons and capping ligands form independent parameters
that control nanoMOF sizes.

The dual role of modulators acting as acids and ligands complicates
the synthetic control of nanoMOFs, but can nevertheless be separated and
demonstrated to control the equilibria that govern particle sizes. Previously, we
proposed that the dual role of modulators could give rise to a Seesaw relationship
between particle sizes and modulator equivalents where sizes decrease with
increasing equivalents and then increase as proton activities become sufficiently
high to inhibit linker deprotonation. For proof of the Seesaw relationship, we
targeted the iconic MOF CuzgBTC, (BTC = 1,3,5-benzenetricarboxylate) because
many modulated nanoMOF reports have focused on this material. These reports
have shown that increasing equivalents of carboxylic acid modulators increases
particle sizes, whereas CuzgBTC, sizes decrease with increased amounts of

g (523113515144) Hypothesizing that

deprotonated carboxylate, or other basic, modulator
these trends reflect the dual role of modulators acting as acids versus ligands, we
investigated the impact of adding benzoate versus benzoic acid to the synthesis of

CuzBTC,. Although literature reports often use SEM or light scattering methods
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to determine sizes of MOF nanoparticles, sizes in this study are reported from
Scherrer analysis because this method gives not particle size, but average size of
coherently scattering domains. This metric is particularly useful for identifying the
sizes of particles independent of aggregation. SEM images of CusBTC, products in
alkaline conditions (Figure B.9) revealed severe aggregation of particles, which is

also prevalent in literature reports. (52:53:46)

Because aggregation prevents accurate
statistical analysis of particle sizes, all particle sizes reported here are derived
using the Scherrer equation, with SEM images provided as supplements to discuss
discrepancies in particle size determination techniques as well as the morphology of
the products. Interestingly, MOF product could not be isolated from the synthesis
with benzoic acid by mixing Cu(NOj3), and trimesic acid at room temperature,
whereas particle sizes strictly decreased by adding additional equivalents of sodium
benzoate (Fig. B.2). Increasing sodium benzoate also leads to extra peaks in the
PXRD patterns, likely arising from fast reaction kinetics causing benzoate ligands
to trap within the MOF structure and cause defects. These results validate the
prediction from the analysis of the coupled equilibria (Eq. 1-4) that deprotonated

modulators acting as either ligands or bases lead to MOF nanoparticles, also

consistent with previous studies. V)
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Figure 3.4. Dependence of CuzBTC, particle sizes on modulator equivalents.

SEM images of particles synthesized with 7 modulator equivalents show globular
morphology at (a) 33% and (b) 50% benzoic acid (BA), whereas (¢) SEM

shows octahedral particles when synthesized with 66% BA. Percentages indicate
the mole fraction of BA, with the remainder added as sodium benzoate. (d)
Dependence of size on modulator equivalents with varying benzoic acid content.
Syntheses were performed with a linker:metal:modulator ratio of 3:1:X, where
modulator corresponds to the sum of benzoic acid and sodium benzoate. The metal
concentration was held constant (1 mM). The grey line at 7 equivalents shows the
data used again in Fig. 3.5. Details of the synthetic conditions can be found in the
Experimental methods and Tables B.5-B.7.

To observe a Seesaw dependence between CuzBTC, sizes and modulator
equivalents, we employed a buffer mixture of sodium benzoate and benzoic
acid to balance the opposing trends observed when adding only acid or ligand.
Hypothesizing that particle stability depends on achieving ligand-rich surfaces,
we employed excess linker stoichiometries (3 linkers to 1 metal). Figure 3.4 plots
Cu3zBTCy nanoparticle sizes versus equivalents of modulator mixtures with benzoic
acid (BA) molar contents of 33%, 50%, or 66%, with the remainder comprised
of sodium benzoate. Indeed, Seesaw curves appear in all three cases with similar

qualitative features: a decrease from 7 to 10 equivalents, a plateau, and a gradual
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increase in sizes from 28 to 40 equivalents. When using 1 equivalent of modulator,
SEM revealed particle sizes that exceeded 1 um (Fig. 3.7, B.12), showing a steep
decline in size at the beginning of the Seesaw trend. While the full data set is in
the appendices (Fig. B.7a), we chose to include the data from 6 to 40 equivalents
in the main text for clarity. Interestingly, the least acidic modulator mixture

(33% BA) results in the steepest downward slope from 1 to 7 equivalents, which,
according to the Seesaw model, reflects more favorable linker deprotonation or
metal ion complexation (Fig. B.7a). Additionally, the most acidic modulator
mixture produced sizes that were overall largest, whereas while the least acidic
mixture gave the smallest sizes. Whereas Scherrer analysis provides insight into the
impact of modulator on crystalline domain size, SEM provides information about
the impact of modulator on morphology as well. Both techniques show a U-shaped
size dependence at 33% benzoic acid (Fig. B.10), although sizes by SEM analysis
were systematically larger, which is typical for the two instrumental techniques;
there is reasonable agreement between the techniques when the Scherrer size is
below 100 nm (Fig. B.10, Fig. B.11). Particles isolated with the 33% benzoic acid
modulator show globular morphologies, except below 7 modulator equivalents
where particles exhibit faceting (Fig. 3.7). Rather than exhibit minimum sizes
around a narrow range of modulator equivalents, all data sets show a broad flat
region that we attribute to the modulator mixture functioning as a buffer: the
benzoic acid-benzoate pair accepts protons from the excess linkers so that sizes
increase only when the proton activity exceeds the buffer capacity of the modulator
mixture. Indeed, in conditions using copper acetate as a metal source and solely
benzoic acid as a modulator, there is no long plateau and a minimum size occurs at

14 modulator equivalents (Fig. B.7b). Comparing the buffered systems, the most

42



dramatic size increase can be observed with the 66% BA set. In fact, SEM images
of the product at 40 modulator equivalents show regions that resemble bulk crystal
growth (Fig. B.9). While modulators have induced changes to MOF morphology,
PXRD patterns exhibit peaks associated only with the CusBTCy phase (Fig.
B.3).(2) These results therefore validate the Seesaw model we had previously
proposed: by using conjugate acid/base mixtures, nanoMOF sizes decrease with
additional capping ligand until proton activities inhibit ligand from trapping metal

ions, allowing for bulk MOF growth. (®)
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Figure 3.5. Dependence of CugBTC, particle sizes on benzoic acid content (% BA).
SEM images of samples from the 3 mM linker set show spherical morphology at 0%
BA (a) large flower-like aggregates at 8.33% BA (b), but indistinct morphology for
BA contents 83.33% and higher (c). (d) CuzsBTC, grain sizes versus benzoic acid
content of modulator mixtures at constant modulator equivalents. Two trials at
low concentration were completed, and we present the data as the average of the
two. Reactant concentrations are defined with respect to the linker (L). Details

of the synthetic conditions can be found in the Experimental methods and Tables
B.1-B.3.

To further decouple the independent roles of acidity and ligand

complexation, we explored the size dependence of CusBTC, nanoparticles as a
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function of benzoic acid content in the modulator mixture at fixed modulator
equivalents. Figure 3.5d plots Cuz3BTCy particle sizes versus benzoic acid content
of modulator mixtures for three different reactant concentrations. According to
the Seesaw model, larger crystallites should result from increased proton activities.
Indeed, without adding additional modulator equivalents, Scherrer analysis shows
increasing crystallite size in reactions where BA contents exceed 50%. Interestingly,
higher reactant concentrations lead overall to smaller sizes except at BA contents
near 100%, where sizes exceed the typical range of Scherrer analysis, showing that
in all cases acidic conditions result in products that resemble bulk crystal growth.
Within the context of the Seesaw model, the decreased sizes with higher reactant
concentrations result from efficient metal ion depletion and kinetic trapping of
particles. The experiments in Figures 3.4 and 3.5 thus explore a cross section of
the same multi-dimensional reaction space. Datasets that intersect in this reaction
space could be analyzed for reproducibility.

Figure 3.5d includes three data points from Figure 3.4d for comparison
against the 3-mM dataset, which employs the same reaction conditions, showing
good reproducibility. At low BA contents and low concentrations, average
crystallite sizes increase slightly, whereas morphologies by SEM undergo dramatic
changes. The particles isolated with only sodium benzoate appear spherical (Fig.
3.5a), but an increase in benzoic acid to 8.33% yields large star-like structures
comprised of many aggregated crystallites (Fig. 3.5b). From 16.67% to 50%, BA
contents, the particles show spherical morphologies and the 66% and 75% benzoic
acid mixtures yield the octahedral particles typical of CusBTC,. For mixtures with
BA contents as high as 83.33% and 91.67%, the particles no longer appear faceted,

but instead become bulk-like aggregates (Fig. 3.5¢c). These results reveal that small
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changes in proton activity can yield dramatic changes in particle morphology, which
we will explore in ongoing studies. Although the Seesaw model at present does not
offer predictions of particle morphologies, we expect that its foundation in acid-
base and metal-ligand chemistry can help explain the dependence of morphology on
solution acidity and modulator composition. Although previous reports have used
modulators in combination with manipulation of pH,1114%) this report is the first
to systematically manipulate particle sizes with a buffer.

Concentration acts as a third key determinant of nanoMOF sizes because
it controls the impact of the other two parameters, acidity and ligand excess.
Building on the concentration dependence exhibited in Figure 3.5d for modulator
acidity, we explored the impact of concentration in relation to modulator
equivalents. Figure 3.6 plots the concentration dependence of CuzBTCy sizes
using a 50% benzoic acid modulator mixture at three different equivalents of
modulator. At both 0.7 and 7 equivalents of modulator, sizes decrease with
increasing concentration. The effect of concentration on size is most pronounced
at 7 modulator equivalents, spanning the size range of 20-80 nm, with the largest
difference occurring between linker concentration of 3 and 5 mM (Fig. 4d), and

little if any difference at 13.34 modulator equivalents (Fig. 3.6¢).
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Figure 3.6. CuzBTCy particle sizes resulting from variable reactant concentrations
and total modulator equivalents. Panels a, b, and ¢ show dependence of particle
sizes on concentration at three different modulator:linker ratios. Syntheses were
performed with a linker:metal:modulator ratio of 3:1:X, with a 50% benzoic acid
modulator mixture. Synthetic conditions can be found in Tables B.12-B.14.

Applying the Seesaw Model

These results demonstrate that MOF nanoparticle sizes can be tuned
through independent control over solution acidity, ligand excess, and concentration,
although certain parameters have greater impacts than others. For example,
the data in Figure 3.6 show that while increased concentrations cause CusBTCy
particle sizes to decrease over a range of linker concentrations from 5 to 20 mM,
increasing the modular equivalents produces a greater overall decrease in particle
sizes. In terms of the Seesaw model, these results suggest that equilibria shift
less in response to concentration changes compared to changes in stoichiometry.
Furthermore, equilibria become so shifted by excess modulator that they become
nearly insensitive to concentration changes, as indicated by Figure 3.6¢c. On the
other hand, Figure 3.5d shows that changes to BA content have the greatest impact
on crystallite size when the BA content exceeds 50%, which we propose corresponds
to a critical decrease in the buffer capacity of the modulator mixture. Below
the buffer capacity, concentration affects crystallite size to a lesser extent. Once

the buffer mixture no longer absorbs excess protons, we expect that conditions
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favor exchange of surface capping ligands for linkers that allow continued bulk

146) and in

growth, as has been observed in post-synthetic MOF linker exchange!
reports on metal-linker stability in ZIF-8.(142) These results, taken to the extreme
limit, explain why additional acid aids in the synthesis of large single crystals. ®%
Interestingly, the cross-sectional data in Figure 3.5d indicate that modulator excess
and BA content can produce similar absolute changes to crystallite sizes. These
two variables have different effects on particle morphology, however. Whereas
modulator equivalents have minimal impact on morphology, except in extreme
cases of low or high equivalents (Fig. 3.7), minute changes to BA content can
result in dramatic differences in particle morphology (Fig. B.8). These results
suggest buffered systems may serve as a powerful synthetic tool for tailoring MOF
particle shapes. The impact of changing any of these parameters appears strikingly
nonlinear. Just as reducing BA content from 50% to 33% leads to small overall
changes in sizes, doubling linker concentrations from 7.5 mM to 15 mM in Figure
3.5d has diminishing effects. Such nonlinearity complicates predictions about

nanoparticle sizes, but its existence lends further proof for the Seesaw model, which

relies on nonlinear relationships between coupled equilibria (Fig. 3.1).
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Figure 3.7. Dependence of CugBTCy particle morphology on modulator equivalents
for a 33% BA modulator mixture. Products isolated from syntheses with: a) 1

eq; b) 14 eq, ¢) 21 eq, d) 28 eq, e) 35 eq, and f) 40 eq. Details of the synthetic
conditions can be found in the Experimental methods and Tables B.5-B.7.

Overall, these results suggest that ligand excess—of either linker or
modulator—exerts the greatest impact on nanoMOF sizes. Whereas excess linker

generates nanoparticles of ZIF-67, ZIF-7, and ZIF-71, cases for carboxylate MOF's
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are rare. (147148149) While excess trimesic acid increases grain sizes of CusBTCy
particles, in NU-1000, another carboxylate MOF, particle sizes decrease as excess

60:150) Tpy the report of NU-1000 particles, a strong base is added

linker is used. (
as well, which likely counters any increase in [H*]. We attribute this difference
to the fact that imidazole linkers contain just single protic sites, whereas multi-
topic carboxylates contain several, which, according to the Seesaw model, increase
solution acidity and hinder the ability of ligands to trap metal ions. Additionally,
the greater strength of zinc-imidazolate bonds should facilitate rapid trapping by
excess linker, whereas metal-carboxylate bonds are more dynamic and, hence,
less effective at terminating particle growth. The synthesis of carboxylate-based
MOF nanoparticles therefore depends strongly on modulator excess. Although
solution acidity and reactant concentration influence the kinetic trapping of MOF
nanoparticles, achieving small nanoMOF sizes ultimately relies on the presence of
excess ligands.

According to the Seesaw model, dilute local concentrations of metal
ions overwhelmed by excess ligand leads to kinetic trapping of small particle
sizes. This prediction helps explain previous reports that dilution yields smaller
ZIF-8 nanoparticles,® which at first seems in conflict with the concentration
studies presented here. Figures 3.4 and 3.5 both show Cu3BTC; particle sizes
decreasing with increased concentrations; we suggest two reasonable hypotheses
to explain this apparent discrepancy. Firstly, imidazole and carboxylate MOF's
exhibit rather different metal-linker bond strengths. Whereas ZIF-8 features
strong metal-linker bonds that rapidly form bulk crystals under concentrated
conditions, carboxylate-based MOFs exhibit slower growth kinetics that tend

to form large single crystals through slow and dynamic exchange of ligands. (1°!)
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Increasing the local concentration of linker therefore improves kinetic trapping

of carboxylate MOF nanoparticles by shifting the weak metal-linker equilibrium
towards complexation. The concentration dependence also depends on the stages
of MOF growth. For example, it has been demonstrated in injection syntheses
that including an excess of either linker or metal ions at the beginning of the
reaction results in smaller particle sizes, which is attributed to the rapid formation
of small MOF clusters and oligomers. On the other hand, slow addition of MOF
components during the reaction results in the growth of larger particles.1%? In
the context of the Seesaw model, this shows that with excess of either of the MOF
components, rapid depletion can lead to the kinetic trapping of small particles.
Increasing the total concentration during the reaction, however, will inevitably
lead to larger particles because the metal ions and linkers will add onto existing
particles.

These results also highlight the complex role played by ligands in trapping
metal ions as molecular complexes, preventing their incorporation into growing
MOF particles. For example, Figure 3.3 shows that extreme excess of linker
equivalents suppresses ZIF-8 formation. Under these conditions, imidazolate
molecules likely coordinatively saturate Zn* ions, shifting the metal-linker binding
equilibrium far toward complexation and inhibiting the dynamic ligand dissociation
needed for monomer attachment and growth. Indeed, a previously reported in-situ
study of ZIF-8 growth under excess linker conditions suggested particle growth
proceeds by linker dissociation from zinc-imidazolate oligomers under concentrated

153) Similarly, excess benzoate appears to inhibit CusBTCy formation

conditions. (
by trapping Cu?* ions in benzoate complexes or small, saturated clusters. This

hypothesis could explain why particle sizes at first decrease with added BA content
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in Figure 3.5d at 3 mM linker concentration. By increasing the solution acidity,
the modulator mixture becomes less competitive with the trimesate linker for Cu?*
coordination and CuzBTC, forms more readily, whereas benzoate-rich conditions
make particle growth reliant on the slow release of Cu?* ions, leading to larger
particles. Another explanation for the larger sizes under benzoate-rich conditions is

(52:53) The extreme

the tendency of deprotonated modulators to induce aggregation.
difference between the moderate crystallite size of the 8.33% BA sample and its
large star-like morphology indicates that aggregative growth is operative (Fig. 3.5).
Previous reports have shown that pH adjustment can manipulate the assembly

154155) and that strongly acidic modulators

and aggregation of MOF-525 particles!
improve the colloidal stability of UiO-66. (6%

More generally, the Seesaw model serves as a complement to well-established
models of bulk crystal growth and polymer formation. Whereas successful growth
of ionic crystals and condensation polymers depends on maintaining stoichiometric
mixtures of reactants, the Seesaw model proposes that MOF nanoparticle sizes
minimize from maximally imbalanced local concentrations of reactants: in
modulated MOF syntheses, ligands always outnumber metal ions. For many
classes of polymers, molecular weights decrease considerably under conditions of
imbalanced monomer stoichiometries, producing oligomers instead of long polymer
chains. Interestingly, molecular weights can also be controlled by terminating
chain growth with the addition of monofunctional monomers, akin to MOF

(156) For ionic solids, the rate of crystal growth maximizes when the

modulators.
relative ratios of monomers diffusing to crystal surfaces matches the stoichiometry
of the bulk lattice. 1®” Models of ionic crystal growth state that rates of monomer

attachment relates directly to ng. * 7, * J, where ng;,. represents the density of
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available binding surface sites, 7, is the lifetime of monomer units, and J is the flux

157) Tn terms of the Seesaw model, therefore,

of the monomer to the growing crystal. (
small nanoMOF sizes result from rapid depletion of metal ion concentrations

and overwhelming particle surfaces with excess ligand. We note that the model
assumes growth to depend solely on metal-linker bond formation, whereas interlayer
stacking constitutes an important component of 2D MOF growth. We propose

that the Seesaw model could be adjusted for such materials by including the
formation constants for interlayer stacking.(*® Additionally, these models assume
the absence of aggregation, which we expect to play a large role in determining size
after crystallite formation. For MOF's, the relevant diffusing species may be metal
ions, linkers, or even entire clusters, given in-situ studies that suggest Cuz3BTCs
grows by increments of individual Cuy;BTC,4 paddlewheel units, or even the oriented

(158:159) Tnterestingly, typical representations of this

attachment of small crystals.
model of ionic crystal growth plot growth rate versus solution stoichiometry,
with maximum growth centered at balanced ratios in an “upside down Seesaw”

(160) Figure 3.2, therefore, illustrates the complementary relationship of the

curve.
Seesaw model to common models of bulk crystal and polymer growth, where sizes
minimize at maximally unbalanced stoichiometries, and vice versa.

Lastly, we propose that the steep downward slope observed in “region 1”
of the Seesaw curve can be interpreted in terms of classical collision theory. In
collision theory, the probability of no collision taking place between particles
as a function of time, P(t), equals exp(—t/7), where T represents the average

161) Similarly, we propose that the probability of MOF

time between collisions. (
nanoparticles not being kinetically trapped by excess ligand decreases exponentially

as more modulator enters the reaction mixture. In other words, the probability of
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particles colliding with capping ligand increases with higher available equivalents
of excess ligand. This model helps explain why decreasing slopes in Figure
B.7 become shallower from 1 to 7 equivalents with higher acidic content—the
probability of successful particle trapping diminishes as the modulator becomes
more acidified. Higher concentration leading to smaller particles is also discussed
in classical nucleation theory (CNT), in which the energy barrier to nucleation is
overcome only in supersaturated conditions. Here, MOF's grow in dilute conditions,
but increasing concentration leads to smaller particles as there are more collisions
in solution that lead to particle formation. We anticipate that temperature,
concentration, and other factors expected to impact collision probability play
decisive roles in the mechanism of MOF nanoparticle growth.
Conclusions

In conclusion, we offer experimental proof of the Seesaw model of nanoMOF
growth by demonstrating for the first time the existence of a Seesaw relationship
between nanoMOF sizes and modulator excess through deliberate manipulation of
key parameters in the model. Specifically, we show that MOF nanoparticle sizes
can be tuned through independent control over solution acidity, ligand excess,
and reactant concentrations. Demonstrating that these three parameters control
nanoMOF sizes supports the key claim of the model that nanoMOF's result from
kinetic trapping of nanoparticles determined by competition between coupled
equilibria involving metal-ligand complexation and ligand acid-base chemistry.
The relative impact of these parameters on nanoparticle sizes was explored, with
ligand excess showing the greatest overall impact. Sizes generally decease with
lower acidity, greater ligand excess, and, for dynamic metal-linker bonds, higher

concentrations. Importantly, particle sizes were reproducible when approaching
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similar reaction conditions from different directions on the multi-dimensional
reaction space defined by these three parameters. The Seesaw model represents

a novel perspective for understanding MOF growth in general, and we further
show that it complements well-established models of bulk polymer and crystal
growth. Despite its clear relation to other models of crystal growth, the competing
equilibria should be expanded to account for equilibrium constants associated with
events such as oriented attachment, in which multiple metal-ligand bonds form at
the same time. We further note that thus far the Seesaw curve has been observed
by using aromatic carboxylate modulators with similar pKa values and expect that
altering the size and acidity of modulators to have a large impact on the particle
Seesaw dependence. Although the dependence of morphology on solution acidity
was unexpected, buffer systems may prove powerful tools for deliberate control over
tailoring particle architectures. Taken together, these results demonstrate that the
Seesaw model offers a fundamental platform for advancing the synthesis and basic

understanding of this emerging class of materials.
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CHAPTER IV

SIZE-DEPENDENT PROPERTIES OF CONDUCTIVE MOF NANOCRYSTALS

This chapter includes an excerpt from previously published and co-
authored material from Marshall, C.R.; Twight, L.P.; Dvorak, J.P.; Overland,
A.E.; Brozek, C.K. Size-Dependent Properties of Solution-Processable Conductive
MOF Nanocrystals. J. Am. Chem. Soc. 2022, 144, 13, 5784-5794. The project
in this chapter was conceptualized and developed by Checkers R. Marshall; the
final manuscript was co-written by Checkers R. Marshall and Carl K. Brozek. The
experimental work in this chapter was performed by Checkers R. Marshall, Josh. D.
Dvorak, Lan Chen, and Alexi E. Overland. The Mossbauer data in this chapter was
collected by Thomas Ericson.

The discovery of colloidal metal and semiconductor nanocrystals has led
to a revolution in materials chemistry. 2 While the class of materials known
as metal-organic frameworks (MOFs) attracts broad interest due to their high
accessible surface areas and wide synthetic tunability, their preparation as stable,
monodisperse nanoparticles remains an open frontier. 1) Nevertheless, recent
research into the few examples of MOF nanoparticles has revealed enhanced
properties compared to their bulk counterparts due to greater mass transport
rates, higher ratios of exposed surface areas, and superior processability, leading
to higher catalytic activities, improved gas permeability in separation membranes,
more uniform integration into composite films, and utility as unique drug delivery

(31;164;165;166;167

agents. ) The controlled synthesis of MOF nanoparticles with precise

sizes will therefore facilitate their application in myriad applications, while enabling

g (168

solution-state analysis to reveal size-dependent physical propertie ) Currently,

the few MOF's that can be prepared as colloidally stable nanoparticles with narrow
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Figure 4.1. Overview of Fe(1,2,3,-triazolate)s (Fe(TA)y) nanocrystal synthesis.

a) General synthetic route to Fe(TA), nanoparticles using 1-methylimidazole (1-
mlm) as a modulator. b) Equilibrium between metal ions (M), linkers (L), and
modulators (Mod) that control MOF nanoparticle formation. ¢) The secondary
building unit (SBU) cluster of Fe(TA),. d) PXRD patterns of the Fe(TA),
nanoparticles synthesized with varying amounts of 1-mIm. Red and grey lines
indicate expected reflections for the low-spin (LS) phase and high-spin (HS) phase,
respectively. e) The SBU of Fe(TA),. e) An idealized representation of a 5.5-nm
Fe(TA), particle based on the bulk crystalline structure.

size dispersities are electrical insulators, whereas conductive MOF nanoparticles
will enable electronic technologies that benefit from the microporosity and high
surface areas of MOFs and the processability and size-control of nanoparticles. (169
Here, we address the long-standing challenge of making solution-processable

conductive MOF nanoparticles (nanoMOFs) with controlled size and narrow

dispersity. Solution processability also enables solution-state spectroscopy for
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unprecedented analysis of electronic properties and thin film fabrication reveals
unique insight into their redox chemistry and charge transport phenomena.
Size-tunable Synthesis of Iron Triazolate Nanoparticles

Nanoparticles of Fe(TA), were prepared with tunable sizes by modifying
the standard bulk synthesis11 through addition of 1-methylimidazole (1-mIm) as
a “modulator” (Fig. 4.1). Although the use of “modulators,” usually monotopic
analogs of the native MOF linkers, ) is common in MOF nanoparticle syntheses,
their mechanistic role has been debated, especially because increasing modulator
equivalents leads to smaller sizes in some systems, but larger sizes in others.
Chapters 2 and 3 point to a “Seesaw” model where modulators impact particle
sizes by interfering with linker deprotonation (Fig. 4.1, Eq. 1) and metal-linker
complexation (Eq. 3). Based on a meta-data analysis of the literature,(® this
model contends that MOF particles result from kinetic trapping of metal ions
by excess linker or modulator. Through deliberate control of the key parameters
outlined by this model—proton activity, concentration, and ligand excess—excellent
size reproducibility can be achieved for benchmark MOF materials. Using
these insights, we can devise MOF' syntheses previously inaccessible at the
nanoscale. To access small and controllable particle sizes, we hypothesized that
a monotopic imidazole linker, 1-methylimidazole, would work as a modulator
that mimics the native MOF linker. Reversible bonds between Fe and 1-mIm
(Eq. 4) would compete with metal-linker complexation (Eq. 3) to rapidly form
the secondary building blocks (SBUs) of Fe(TA),, shown in Figure 4.1c. The
presence of the monotopic linker at the surface of a growing particle also inhibits

further growth until it dissociates. Additionally, previous work with other MOF
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systems have shown promising nanosizing effects with the use of similar imidazole
modulators. 170171
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Figure 4.2. Particle sizes of Fe(TA), resulting from modulated syntheses. (a) —

(e) SEM images of Fe(TA), nanoparticles synthesized with 1-methylimidazole
equivalents (with respect to FeCly) ranging from 0.055 eq (a) to 0.709 eq (e).
Images were set to greyscale using Adobe Illustrator. Insets: histograms of particle
size distributions from >200 particles fitted to weighted gaussian distributions.

f) Particle sizes using 1-mIm (blue squares), 1-benzyl-2-methylimidazole (Benzyl,
green triangle) 5-bromo-1-methylimidazole (Bromo, red triangle), and n-butylamine
(nBA, purple triangle). Filled data points were determined by SEM and open data
points by Scherrer analysis.

In comparison to the bulk synthesis first reported by Yaghi et al in
2012,(19:20:21) the synthesis of nanoparticles was conducted under dilute conditions,
with stirring, and varying modulator equivalents. After heating the reaction
mixture under air-free conditions in DMF at 120 °C, the reaction was terminated
after 1.5 h by removing from heat and immediate centrifugation and washing.
These reactions are low yielding (6 — 23%), which is further evidence of arrested

growth of kinetically trapped particles, as has been observed in other nanoMOF
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systems (Fig. C.3). Indeed, Figure 4.1d shows the expected PXRD pattern of
Fe(TA)y but with peaks that broaden with greater equivalents of modulator.
Additionally, Figure 4.2 shows that particle sizes determined by Scherrer analysis of
these data and by SEM imaging dramatically decrease with increasing equivalents
of 1-mIm. At low equivalents of 1-mIm, the particle sizes decrease steeply: from
0.055 eq to 0.709 eq, the particle sizes reduce from 130 nm to 16 nm. Beyond
0.709 eq, the particle sizes level off abruptly, decreasing to 5.5 nm only with 10.9
equivalents of modulator (Fig. 4.2f). To the best of our knowledge, the 5.5-nm
particles represent some of the smallest reported MOF particle sizes synthesized
by a facile one-pot modulator method, whereas the synthesis of nanoMOFs below
10 nm typically requires multiphase systems, dropwise additions, or multiple
modulator ligands. 172173174) Figure le depicts a simulated structure of 5.5-nm
Fe(TA),, confirming that such a small size still includes many pores due to the
unusually high density of this MOF. SEM analysis of the 16 and 25 nm particles
reveals unimodal and symmetrical size distributions and essentially spherical
morphologies (Fig. 4.2). Although the two smallest particle sizes synthesized were
not well-resolved by SEM, the images clearly reveal small nanoscale particles (Fig.
C.7). Instead, particle sizing was accomplished by Scherrer analysis. To confirm
the domain sizes from PXRD, we additionally performed Le Bail refinements

on patterns of the largest and smallest particles and found the domain sizes

agree with SEM imaging for the 130 nm particles and Scherrer analysis for the
5.5 nm particles (Table C.1, Fig. C.2). Scherrer analysis, as expected, produces
underestimated values, particularly as particle sizes increase. Microscopy of larger
particles (0.055 eq 1-mIm, 130 nm) show octahedral faceting, akin to the bulk

MOF product. Size distributions also skew towards larger sizes when the modulator
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equivalents are low, indicating that particles may grow by non-classical mechanisms
such as digestive ripening or interparticle coalescence. 1717 The dispersity of the
particle populations can be quantified by dividing the standard deviation given
from a Gaussian fit by the mean size; these values vary between 0.09 and 0.18.
These dispersity values are considerably lower than the typical dispersity values of
nanoMOF's, which are often as high as 0.6, and rival the archetype of low-dispersity
MOF particles, ZIF-8, which also exhibits values around 0.09. (77832 Mgssbauer
spectra of the smallest particles before and after air exposure were collected to
determine the efficacy of our air-free synthesis. In the air-free sample, Fe3* is not

observed (Fig. 4.3).
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Figure 4.3. Mossbauer spectra of the smallest FeTA, samples under N,. In addition
to the main peak, indicative of low-spin Fe?* in an octahedral environment, there is
a shoulder at high isomer shift that may be related to undercoordinated iron sites
at the surface.

As the smallest particles exhibit the highest external surface area and would
therefore oxidize readily, these data suggest that all samples synthesized, stored,
and measured air-free exist in the fully ferrous state. Whereas modulators may
incorporate as internal defects or surface ligands in other MOF systems, 'H acid
digestion NMR indicates that 1-mIm does not incorporate in most cases (Fig. C.8).

Remarkably, despite the lack of conventional capping ligands, particles of all sizes
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exhibit colloidal stability in DMF under anaerobic conditions for at least three
months, even at relatively high concentrations of 10-20 mg/mL. Dynamic light
scattering measurements of 25-nm particles stored for three months gave a solvated
diameter of 60 + 10 nm, a reasonable increase from the SEM images of dried
particles that did not exhibit aggregation (Fig. C.10). Therefore, these Fe(TA),
particles exhibit superior long-term stability compared to previously reported MOF
systems, which, with the notable exception of ZIF-8 in methanol, are typically
coated with polymers or surfactants to achieve colloidal stability. (178179)

To explore the general application of this nanocrystal synthetic route,
we investigated 5-bromo-1-methylimidazole, 1-benzyl-2-methylimidazole, and n-
butylamine (nBA) as alternatives to 1-mIm. Due to their differences in Lewis
and Brgnsted-Lowry basicities, this series of modulators offers a platform for
exploring the competing equilibria outlined in Figure 4.1b. Specifically, we expected
that nBA, as the strongest ligand and proton accepter, would yield the smallest
sizes. Figure 4.2f plots the resulting particle sizes using 0.218 equivalents of
each modulator, indicating that each of these alternative modulators produces
nanoparticles, with nBA giving the smallest sizes and the bromo-substituted
variant, i.e., the weakest ligand, producing the largest sizes. This trend correlates
with the strength of the N-Fe bond, as the weakly electron-donating benzyl group
allows the imidazole nitrogen to increase its sigma-donating ability, whereas the
electronegative bromine moiety withdraws electron density from the N-Fe bond.
This size trend therefore provides further evidence that modulators compete with
the triazole MOF linkers. SEM images confirms that the resulting particles are also

uniform (Fig. 4.4)
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Figure 4.4. SEM images of particles synthesized with different modulators. a)
Fe(TA), synthesized with 0.218 eq of n-butylamine. b) Fe(TA), synthesized
with 0.218 eq of 1-benzyl-2-methylimdaizole. ¢) Fe(TA), synthesized with 0.218
equivalents of 5-bromo-1-methylimidazole. d) Fe(TA), product synthesized with
10.9 eq 5-bromo-1-methylimidazole showing small aggregated particles and long
string-like structures.

High equivalents of n-butylamine (>1 eq) formed an amorphous precipitate
at room temperature (Fig. C.1a). Interestingly, if heated and stirred, this gel-
like reaction mixture still produced phase-pure Fe(TA),, although samples using
this modulator suffered from poor colloidal stability. High equivalents of 5-
bromo-1-methylimidazole resulted in significant particle aggregation as well as an

unidentified phase impurity (Fig. 4.4d, C.1c,). With 10.9 equivalents of 5-bromo-

1-methylimidazole, the PXRD peaks also appear to shift to slightly lower angles,
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indicating a small increase in unit cell size. Additionally, particles synthesized with
5-bromo-1-methylimidazole often suffered from poor colloidal stability. The use

of 1-benzylimidazole resulted in small Scherrer sizes, although a possible phase
impurity is also observed (Fig. C.1b).

We therefore chose to move forward with 1-methylimidazole, as the products
were consistently phase-pure and small particles were obtained at reasonably low
equivalents. We also employed more dilute conditions compared to the previously
reported bulk synthesis. To ensure that the results observed were due to the
modulator and short reaction time, we performed our bulk synthesis under the
same concentration (0.0575 M FeCl,, Fig. C.6a). Encouraged by the results with
Fe(TA),, we explored the synthesis of Co(TA), and Cd(TA), with the addition
of 1-methylimidazole and observed a similar size trend by Scherrer analysis and
SEM imaging (Fig. 4.5, 4.6). Indeed, this synthetic strategy yielded nanoparticles
of both materials, showing that the addition of 1-mIm as a modulator may be a

generally applicable method to synthesize nanoMOFs comprised of triazole linkers.
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Figure 4.5. Synthesis of nanosized Co(TA)y using 1-mIm as a modulator. a) PXRD
patterns of the bulk synthesis of CoTA, compared to the nanosized synthesis using
varying equivalents of 1-methylimidazole. b) Particle diameter trend with respect
to 1-methylimidazole equivalents. Filled squares are sizing from SEM, measuring
>200 particles. Empty squares are Scherrer crystallite sizes. SEM images and size
histograms for (c¢) the bulk synthesis with no modulator, (d) 0.05 equivalents of
1-mIm, and (e) 0.3 1-mIm equivalents. f) SEM image for 0.5 1-mIm equivalents;
crystallite sizes from Scherrer analysis follow the expected trend but SEM shows

poor morphology.
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Figure 4.6. Size trends of new Cd(TA), products modulated by 1-methylimidazole.
Particles synthesized with a) 0.5 equivalents, b) 1.0 equivalents, c¢) 1.25 equivalents,
d) 1.5 equivalents, and e) 1.75 equivalents with respect to Cd in the reaction. f)
Particle sizes determined from SEM imaging vs 1-methylimidazole equivalents.
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Size-Dependent Optical Properties of Colloidal Fe(TA), Nanoparticles
The remarkable colloidal stability and small sizes of Fe(TA); nanoparticles
yielded suspensions with minimal light scattering, as seen in the inset photo of
Fig. 4.7a. In fact, diluting colloidal suspensions of Fe(TA); results in samples
with sufficient transparency for solution-state UV-Vis absorption spectroscopy. In
general, any spectroscopy of MOF materials involves analysis of solid-state samples,
with UV-Vis analysis demanding diffuse reflectance methods. Figure 4.7a shows
solution-state UV-Vis spectra for all Fe(TA), particle sizes. These spectra comprise
some of the only examples of solution-state spectroscopy of MOF materials, which
include isolated reports of MOF-525, TMU-34, and Zn-MOF-74. (180:179:178;112) T,
the best of our knowledge, this report is the first to quantify fundamental optical
properties from the absorbance spectra of MOF particles in solution. The spectra
exhibit the same two MLCT bands (ca. 4.2 ¢V and 3.3 eV) as observed in the bulk
material (Fig. 4.7a, shaded grey). Due to significant scattering observed in the
spectra of larger particle sizes, the low-intensity d-d transition expected at 2.36 eV
for the low-spin-state material from the bulk spectrum is obscured in all spectra.
Notably, the spectra lack an inter-valence-charge-transfer (IVCT) band around 1.24
eV that arises from mixed Fe?*/3* valency, suggesting the particles exist in a fully

ferrous state, in agreement with the Mossbauer spectra showing only Fe** (Fig.

4.3).(20
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Figure 4.7. Solution-state UV-Vis absorption spectra of Fe(TA), nanoparticles. a)
Normalized spectra of colloidal Fe(TA ), nanoparticles of varying sizes suspended in
DMF (colored traces) compared with the bulk MOF (filled grey area) as reported
by diffuse reflectance.?®) Smallest and largest particles traces are emphasized. Inset
contains a photo of the smallest and largest particles as solutions in cuvettes. b)
Normalized CT2 band and ¢) corresponding peak maxima versus particles sizes. d)
Normalized CT1 band and e) corresponding peak maxima versus particles sizes.
Peak maxima are reported for syntheses modulated by 1-mIm except for data
labeled for n-butylamine (nBA) and 1-benzyl-2-methylimidazole (Benzyl).

Close inspection of the solution-state spectra reveal that the peak maxima
of the two charge transfer bands decrease in energy with increasing particle sizes,
while a shoulder emerges at energies below the lower-energy band (Fig. 4.7). For
the higher energy band (CT1), the maximum shifts a total of 0.22 eV, while the
lower band (CT2) maximum shifts 0.11 eV. In the bulk material, the A4, of
CT1 appears at a lower energy of 3.99 eV, and CT2 appears at 3.47 eV, within
range of the )\, of the nanoparticles. Although the CT2 band is split in the bulk
spectrum, the peak-to-peak separation appears more extreme in the nanoparticles,
with the lower-energy shoulder appearing at much lower energies (Fig. C.15).
These data represent the first examples of size-dependent shifts to optical

properties of MOF materials. To determine whether the modulator plays a role in
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the size dependence, UV-Vis spectra were collected of particles synthesized with n-
butylamine and 1-benzyl-2-methylimidazole. Because modulated MOF syntheses
often introduce defects, we anticipated the modulator identity to influence the
extent of defect incorporation in Fe(TA), nanoparticles. '?) Interestingly, the
Amaz Values for particles prepared with these alternative modulators are similar

to Fe(TA), particles prepared with 1-mIm. Therefore, the size-dependent optical
behavior is unlikely due to modulator-induced defects and is reproducible (Fig.
4.7c, 4.7¢).

The shift in the peak maxima suggest that the electronic structure of
Fe(TA), changes with particle size. Several physical scenarios might explain this
observation. The first possibility is quantum confinement; particle sizes smaller
than the excitonic Bohr radius of Fe(TA), would exhibit blue-shifted absorption
events. Previous electronic structure calculations of Fe(TA)s, however, depict
relatively shallow band curvatures and therefore low charge carrier mobilities, which
would result in an insufficiently large excitonic radii for quantum confinement. (81
Additionally, band-gap transitions of quantum-confined materials linearly increase
with 1/r%, based on the effective mass approximation, or as 1/r due to Coulombic

182) However, a linear trend is not observed in this

electron-hole interactions. (
transition with respect to 1/1? or 1/r (Fig. C.15). A second explanation may be
that the observed optical shifts arise from a size-dependent magnetic transition.
Previous studies of bulk Fe(TA), indicate that low-spin Fe? centers undergo

spin-crossover transitions at 290 °C, Y but this transition temperature might

occur at lower temperatures for smaller particles due to decreased cooperativity
of smaller domain sizes. For example, the spin-crossover temperatures of related

Fe-based 1-D coordination polymers decrease with decreasing particle sizes. (183)
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The distinct electronic configurations of high- and low-spin states would produce
different sets of spectra, as is well-documented for spin-crossover materials. (18418)
Preliminary PXRD analysis, however, suggests the nanoparticles exist in the

2D Additionally, we observe

denser low-spin crystallographic phase (Fig. 4.1d).
by differential scanning calorimetry (DSC) that the LS-HS phase transition still
occurs far above room temperature for even the smallest Fe(TA), particles (Fig.
C.11). Partial oxidation of iron sites is another possibility, as a change in shape

of the charge transfer bands has been reported for Fe(TA), bulk powders after
chemical oxidation.?®) This scenario is unlikely, however, as the colloids are stored
and measured air-free, and the spectra lack an intervalence charge-transfer band
and Mossbauer spectra of the smallest particles exhibit only a ferrous species

(Fig. 4.3). Finally, structural distortions due to the high surface-to-volume ratios
of small particles could be responsible for the size-dependent spectral shifts as
optical shifts arising from surface restructuring has been reported in several metal-
oxide nanoparticle systems. 186 Specifically, the localized orbitals of surface, sub-
surface, and internal species in different geometries could contribute different
absorption bands to UV-vis profile, with surface species playing the greatest role
in the smallest particles. Delocalized wavefunctions, on the other hand, might
respond coherently to structural distortions, contorting the shapes of valence band
and conduction band orbitals and shifting their relative energies. The presence of
surface defects is supported by Ny sorption experiments, which show that the 48-

nm particles display a lower accessible surface area than the bulk material despite

their higher surface area to volume ratio (Fig. 4.8).
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Figure 4.8. Nitrogen isotherms of bulk iron triazolate compared to 48-nm
nanoparticles. The nanoparticles were synthesized with 0.218 equivalents 1-
methylimidazole. Samples were washed with DMF (2), MeCN (2), and DCM (5)
and evaporated to dryness. Samples were degassed at 120 °C for 24-48 hours,

until the degas rate was below 2.5 utorr/min. a) Ny adsorption (blue circles) and
desorption (red triangles) isotherms for bulk and nano Fe(TA),. b) BET plot for
bulk Fe(TA),. ¢) PXRD of Fe(TA), nanoparticles before and after measurement. d)
BET plot for Fe(TA), nanoparticles.

This strong size-dependence in the absorption energies has never before been
observed for MOFs. Although the exact cause is yet unknown, we have ruled out
several possibilities and are investigating the size-dependence further in on-going
studies.

Conventional spectroscopy of bulk MOF's inhibits interpretation of
absorption intensities, whereas solution state measurements allow for the
determination of extinction coefficients () for all Fe(TA), particle sizes.

Quantitative analysis of extinction coefficients has driven the quantum mechanical
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understanding of semiconductor nanocrystal optical phenomena by relating
optical oscillator strengths (f) to detailed information about electronic structure
and by providing a practical estimation of particle concentrations from optical

spectra. 187188) Quch analysis is currently limited for MOF materials; to date
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Figure 4.9. Extinction coefficients of Fe(TA)s nanoparticles. a) CT1 (blue)

and CT2 (black) extinction coefficients plotted as & per particle versus particle
diameter. Solid curves are fits of € to cubic functions of diameter. Pre-factors

for CT1 and CT2 fits are 18013 and 15100, respectively. b) UV-Vis traces for all
particle sizes plotted as extinction coefficient € per particle. ¢) Oscillator strength

determined per particle for the two charge transfer bands as well as the shoulder
(sh) of CT2.

only one report discusses the dependence of optical properties—in this case
fluorescence—on particle size and defectiveness. (1'?) Figure 4.9a plots the extinction

coefficients of peak maxima versus particle diameters, which increase by four
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orders of magnitude, from 10° (cm™ M™!) for 5.5 nm particles to 10' (cm™!

M™1) for 130 nm particles. Extinction coefficients were determined using a linear
relationship between concentration and extinction at low concentration, with both
absorption and scattering processes contributing to the overall extinction (Fig.
C.14). It is evident from the spectra alone that the extinction coefficients depend
strongly on particle sizes, with larger sizes absorbing more intensely than smaller
particles, as expected from the increased number of absorber units (Fig 4.9b).

To explain this dramatic increase in absorber strength, the extinction coefficient
data were fitted to cubic functions of particle diameters, as has been demonstrated
for lead chalcogenide semiconductor nanocrystals based on the hypothesis that
absorber strength per particle arises from increased particle volumes. 189 A

cubic relationship produces an excellent fit except for larger sizes, in which the
experimental data appears depressed in relation to the expectic cubic trend, most
likely due to light scattering (Fig. 4.9a). While greater extinction coefficients may
be expected for larger particles, the absorption strength per Fe(TA), formula unit
depends on particle diameters as well, ranging from 3000 — 7000 cm~! M~!, which

are typical values observed for molecular charge transfer bands (Fig. 4.10a).
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Figure 4.10. The extinction coefficient and oscillator strength of Fe(TA),
nanoparticles per formula unit. a) The extinction coefficient of Fe(TA),
nanoparticles per formula unit. Generally, the extinction coefficient per formula
unit increases as size increases, although the 16 nm particles and 130 nm particles
deviate from this trend. b) Oscillator strength determined per formula unit
Fe(TA),. While the oscillator strength per particle clearly trends upwards with
size, here the value appears to peak for the 25 nm particles. Values do not change
significantly, however, and could be considered consistent across particle sizes.

For a deeper analysis of absorption intensities, oscillator strengths f can
be determined for each of the absorption bands. When calculated per particle,
[ increases with particle sizes (Fig. 4.9¢), as expected for an increased number
of absorbing units. Determined per formula unit, the oscillator strength changes
minimally with particle sizes, with f values ranging from 0.05 to 0.27 (Fig.
4.10b). In all cases, f per formula unit is on the order of 107!, as expected for
a charge transfer that is both spin and parity allowed. Combined, these results
show that colloidal stability enables powerful quantitative analysis of the optical
properties of MOF nanocrystals. Although the analysis herein does not yet consider
possible non-linear contributions of scattering to total extinction, this type of
analysis represents a step forward for understanding the optical properties of MOF

structures. (190:191)
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Redox Chemistry and Charge Transport of Fe(TA), Nanoparticles
Although solid-state techniques and additives such as polymer binders
are required to study redox properties of bulk MOFs, the colloidal stability of
Fe(TA), nanoparticles enabled characterization by solution-state electrochemistry.
Figure 4.12a shows cyclic voltammogram (CV) traces for several particle sizes
using standard 3-electrode cell configurations. These four smallest-sized particles
were stable in 0.1-M TBAPFg / DMF electrolyte mixtures under applied bias,
while attempts to analyze 48-nm particles failed, likely due to aggregation, as the
particles precipitated from the stored electrolyte solution over the course of a few
days. Although we expected only a single redox event corresponding to Fe?+/3+
oxidation, all samples exhibited qualitatively similar traces with three broad, quasi-
reversible features appearing at similar applied potentials. The 16-nm colloidal
suspension was further investigated due to the well-defined features of its CV trace.
As summarized in Figure 4.11d, variable scan rate measurements showed a strong
dependence of the peak-to-peak separation AE for the lowest-potential redox event
at around -0.61 V (purple closed triangles), ranging from 9.2 mV at 100 mV/s to
56 mV at 130 mV /s, while the second event, centered at -0.29 V (purple open
circles), showed less reversibility, with AE of 126 mV at 100 mV/s to 144 mV at
130 mV/s (Fig. 4.11d), while AE for the highest-potential feature, centered around

0.13 V, could not be resolved.
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Figure 4.11. Cyclic voltammetry of Fe(TA), nanoparticles analyzed as colloids or
thin films. Initial scan directions are indicated by arrows. a) CV traces collected at
a 130 mV /s scan rate for four particle sizes prepared as colloids in 0.1-M TBAPFg
/ DMF; current density is normalized to the second faradaic event. Scan rate
dependence of 16-nm particles drop-casted onto glassy carbon in 0.1-M TBAPFg /
MeCN (b) and TBABF,/MeCN (c). Light to dark greyscale traces correspond to
10 mV /s — 500 mV/s. Relevant peaks are marked with filled triangles (first peak
analyzed) or open circles (second peak analyzed) in all panels. d) Peak-to-peak
separation with respect to scan rate. e) Peak current with respect to scan rate for
two reduction peaks in each of the 16 nm particle CVs. Dashed lines correspond to
linear fits.

To investigate the origin of these redox events and to demonstrate that the
solution processability of colloidal Fe(TA ), nanoparticles will facilitate their use
in MOF-based electrochemical devices, 16-nm Fe(TA), were drop-casted onto the
surface of glassy carbon electrodes. Figure 4.11b shows the variable-scan rate CVs
of the particle films in 0.1 M TBAPFy / MeCN. Despite the difference in solvent,
which was chosen to discourage particle delamination, the CV traces resemble those
of the free-standing colloids in Figure 4.11a. Due to the small pore size of Fe(TA)s,

we hypothesized that the broad waves of the voltammetric response reflect the
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hindered ability of the bulky PFy anion to diffuse through the material. Therefore,
these experiments were repeated on particle films using TBABF,, as previous
computational work has shown that the BF, anion is just below the pore size of
the MOF. (% In contrast to voltammetry with TBAPFg, the use of TBABF, causes
all peaks to sharpen and induces new voltammetric responses, most notably a
sharp, reversible feature at 1.2 V (Fig. 4.11c¢). For direct quantitative comparison,
we investigated two well-defined features from each set of electrolyte experiments,
as indicated by open circles and shaded triangles throughout Figure 4.11. Figure
4.11d shows that in both electrolyte media, AE is always smaller for the lower-
potential event, supporting the assignment of this peak to a surface Fe?*/3+ species,
which benefits from both better ion-pairing and faster kinetics of ion diffusion.
Additionally, the second event (pink circles) for a film in TBAPFg shows the
largest AE among all conditions, including the colloidal suspension in TBAPFg
/ DMF (purple circles). Interestingly, as shown in Figure 4.11e, the peak current
for the events in all experiments exhibit a linear dependence with respect to scan
rate. Therefore, even if the particles are employed as colloids, the redox events are
adsorption-controlled. (192

To precisely quantify the role of ions in the redox chemistry of Fe(TA),
particles, we employed quartz crystal microbalance (QCM) electrodes. Spin-
coating 16-nm particles onto the QCMs yielded uniform multi-layer nanoparticle
films (Fig. C.21), which allowed us to measure their voltammetric responses and
simultaneous mass changes in either TBAPFg or TBABF, environments. The
frequency of the quartz crystal oscillation is sensitive to mass changes at the crystal
surface, allowing monitoring of film loading and ion flux while the potential is

scanned. Figures 4.12a and 4.12b show both the CV traces and the number of

76



moles of anion adsorbed to the particles based on the mass change of the QCM

193) and assuming that all mass change

electrode, using the Sauerbrey equation
is due to unsolvated PFg and BF, anions. Once again, the redox waves of the
sample analyzed with TBAPF¢ exhibits broad features in comparison to the same
size nanoparticles in TBABF, (Fig. 4.11, Fig. C.20). Additionally, substantially
more current passes to the particles in the presence of TBABF,. Charge integration
shows nearly seven-fold enhancement, with stoichiometric oxidation of nearly all

Fe sites, i.e., e :Fe = 0.9 when using TBABF,, whereas TBAPFy yields only

e :Fe = 0.3. This comparison suggests that more Fe sites are electrochemically
accessible in the TBABF, experiment, which we attribute mainly to the ability

of the smaller anions to diffuse through the porous MOF particles, while bulky

PF¢ anions merely collect at the nanoparticle surface. This result contrasts with
studies of ion diffusion in MOFs with large pores, wherein ion pairing hinders

(194) A further contribution may

small ions to a greater degree than larger ions.
be differences in thin thickness and morphology, although films were homogenous
for both cases (Fig. C.24, Table C.7). The mass of the particle films increases in
both experiments with oxidizing potentials, as expected for incorporation of charge-
balancing anions, but far more anions incorporate when using the smaller BF ions.
Approximately four times as many moles of BF, adsorb compared to PFy, yielding
PFg:Fe = 0.1 and BF,:Fe = 0.4 (Table C.7). We expect that surface ions provide
additional charge-balancing anions needed for stoichiometric oxidation of all Fe
sites. Comparing mass changes to redox waves at a given potential provides further
insight into the nature of the redox chemistry. Most notably, the coincidence of a

sharp increase in mass and current at ca. 1.2 V strongly suggest this redox event

corresponds to ion-coupled charge transport to interior Fe sites enabled by the
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smaller size of the BF, anion in comparison to the gradual mass changes and broad
redox waves of the TBAPFg experiments. None of the other features in the CV
traces are obviously associated with an increase in mass; rather, in TBAPFg and
at low potentials in TBABF,, the mass increases gradually as the cell is scanned
oxidatively. A gradual increase in mass therefore indicates that for these features,
ions are collecting at the particle surface rather than diffusing through the pores.
The observation of several voltammetric features spanning a wide potential window
is surprising; however, it is expected that surface species would be oxidized at a
lower potential than internal iron sites that require significant ion intercalation.
These data stand in stark contrast to two prior reports of bulk Fe(TA), cyclic
voltammetry. In one study, scanning the bulk material in an air-free environment
in LiBF, / propylene carbonate showed a single redox feature at high potential,

2+/3+ (20)

assigned to Fe In the other report, the material was synthesized in aerobic

conditions and scanned in 0.1-M KOH, showing several redox events assigned

to varying Fe surface species. (1%

Here, we assign the sharp reversible event at

1.2 V in TBABF, to Fe?*/3+ while broad events at lower potential in either
electrolyte are assigned to a combination of capacitive charging and surface Fe?*/3+
species. Cyclic voltammetry of the 1,2,3-triazole linker in 0.1-M TBAPFy; / DMF
reveals a chemically irreversible event at 0.31 V vs Fc*/? (Fig. C.17), supporting
the assignment of redox waves to Fe?*/3+_ Although ion intercalation and ion
pairing are frequently invoked to understand MOF redox chemistry, charge storage
and sensing, these data represent some of the only direct measurements of ion

intercalation processes by employing quartz crystal microbalance electrodes. (194:196)

They also show that nanosizing MOFs can improve the availability of redox-active

78



sites, thus lowering redox potentials through improved ion pairing, a key insight

into designing electronic MOF devices.
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Figure 4.12. Cyclic voltammetry with superimposed QCM data of Fe(TA),
nanoparticles. Initial scan directions are indicated by arrows. CV traces collected
at 100 mV /s with a Pt QCM electrode for 16-nm particles in TBAPFg / MeCN (a)
and TBABF,. (b) Colored open circles refer to the right axis, moles of anions with
respect to moles Fe(TA )y on the QCMs.

Thin film fabrication and solid-state measurements are enabled by the
long-term colloidal stability and solution-processability of Fe(TA),; nanoparticles.
Doctor blading high-concentration suspensions onto glass slides afforded uniform
films with smooth surfaces, as shown in the cross-sectional FIB-SEM images in
Figure 4.13. Additional SEM images and photos of particle films can be found
in Appendix C (Fig. C.22-C.25). Figure 4.13b shows conductivities of thin films

under Ny for the three particle sizes: the conductivity increases from 6.33 nS/cm
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for the bulk sample to 50.6 nA/cm for 84 nm, and finally to 611 nS/cm for a film
comprised of 25-nm particles. A previous report of bulk Fe(TA),; measured values
of 0.1 nS/cm for a sample kept air-free. ?® Although the values herein are higher,
the samples still lack oxidation, as even the smallest particles (5.5 nm) handled
air-free do not show Fe3* by Mossbauser spectroscopy (Fig. 4.3). After three days
of air exposure, the conductivity of the samples increases to 1.21 uS/cm (Bulk),
8.25 puS/cm (84 nm), and 91.0 uS/cm (25 nm) (Fig. 4.13c). The values collected in
air agree with the first reported value of 77 uS/cm; the bulk value herein is likely
lower due to the air exposure time only lasting three days. (') These measurements
suggest a size-dependence in the charge transport behavior of Fe(TA),, with the
conductivity increasing as the particle size decreases. While this trend may be
unexpected due to smaller particles introducing more grain boundaries, the cross-
sectional SEM images indicate that nanoparticles exhibit denser inter-particle
packing in comparison to the bulk material (Fig. 4.13). Hence, despite the largest
grain size, the overall conductivity of the bulk sample still suffers in comparison

to well-packed nanoparticles. After air exposure, the conductivity of all samples
increases 2 to 3 orders of magnitude, most likely due to oxidation and the creation
of mixed valency. Mossbauser data shows that samples allowed to oxidize in air
varying small amounts of Fe?* but the degree of oxidation shows no trend with
respect to particle size (Fig. C.12). Therefore, the main cause of size-dependence
in the conductivity values arises from efficient particle packing. These results imply
that grain boundaries in Fe(TA), may present relatively shallow barriers to charge
transport. Notably, in polycrystalline organic semiconductor films, smaller grain
size does not always decrease conductivity; transport in such systems depends

extensively on microstructure and grain boundary site energy. (197198199 Fyrther
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investigations are ongoing into the charge transport mechanisms of Fe(TA),
nanoparticles, including the dependence on size, redox-state, and guest-host

interactions for technologies ranging from charge storage to electrochemical sensing.
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Figure 4.13. Charge transport measurements of Fe(TA), nanoparticle thin

films. a) Photograph of a thin film prepared under Ny by doctor-blading 84-nm
nanoparticles. b) Van der Pauw DC conductivity values of three Fe(TA), thin films
under Ny and after three days of air exposure. Values for samples in air are in
turquoise. Inset shows a zoomed-in view of conductivity values of the films under
N,. Error is derived from the ratio between the probe width and the sample width.
d) FIB-SEM image of a cross-section of a representative bulk film. e¢) FIB-SEM
cross-section of a representative 84-nm film, showing dense inter-particle packing.
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Conclusions

In summary, conductive Fe(TA), nanoparticles can be prepared reproducibly
with excellent colloidal stability. The solution processability of this unprecedented
class of semiconductor nanocrystals enables solution-state spectroscopy and
electrochemistry, whereas MOF characterization typically requires solid-state
techniques. These measurements reveal an unexpected size dependence to the
optical transitions and enable the first analysis of MOF extinction coefficients,
which scale with particle size. Fe(TA), particles can be probed by colloidal and
thin-film voltammetry, revealing show redox chemistry sensitive to ion pairing and
intercalation effects within the porous materials. Finally, we demonstrated that the
particles can be easily processed into thin films for charge transport measurements

that reveal increased conductivity compared to the bulk material.
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CHAPTER V
NANOCONFINEMENT EFFECT AND REDOX CHEMISTRY IN FE(TA),
NANOPARTICLE THIN FILMS

This chapter includes unpublished and co-authored material from the
prospective manuscript Huang, J,; Marshall, C.R.; Ojha, K.; Shen, M.; Kadota,
K.; McKenzie, J.; Fabrizio, K.; Brozek, C.K. Giant Redox Entropy in Intercalation
Chemistry of Nanoconfined MOF Nanocrystals. The project in this chapter was
conceptualized and developed by Checkers R. Marshall, Jiawei Huang, and Carl
Brozek. The manuscript was written by Jiawei Huang, with editorial assistance
from Checkers R. Marshall and Carl K. Brozek; the manuscript was edited by
Checkers R. Marshall for this dissertation. The experimental work in this chapter
was performed by Jiawei Huang, Kasinath Ojha, Checkers R. Marshall, Meikun
Shen, and Jacob McKenzie.

Metal-organic frameworks (MOFs) have drawn tremendous scientific interest
in the field of electrochemical energy storage and conversion. Their tunable porous
structures allow facile transportation of electrolyte species, and the large surface
area provides a high density of electroactive sites for driving electrochemical
processes. Distinct from electrochemical reactions on the non-porous electrode
surface, electrolyte species can intercalate into the MOF pores to drive redox events
via ion-coupled charge transport at the interior electrochemical interface. Previous
studies into porous carbon-based materials and two-dimensional layered transition
metal oxides have reported that the nanoconfinement effect inside the pore
environment alters the solvation and intercalation structures of electrolyte species,

significantly impacting the electrochemical properties of porous materials. (200:201)

83



b) 0V vsFcle) 4 1.2VvsFc

Figure 5.1. Scheme of ion intercalation and redox chemistry in FeTA, film. (a)
FeTA, film in TBABF, electrolyte in acetonitrile under open circuit voltage
(OCV). (b) BF;-induced Fe?"/Fe** redox via the partial desolvation and
adsorption of BF; anions on the surface Fe sites. (c) BF, -induced Fe*" /Fe?™
redox induced by the complete desolvation and intercalation of BF; anions into
the nanoconfined FeTA, pore. Note: green, orange, gray, red, blue, and purple dots
represent Fe?*, Fe3*, C, F, N, and B atoms, respectively. Blue cloud-shaped area
represents the solvation shell of electrolyte ions.

By comparison, a fundamental understanding of the ion intercalation redox
chemistry inside the nanoconfined MOF pore and its implications for practical
applications still remain elusive, mainly due to the difficulty of differentiating
intercalation redox chemistry inside the pore from the reactions on the surface of
the MOF electrode. Previous studies on the ferrocenecarboxylic acid-functionalized
MOF-808/Nu-1000/NU-1003 series of MOF's, which are reticular structures with

varying pore size, show clearly that ion diffusion increases with increasing pore
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202) Meanwhile, in the

size, while electron transport shows the opposite trend.
MOF Zn(deph-Oh-NDI), ion diffusion was explored with different ion sizes and
it was found that strong interactions between the ions and the reduced redox-
active napthalenediimide linkers can hinder ion movement. %) To date, the studies
involving charge transport on MOFs are generally those with large pore size, with
ample room for ion diffusion. Herein we explore a dense MOF, Fe(1,2,3-triazolate),,
as we expect that a small pore size will lead to severe nanoconfinement effects.
Solvated BF; anions have a diameter of 10 A in acetonitrile, and the Fe(TA),
pore is merely 4.54 A. Desolvating the BF, anions entirely gives a radius of 3
A, which would allow for ion intercalation, but the desolvaiton process requires
energetic input. Therefore, in the previous chapter, we hypothesized that the
voltammetric response of Fe(TA), included both surface redox reactions at low
oxidizing potentials, and intercalation redox chemistry at much higher potentials.
Herein, we unravel how the nanoconfinement effect impacts the ion-intercalation
redox chemistry inside Fe(TA), (TA = 1,2,3-triazolate) nanoparticles and assign the
redox features to surface and intercalation events (Fig. 5.1).

Fe(TA), nanoparticles with tunable sizes were synthesized by following our

4

recent work, where different amounts of 1-methylimidazole as a “modulator” were

s. (294 Scanning electron microscopy (SEM)

added into bulk synthesis procedure
analysis showed that nanoparticles of Fe(TA); MOFs with sizes of 16 nm, 25 nm,
and 46 nm were prepared (Fig. D.1). Powder X-ray diffraction (PXRD) patterns
further confirmed the retention of the crystalline structure of obtained Fe(TA),
nanoparticles (Fig. D.1). Those nanoparticles were spin-coated into a Fe(TA), film
on the quartz crystal electrode for electrochemical investigations. Previous reports

20;195

indicate that the Fe centers in Fe(TA), are redox-active, ( ) making this
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Figure 5.2. CV scans and corresponding mass change data from EQCM for three
Fe(TA)y nanoparticle thin films: a) 16 nm particles (4.0 ug), b) 25 nm particles
(4.0 ug) and c¢) 48 nm particles (5.7 ug). Asterisk indicates an irreverible event
arising from the MOF linker. Arrows indicate the direction of the scan from open
circuit potential; for clarity, the end of the QCM loop returning to open circuit has
been removed.
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small-pore MOF an ideal model to study ion intercalation in well-ordered porous
materials.
Identifying Intercalation Chemistry in Fe(TA), Films

THe CV scans of Fe(TA), films, composed of particles of varying size,
exhibit similar voltammetric features in the potential range from -0.4 V to 0.2
V vs. Fc®* (Fig. 5.2). All films show several broad voltammetric features at
low potential, and a sharp and reversible feature at ca. 1.2 V vs. Fc%*, which
is independent of other voltammetric features in the CV trace (Fig. D.2). The
difference in voltage between the various features suggests that the Fe sites within
Fe(TA)y are fundamentally different in nature. Previous studies have shown that
the position of Fe>*/3* redox can be tuned by manipulating the Fe coordination
sphere. ?%) In the case of the ideal Fe(TA); material, all Fe sites are octahdral and
coordinated by 6 N-donating triazole ligands. However, nanoparticles often exhibit
significant surface defects, which may contribute to coordination site changes and a
resulting shift in redox potential.

Even though coordination environment can shift redox potential, this
is insufficient to explain the event at 1.2 V vs Fc?*, which unusally sharp and
reversible. Such a sharp “butterfly” signature has previously been attributed
to adsorbates on the surface of noble metal electrodes undergoing a disorder-
order phase transition; notably, however, these events are not associated with
any increase in mass as the adsorbates are already on the electrode surface. (26)
Accordingly, we monitored the potential-dependent mass variation on Fe(TA), film
using in situ electrochemical quartz crystal microbalance (EQCM). A significant
mass increase and decrease was observed at the 1.2 V feature in the anodic and

cathodic direction of CV trace, respectively (Fig. 5.2), excluding the possibility
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that the 1.2 V voltammetric feature was attributable to the phase change of
absorbates on the Fe(TA), film surface. The total mass change per formula unit
Fe(TA), only increases slightly as particle size increases. However, if normalized
to particle volume, the mass change of the 1.2 V feature shows a linear trend,
indicative that the feature originates from the intercalation of BF, anions into
the confined MOF pores (Fig. 5.3b). Reversibility also suffers in the case of the
48-nm particles; both the voltammetric features as well as the QCM loop are
noticeably wider in this sample, most likley due to an intrinsically longer diffusion
pathlegnth across the particles’ diameter (Fig. 5.2¢). Lower-energy redox events
show a mass increase that is proportional to the surface area of the nanoparticles,
further indicating that surface and intercalation redox events are distinct in this

system (Fig. 5.3a).
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Figure 5.3. Plotting the change in mass on the QCM electrode over the voltage
range of surface and intercalation features. a) The feature at 1.2 V vs Fc% for
the three films of differently-sized particles vs the particle volume shows a linear
relationship. b) The feature at 0.0 V instead shows a linear relationship with
respect to paricle surface area.

To support the assignment of the 1.2 V feature to BF, anion intercalation

redox reaction, time-of-flight secondary ion mass spectrometry (ToF-SIMS) was
88



employed to map the depth distribution of both BF; anions and TBA™ cations

via sputtering through the Fe(TA), film. Given that bulky TBA™ cations cannot
intercalate into the pore of Fe(TA), nanoparticles, the distribution of TBA™ cations
can be used as a reference to identify the surface region of Fe(TA), film in ToF-
SIMS results (denoted as the gray area throughout Fig. 5.4). After applying

the reducing potential of -1.0 V vs. Fc%* to Fe(TA); film, the depth-dependent
boron signal, originating from the bond cleavage of BF; anions during the surface
sputtering, was only detected within the surface region (Fig. 5.4a(i)). This is
consistent with the spatial distribution of TBABF, electrolyte under a negative
applied potential, where both BF; anions and TBA™ cations should remain on the
surface of Fe(TA)y film. ToF-SIMS further showed that the boron signal remained
on the surface region after applying 0.2 V vs. Fc%* to Fe(TA), film (Fig. 5.4a(ii)),
illustrating that the voltammetric features in the potential range from -0.4 V to 0.2
V vs. Fc* originated from the adsorption (anodic current) or desorption (cathodic
current) of BF; anions on the surface Fe sites. By contrast, the boron signal is still
observable even when sputtering into the Fe(TA), nanoparticle film after applying
the potential of 1.4 V vs. Fc®* (Fig. 5.4a(iii)). These results clearly confirm the
proposed mechanism depicted in Figure 5.1: at low voltage, surface redox occurs,

then the intercalation of BF, anions occurs at the 1.2 V voltammetric feature.
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Figure 5.4. ToF-SIMS of spatial distribution of boron and tetrabutylammonium
(TBA™) in Fe(TA), film after applying different voltages. (a) ToF-SIMS depth
profile of boron within Fe(TA), film after applying (i) -1.0 V vs. Fc®/*, (ii) 0.2 V
vs. Fc%* and (iii) 1.4 V vs. Fc%*. (b) ToF-SIMS depth profile of TBA* within
Fe(TA), film after applying (i) -1.0 V vs. Fe%*, (ii) 0.2 V vs. Fc%*, and (iii) 1.4 V
vs. Fc%*. Both boron and TBA* signals are referenced to the Pt signal from the
QCM crystal surface. The gray area represents the surface region of Fe(TA), film
that is defined by the distribution of the TBA™ siganl. The spin-coating amount
of 16-nm Fe(TA), nanoparticles to those three EQCM electrodes was controlled to
be ca. 5.5 ug (i.e., ca. 60 nm in film thickness) in order to obtain depth-dependent
data.

Investigations into the charge variation across the Fe(TA), film in CV
measurements found that the mass increase in the anodic CV direction also
cooperated with the continuous accumulation of positive holes in the Fe(TA),
film (Fig. D.4). These mass and charge increases of the Fe(TA), film suggest

that voltammetric features both from the surface and inside the nanoconfined
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pore of Fe(TA), follow the ion-coupled charge transfer mechanism, where the
oxidation of Fe?T to Fe?T requires the adsorption/intercalation of BF, anions to
Fe centers to maintain the charge neutrality of the Fe(TA), film. Interestingly,
distinct from the mass change (Fig. 5.2a), the charge increased more uniformly
and did not exhibit a significant change at the redox feature of 1.2 V vs. Fc%+
(Fig. D.3). We propose that holes can be initially stored at C2p and N2p orbitals
of triazolate linkers in Fe(TA),, 278 and the further intercalation of BF; anions
to the inner Fe sites induces the spatial redistribution of holes to Fe centers, leading
to Fe*™ /Fe3" redox reactions. The ratio of BF, /integrated charge was ca. 0.42
rather than 1 in the CV trace of Fe(TA), film; we note that the mass variation
in EQCM is a net value including the mass decrease by the desorption of solvent
and TBAT™ cations from the surface and nanopores, and the mass increase due to
the adsorption/intercalation of BF, anions to the Fe(TA), film. This net effect
might underestimate the number of BF; anions that participate in Fe?* /Fe redox
events inside the Fe(TA), film.

To unravel the nature of ion intercalation, the apparent mass-to-charge ratio

can be determined as follows in Equation 1:

where z is the number of electrons and F is the Faraday’s constant. The obtained
M’,, can be further used to calculate the solvation number (n) of BF; anions

during the intercalation/de-intercalation process via Equation 2:

~ My(solvent)

where M, (BF} ) is the molecular weight of BF; anions and M,, (solvent) is the

molecular weight of solvent (e.g., acetonitrile). For complete desolvation during
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intercalation, a AA—Z‘ slope of 0.9 is expected, assuming that n = 0 and M,, =
M., (BF; ). As shown in Figure 5.5, the slope of the intercalation feature (ca 0.8)
matches well with this value, demonstrating that BF, anions undergo complete
desolvation. By comparison, the slope of AA—’; for BF, -adsorption-induced surface
redox feature was found ca. 0.2, which is much smaller than the theoretical value
(i.e., 0.9). This illustrates that the adsorption of BF; anions must also induce
desorption of other species from the film surface, such as solvent molecules and
TBA™ cations. In the cathodic scan direction, the de-intercalation gives a slope
of 1.9, higher than the theoretical value of 0.9. From Equation 1 and 2, the
corresponding solvation number n is ca. 2, suggesting that BF, anions are partially
solvated by acetonitrile once they de-intercalate from the nanopores and move
to the surface. The surface events in the cathodic direction give a slope of 0.1,
indicating that other species (solvent and cations) may replace BF, anions once
they desorb from the film surface.

Taken together, potential-dependent mass and charge variations and TokF-
SIMS analysis clearly demonstrat that the voltammetric features in the range of
-0.4 t0 0.2 V vs Fc* can be assigned to surface Fe?t/3+ reactions, coupled with
partial desolvation of the BF, anions, whereas the feature at 1.2 V originates from
BF; intercalation induced Fe?*/3% redox chemistry in the nanoconfined pores of
Fe(TA), particles (Fig. 5.1). Given that the solvated BF, anions (diameter of
ca. 10 A in acetonitrile) are larger than the Fe(TA), cavity (diameter of ca. 4.54
A), a high potential of 1.2 V vs. Fc%% is required as a driving force to achieve the

complete desolvation of BF anions into the nanoconfined pores.
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Figure 5.5. Mass change vs. charge change in Fe(TA), film. The theoretical result
with the slope of ca. 0.9 is shown in the black dashed line. The experimental
data is shown as the blue dots, where the red line stands for the potential

region for BF -intercalation/de-intercalation-induced Fe™ /Fe3* redox feature

at 1.2 V vs. Fc% and the green line stands for the potential region for BF; -
adsorption/desorption-induced Fe?t /Fe** redox feature from -0.4 V to 0.2 V vs.
Fc%*. The mass and charge changes of Fe(TA), film collected at a 10 mV /s scan
rate using 0.1 M TBABF, / MeCN.

Factors Controlling Ion Intercalation Redox Chemistry in Fe(TA)
Investigating how different experimental factors will impact redox
behaviors inside the pore and on the surface of Fe(TA), nanoparticles help
establish the fundamental picture of ion intercalation redox chemistry within the
nanoconfinement environment of MOF nanoparticles. The role of film thickness
in governing redox properties is usually not considered in MOF electrochemistry.
Film-thickness-dependent studies were conducted by first spin-coating ca. 4.0
pg of 16-nm Fe(TA), nanoparticles onto the quartz crystal electrode. Atomic
force microscope (AFM) showed that those 16-nm Fe(TA), nanoparticles self-
assembled into a film with the thickness of ca. 21 £ 5 nm (Fig. 5.6a, suggesting
the formation of single-particle-thickness Fe(TA), film. CV measurements of this

Fe(TA), film were collected in a narrow potential window to isolate surface and
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Figure 5.6. AFM images of films of Fe(TA), particles on QCM electrodes to
determine film thickness. a) A film comprised of 16-nm particles with a thickness of
21 + 5 nm. A film comprised of 16-nm particles with a thickness of 60 + 6 nm. c)
A film comprised of 25-nm particles with a thickness of 53 + 8 nm.
ion-intercalation redox features. It was found that AE of both surface and ion-
intercalation redox features did not vary in different CV traces (Fig. 5.7a(ii) and
(iii)). This demonstrates that both surface and intercalation redox reactions on
21-nm-thickness Fe(TA), film are kinetically reversible. Further increasing the spin-
coating amount of 16-nm Fe(TA), nanoparticles to 5.5 ug led to a Fe(TA), film
with a thickness of 60 + 6 nm (i.e., ca. four layers of particles as shown in Fig.
5.6b). In the thicker film, surface-isolated events remain kinetically reversible (Fig.
5.7b(ii)), whereas the intercalation chemistry at 1.2 V vs. Fc%* gradually became
kinetically irreversible as evidenced by the increase of AE in subsequent CV scans
(Fig. 5.7b(iii) and 5.7b(iv)). Such AE increase together with the decrease of the
current density (Fig. 3b(iii)) of the 1.2 V redox feature illustrates that increasing
film thickness hinders the intercalation dynamics of BF, anions and suppresses the

ion intercalation redox chemistry inside the nanoconfined pore environment.

94



a(i) (i} o] (iv) 55
6 45
: N
5 ) E |® ° 4 e
3 £
w
@ BF, = < 354
(] [ ]
o 2
16nm ®
— ® Fe(TA T 25
e Felh, 075 025 025 0.9 1.1 13 15 1 2 3 4
E vs. Fc™ (V) E vs. Fc™ (V) Number of Scan
b(i) ® BF, (ii) 4 (iii)
12 | °
16nm © 4 I
[ ] — ~ 8 ) °
a9 & =
® 5 54 =~
(] ® <0 < °
3 e
~ ~ o
) -2 A\ °
-4 \
® -4
-8 . . . .
J ° @ 075 025 025 09 11 12 3 4
‘ ‘ E vs. Fc¥* (V) Number of Scan
i) ;’ LAY ai 4 (i) .
8
) ~ ) .
25nm E 4
[ ] < L]
32
° =
( ] 0 °
L () T T T T T 2 r T T T r
° Fe(TA), 075 -0.25 0.25 0.9 1.1 13 15 1 2 3 4
] E vs. Fc™ (V) E vs. Fc¥* (V) Number of Scan

Figure 5.7. Film thickness, particle size, and redox reversibility. a) A thin 16-

nm film with thickness of 21 + 5 nm shows reversible features at both a low
oxidizing potential (a(ii)) and a high oxidizing potential (a(iii, iv)). b) A thicker
film, 60 + 6 nm, also comprised of 16-nm particles, shows good reversibility only
at lower potentials (b(ii)) and suffers at higher potential (b(iii, iv). ¢) A film made
with larger 25-nm particles, measuring 53 + 8 nm in thickness, also shows good
reversibility in the lower range of potential (c(ii) and suffers from poor reversibility
at high potential c(iii, iv)

Further, a 53 + 8 nm-thickness Fe(TA), film (i.e., ca. two particle layers)
was prepared by loading ca. 4.0 u g of 25-nm Fe(TA), nanoparticles onto the
electrode (Fig. 5.6¢). As shown in Fig. 5.7c(ii) and Fig. D.5, the use of larger
25-nm nanoparticles did not affect the thermodynamic (i.e., E1/2) and kinetic
properties (i.e., AE variation) of surface redox reaction. In contrast, a more

significant AE increase (Fig. 5.7c(iv)) and the current density decrease (Fig.
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5.7¢(iii)) were detected in CV scans as compared to those on the similar thickness
film made by 16-nm Fe(TA), nanoparticles (Fig. 5.7b(iii) and 4b(iv)). It is possible
that for BF; anions, the distance of inner-particle intercalation inside the film
prepared by 25-nm nanoparticles is longer than that inside the similar thickness
film formed by more assembled layers of 16-nm Fe(TA), nanoparticles, where more
inter-particle space exists to provide possible ion pathways. A longer inner-particle
intercalation pathway leads to the more sluggish intercalation dynamics of BF
anions and severely hinders the intercalation redox reaction inside the pore of 25-
nm Fe(TA), nanoparticles. Taken together, film-thickness-dependent studies show
that the intercalation of BF; anions to Fe(TA), has a more significant impact on
the intercalation redox feature at 1.2 V vs. Fc%* rather than the surface redox
reaction since BF, anions are still accessible to surface Fe sites regardless of the
film thickness. The stark difference in peak position, shown in Figure 5.8, further
indicates that thicker films and larger particles cause intercalation redox chemistry
to require more energy with each subsequent scan. Practically, these results suggest
that film thickness and particle size are both critical variables to consider in MOF-

based charge storage devices.
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Figure 5.8. Tracking the changes in E;/, and AE in three different Fe(TA), thin
films. (a) Ey /2 of redox feature at 0 V vs. Fc%* for Fe(TA), film with different
film thicknesses. (b) Ej of redox feature at 1.2 V vs. Fc®* for Fe(TA), film with
different film thicknesses. Green dots represent Eq /o of 21-nm-thickness Fe(TA),
film (4.0 pg of 16-nm nanoparticles). Green stars represent E;/, of 60-nm-thickness
Fe(TA), film (5.5 pg of 16-nm nanoparticles). Blue dots stand for E,/, of 50-nm-
thickness Fe(TA), film (4.0 ug of 25-nm nanoparticles.)

Ion-pairing strength has also been reported to affect the intercalation of
counter ions into the pore of MOF nanocrystals.?*® By keeping the BF; anions
constant, but changing the TBA™ cations to the smaller trimethylamine cations
(TMAT), it is expected that the increase of ion-pairing strength will suppress
the BF, intercalation and the corresponding redox reactions within the Fe(TA),
pore. Indeed, as shown in Fig. 5.9a, E; /5 of the intercalation redox feature shifted
positivily by 40 mV from ca. 1.23 V vs. Fc%+ in TBABF, electrolyte to ca. 1.27
V vs. Fe%+ in TMABF, electrolyte. A positive shift of E; /2 was also detected for
surface redox features (e.g., from ca. 0.02 V vs. Fc”* in TBABF, to ca. 0.04 V
vs. Fc®* in TMABF,). Further use of LiBF, as the electrolyte greatly reduced

the current density of both intercalation and surface redox features (Fig. 5.9a),
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suggesting that the strongest ion-pairing strength induced by the smallest Li™
cations severely prevented BF, anions from neither adsorbing on the surface nor
intercalating into the pore of Fe(TA), nanoparticles. These cation-dependent
electrochemical studies discover that the ion-pairing strength plays an essential

role in determining both surface and intercalation redox properties of Fe(TA), film.
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Figure 5.9. Electrolyte-dependent redox properties in Fe(TA ), nanoparticle film.
(a) Cation-dependent CV measurements of 16-nm Fe(TA), nanoparticle film. (b)
Anion-dependent CV measurements of 16-nm Fe(TA), nanoparticle film.

The impact of anion size relative to the pore size of Fe(TA), nanoparticles
on controlling the intercalation redox chemistry should also be considered.
Given the similar size between BF; anions (i.c., ca. 3 A in diameter) and the
cavity of Fe(TA)y nanoparticles (i.e., ca. 4.5 A in diameter), BF; anions enable
to intercalate into the nanoconfined pore under the sufficient electrochemical
potential at ca. 1.2 V vs. Fc%7. Instead, the use of ClO4- anions (ca. 4.8 Ain
diameter) greatly suppressed the ion-intercalation redox feature as compared to the
surface redox features (Fig. 5.9b), suggesting that the intercalation was blocked if

electrolyte ions are larger than the cavity of Fe(TA),; nanoparticles. Indeed, this
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ion-intercalation redox feature from the nanoconfined Fe(TA), pore completely
disappeared by using even larger PF anions as electrolytes (i.e., ca. 5.0 Ain
diameter) (Fig. 5.9b).

Further titration of small amounts of TBAPFg (i.e., in the mM scale)
into 0.1 M TBABF, electrolyte was found to have a more pronounced impact on
hindering the BF intercalation chemistry inside the Fe(TA), pore as compared to
the surface redox reaction as evidenced by the faster decrease of current density at
1.2 V vs. Fe”* (Fig. 5.10). In addition, the AE of BF; intercalation redox feature
also increased more significant than that of surface redox features, showing the
sluggish BF intercalation dynamics in the presence of the larger PF; anions (Fig.
D.4). Similar redox behaviors of Fe(TA), film were also observed when titrating
small amounts of TBACIO, into TBABF, electrolyte (Fig. D.5). These titration
experiments suggest that larger PFy and ClOj anions block the intercalation of
BF, anions into the nanoconfined pore of Fe(TA ), nanoparticles and therefore
suppress the intercalation redox chemistry. Indeed, EQCM detected a more severe
mass decrease at the intercalation redox feature at 1.2 V vs. Fc%* as compared
to the mass decrease at one of the surface redox features at 0 V vs. Fc%* (Fig.
5.10b). The blocking effect of larger PFy anions on the BF intercalation further
prevents the charge (i.e., hole) transfer to oxidize interior Fe*" centers to Fe3™
(Fig, 5.10b). Taken together, the titration experiments along with anion-size-
dependent and film-thickness-dependent investigations together illustrate that the
rate-determining step of Fe?* /Fe3™ redox reaction inside nanoconfined Fe(TA),

pore is the BF, intercalation process.
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Figure 5.10. Electrolyte titrations show redox properties in Fe(TA), nanoparticle
film. (a) CV measurements of 16-nm Fe(TA ), nanoparticle film during titrating
TBAPFg into 0.1 M TBABF, acetonitrile electrolyte. (b) Mass (hollow circle) and
charge (solid circle) change of 16-nm Fe(TA), nanoparticle film during titrating
TBAPFg into 0.1 M TBABF, acetonitrile electrolyte. Note: CV scan is collected
at a 10 mV/s scan rate. The loading amount of 16-nm Fe(TA), nanoparticle is
controlled to be ca. 4.0 ug on QCM crystal.

Given that the desolvation step occurs in both BF} intercalation-induced
redox chemistry and BF, adsorption-induced surface reactions, it is necessary
to investigate the importance of solvent effect in determining redox properties of
Fe(TA), film. In addition to acetonitrile, the CV of Fe(TA), film was collected
in 1,2-difluorobenzene. Since 1,2-difluorobenzene is known as a chemically inert
and non-coordinating solvent, it is expected that a less positive voltage is already
able to drive the desolvation and intercalation of BF; anions into the Fe(TA),
pore as compared to that in acetonitrile. Fig. D.6 indeed detected ca. 150-mV
cathodic shift of E;/, of BF, intercalation redox reaction inside the Fe(TA), pore
when switching the solvent from acetonitrile to 1,2-difluorobenzene. Given that
the potential of ca. 1.2 V vs. Fc%* is already beyond the potential window of

many commonly used organic electrolytes, we further studied the solvent effect on
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governing surface redox properties of Fe(TA), film. Similar to solvent-dependent
intercalation redox reaction, E/» of BF; adsorption-induced Fe?* /Fe** redox
feature also shifted cathodically by switching acetonitrile to 1,2-difluorobenzene
(Fig. D.6). Interestingly, it was found that those surface redox features were
highly dependent on solvents as evidenced by different E;/, and current densities
in distinct solvents (e.g., acetonitrile, dichloromethane, tetrahydrofuran, and 1,2-
difluorobenzene in Fig. D.7). We hypothesize that those solvent-dependent surface
redox features are due to the different re-organization structures of solvent and
electrolyte on the Fe(TA), film surface induced by the partial desolvation and
adsorption of BF, anions. Overall, our studies confirm that the solvent effect
must be considered as an essential factor in the microscopic picture of both surface
reactions and the ion intercalation redox chemistry inside nanoconfined MOF pores.
Conclusions

In summary, our studies unravel how the nanoconfinement effect governs
the ion-intercalation redox chemistry inside the pore of Fe(TA), nanoparticles. The
nanoconfinement effect inside the Fe(TA), pore requires a higher electrochemical
potential to drive the complete desolvation and intercalation of BF, anions into
the pore as compared to the partial desolvation and adsorption of BF; anions on
the Fe(TA), surface. The further manipulation of experimental factors (e.g., film
thickness, electrolyte species, and solvents) discovers that the redox properties
of ion intercalation into the nanoconfinement environment of Fe(TA), pore
behave significantly different from the surface redox. It is found that Fe*" /Fe?"
redox chemistry inside the Fe(TA), pore is determined by the BF intercalation
step, while the surface Fe** /Fe3" redox is more impacted by solvents. These

fundamental studies establish a microscopic-level description of ion intercalation
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redox chemistry inside the nanoconfined pore of conductive MOF nanoparticles,
providing the guideline for designing efficient energy storage under confinement in
porous materials.

Additional studies would be required to provide insights into the electrolyte
and solvent ordering on the Fe(TA), surface to further understand the solvent-
dependent surface redox features. Meanwhile, the nanoconfinement-induced
complete desolvation in the process of BF, intercalation process shortens the
distance (d) between BF, and the interior Fe(TA), surface inside the pore,
suggesting Fe(TA)s nanoparticles as a promising material for pseudo-capacitance

applications.
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CHAPTER VI
CONCLUDING REMARKS

This dissertation presents the Seesaw model of Metal-Organic Framework
(MOF) particle growth, verifies the model by applying it to known MOF systems,
then implements it to develop the new nanoMOFs Co(TA),, Cd(TA),, and
Fe(TA)s. The research in this thesis shows that controlling particle size of 1,2,3-
triazole MOFs can be done using the modulator method, and that the resulting
particles are stable as colloids and can be processed into thin films. For these three
MOFs, the modulator 1-methylimidazole can be added in increasing quantities in
order to decrease particle size. Additionally, the development of this new class of
MOF nanoparticles shows that the Seesaw model can guide synthetic chemists
as we target new nanoMOF materials and reduce the amount of high-throughput
testing needed.

This work demonstrates that solution-stable MOF nanoparticles can
be analyzed via methods typically exclusive to smaller clusters and inorganic
nanoparticles. Controlling particle concentration for UV-Vis absorption
spectroscopy allowed for the first determination of a MOF material’s extinction
coefficient. It was found that the extinction coefficients of the charge transfer bands
of Fe(TA),, per particle, scale with particle volume. In the future, these types of
analyses may allow for a) the rapid determination of particle size and concentration
through UV-Vis and b) the quantitative comparison of MOFs’ optical properties.
Unexpectedly, the charge transfer bands of Fe(TA), also show size-dependence,
blueshifting as particle size decreases. This is the first report of size-dependent
optical properties in the absorbance spectra of MOF particles. This dependence is

hypothesized to be due to the variations in coordination environment of Fe centers
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in the particles as the surface area to volume ratio changes. Although the cause is
not yet certain, this study opens the door to utilizing particle size as another useful
handle to tune the optical properties of MOF materials. As crystal engineering
emerges in the forefront of the MOF field, and the materials are increasingly sought
out for selective sensing and other applications, quantitative UV-Vis will likely
emerge as a standard characterization technique.

Synthesizing porous semiconductors with control over size will be a crucial
step in developing conductive and redox-active MOF materials for technological
applications. While there are no commercial uses of conductive MOFs in devices
to-date, several studies show promise for their use as electrode and transducer
materials. %8299 By making conductive MOFs as solution-processable particles
with low size dispersity, greater control over the materials’ processing can be
attained. The material Fe(TA), shows size-dependent electronic behavior not
previously observed: the redox behavior of the nanoparticles shows superior
reversibility to its bulk counterpart. Additionally, an extremely sharp and reversible
feature is observed which was unambiguously assigned to the complete desolvation
and intercalation of BF; anions into the MOF particles coupled with Fe?*/3* redox
events. The reversibility of the intercalation chemistry suffers when film thickness
is too high, particles are too large, or electrolyte anions are too large. The ion and
solvent dependence of MOF redox chemistry is essential to their future development
in devices. Further, it was found that the bulk conductivity of Fe(TA), thin films
increases as particle size decreases from bulk to 25 nm. This intriguing development
suggests that nanoparticle thin films may be a more practical option for device
applications over single crystals, as grain boundary sites may not impede bulk

conductivity significantly. The advantage of solution processibility, in combination
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with improving the efficiency of redox processes, will place conducting nanoMOF

materials at the forefront of charge storage research and device implementaiton.
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APPENDIX A
SUPPLEMENTARY INFORMATION FOR CHAPTER 2

Table A.2. Typical M:L ratios and L concentrations for MOF nanocrystals
discussed in this perspective. These values are compared to 1-2 representative
examples for bulk syntheses. Bold values indicate nanoscale syntheses where either
excess linker or a more dilute system was used compared to bulk syntheses.

MOF Name Bulk L : Bulk L Nano L : Nano L Nano Bulk
1M Conc. (M) 1M Conc. (M) Ref Ref
[(2-PTZ), 0.125 — 6, 0.66 — 1 2,3 0.2, 0.3 (221) (222)
Cd(H20)2]
0.5 4 (M = Zn)
(M = Zn)
COMOC-4 Not available 1.14 0.05 (223)
DUT-23 (Cu) 0.4 0.0076 2,4 0.00052, (224) (225)
0.0010
Dy-BTC 1 0.01 1.5 0.0125 (64) (226)
Fe-soc-MOF 2 0.49 0.013 (227;228)
HKUST-1 0.67 0.020 0.53 0.04 (64) (229)
0.53 0.012 0.67 0.042 (230) (231)
0.67 0.04 (81)
0.56 variable (232)
0.56 0.099 (233)
1 0.041 (67)
IR-MOF-3 0.34 0.04 0.34 0.043 (68) (234)
0.37 0.02 (67)
MFU-4 0.25 0.0625 0.24 0.03 (69) (235)
MFU-41 0.048 0.0036 0.05 0.0019 (33) (236)
MIL-100 (Al) 0.67 0.11 0.66 0.241 (75) (237)
MIL-96 (Al) 0.81 0.14 0.081 0.01 (74) (238)
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MIL-100 (Cr)

MIL-100 (Fe)

MIL-101 (Cr)

MIL-101-NH, (Fe)

MIL-88A
MIL-88B (Cr)
MIL-88B (Fe)

MIL-88B-NH2 (Fe)

MIL-125

MIL-125-NH,

MIL-53 (Al)
MOF-5

0.67
(M = Cx(0))
0.66
(M = Fe(0))

0.75

—

—_

0.67

0.5
0.48

0.337

0.14

0.13

0.21

0.017
0.2
0.08
0.046
0.046

0.3

0.12

0.347

0.024

0.0367
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0.67

0.67

0.67

0.65
0.5
1.3
0.55
1.5
1.55
0.5
04-1
0.2
0.33
0.5

0.43

0.33

0.5

0.33

0.1333

0.1333

0.201

0.2

0.2

0.033

0.2

0.083

0.2

0.2

0.1

0.022

Not available
1.44 x 1077
0.277
0.0775
0.347

0.053 - 0.13
0.0067
0.01
0.0005
0.00166
0.005
0.000125 -
0.0028
0.04

0.05

0.04

(75)

(75)

(86)

(252)
(253)

(45)

(239)

(240)

(241)

(246)

(246)

(248)
(249)

(250)



MOF-74 (Co)
MOF-74 (Ni)

MOF-801
NU-1000

PCN-222

PCN-224

UiO-66

Ui0-66 w/ Co
UiO-66-NH,
UiO-67
UMCM-150
ZIF 8 w/ Co

Z1F-65-7Zn
ZIF-7

0.25

Not available

Not available

0.2

0.12

0.14

1 (X = NHy)
Not available
0.49

Not available

0.5

0.81

0.01

0.0074

0.0038

0.0065

0.0086

0.0356

0.0070

0.067
0.027
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0.28
0.29
0.5

0.088
0.061
0.1
0.0054
0.068
0.1
0.14

0.17

1.5

3.34

0.74

0.74
0.33
0.34

16

Not available
0.012
0.0417
0.18
0.0014
0.0056
0.0018
0.0036
0.00053
0.0018
0.0013
0.002
0.0257
0.0386
0.0515
0.075
0.0043
varies
0.0172
0.0454
0.0454
0.02

0.078

0.02
0.00051
0.1
0.000099
0.1

0.05

(81)
(81)
(88)
(213)
(91)
(90)
(89)
(255)
(91)
(89)
(92)
(57)

(257)

(260)
(218)
(261)
(139)
(255)

(262)

(255)
(224)
(264)
(265)
(266)

(266)

(81)

(254)

(256)

(258)

(263)

(267)

(268)



ZIF-71

ZIF-8

Zn-BPD-X (X =
NH,, NO,, OH)
Zn-BPD-OH

0.91

0.053

0.041

0.05
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0.015

0.2

0.05

0.20, 0.089

0.013

0.027

20

(266)
(264)
(270)

(97)

(o7)

(269)

(271)

(272)



Table A.1. Values for the smallest, median, and average nanocrystal sizes (all in
nm) reported in Figure 1 of the main text. The smallest MOF nanocrystals made
by other methods are reported along with the method used: metal organic gel
(Gel,) ionic liquid microemulsion (ILM), dual injection (Inject), and slow addition

(SA)

MOF Smallest Median Average Smallest by Other Methods Smallest Ref
DyBTC 50 60 59.2 (64)
HKUST-1 2.6 60 164.71 2.6 — Gel (173;210;174;211)

1.6 — ILM

24 — Inject
IR-MOF-3 30 (68)
MFU-4 33.66 1200 750.2 (69)
MOF-74 17 (Co) 16.6 (Zn, SA)

13.6 (Mn, SA),

9.4 (Mg)

5.1 (Co, SA)

2.8 (Ni, SA) (172;212)
MOF-801 23 95.5 95.5 (213)
MIL-88-A 60 195  263.64 (214)
MIL-88B-NH, 30 105 100 (73)
MIL-96 930 2100 2795.7 (74)
MIL-100-Al 272 423.5 423.5 (215)
MIL-100-Cr 109.33 119.79  119.79 (75)
MIL-100-Fe 100 323 298.81 (71)
MIL-101-Cr 19 127.5 211.8 (77)
MIL-101-Fe 47 — Inject (211)
MIL-125 85 550 583.8 (216)
MIL-125-NH, 70 220 305.6 (83)
MOF-5 25 137.5 709.8
NU-1000 75 400 1965.5 (89)
NU-1003 300 (217)
PCN-222 190 550 535.8 o)
PCN-224 49 1141 133.1 (92)
Ui0-66 14 117 221.2 35 — Inject (211;218)
Ui0-66-NH, 16 82 82 (218)
Ui0-67 308 515.5 481 (218)
ZIF-7 30.7 71.4 71.4 (95)
ZIF-8 9 42.3 141.3 32 — Inject (174;211;219)

2.2 - ILM
ZIF-67 80 - Inject (211:174)

2.3 - ILM
ZIF-71 13 37 41.6 (220)
ZIF-90 65 — Inject (211)
Zn-BPD-H 75.5 100 105.1 (O7)
Zn-BPD-NH, 95 137.5 144.4 O7)
Zn-BPD-NO,  57.5 79.5 74.6 (O7)
Zn-BPD-OH 97 102.5 105.1 O7)
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APPENDIX B
SUPPLEMENTARY INFORMATION FOR CHAPTER 3

Synthetic Details and Analytical Methods

Materials & Methods. Zinc nitrate hexahydrate was purchased from
Sigma-Aldrich, 2-methylimidazole was purchased from Aldrich, and ACS grade
methanol was purchased from Fisher Scientific. Copper (II) nitrate trihydrate was
purchased from Acros organics, 1,3,5-benzenetricarbosylic acid from TCI America,
and 200 proof dry ethanol from Fisher Scientific. Sodium benzoate was purchased
from MCB and benzoic acid was purchased from JT Baker. All chemicals were used
without further purification.

Cu3;BTC, (HKUST-1) Expanded Synthetic Methods. Initial
syntheses to explore the use of sodium benzoate as a modulator for CuzsBTC,
were performed on a larger scale. Both ligands, 1,3,5-benzenetricarboxylic acid
(0.1 mmol) and sodium benzoate (0.1-2.0 mmol) were dissolved in 10 mL 1:1
H,O:EtOH. A solution of copper nitrate (0.005 M, 4 mL) was poured in, resulting
in the immediate formation of a blue precipitate. If only the linker and metal are
combined in these conditions, no product forms. If benzoic acid is added without
any sodium benzoate, no product forms. For scale-up syntheses, four key conditions
were selected (refer to table B.14). The stock solutions of 1,3,5-benzenetricarboxylic
acid, benzoic acid, and sodium benzoate in 1:1 HyO:EtOH were combined in 100
mL Schott bottles. The solutions were diluted to 90 mL. Copper nitrate stock
solution was added under stirring. Schott bottles were removed from the stir
plate as soon as the solution was homogenously blue in color—less than 1 second.

Samples were left to sit 25 hours, then washed twice with 1:1 H,O:EtOH.
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Scherrer Size Estimations. ZIF-8 and CuzBTC, particles were
characterized using PXRD and approximate sizes were determined using Scherrer

equation:

KA
= Bcost

(B.1)

In this equation, S is the full width at half max of a peak, in radians, 6 is
the scattering angle, in radians, and A is the wavelength in nm. The shape factor K
was taken to be 1, a typical value for spherical particles.

P RN S———

Difference

Experimental

Rel. Intensity (a.u.)

1

0
Peaks /\ A
| | I

5 10 15 20 25
26 (%)

Dt
D w

Figure B.1. An example of peak fitting in Igor 6.32. The sample being fit is
denoted in table B.9.

Diffraction peaks were fit in Igor Pro 6.37 with Multipeak fit 2.0. A gaussian
function with a constant baseline was used in cases where the peaks were thin
and well-defined. The baseline function was changed to a log cubic function in
cases where the constant background function did not produce representative fits.
Particle size was estimated using compiled Full Width at Half Max (FWHM) and
peak location data. For ZIF-8, the peaks [100], [111], and [102] were used and the

size values were averaged. For CusBTCs, the peaks [200], [222], and [400] were used
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and the size values were averaged. If not all these peaks were present or could be
adequately fit, they were not included.

Tables Detailing Synthetic Conditions and Particle Size. The
tables below detail the synthetic conditions and the resulting particle sizes. The
amount of each component is given by their final concentration in mol L=!, where
M is the metal, L is the linker, and Mod is the total modulator. Refer to sections
1.2 and 1.3 for the general synthetic methods. Representative PXRD patterns for
some of these sets can be found in section 1.7.

Table B.1. CuzBTCs; synthesis using varying benzoic acid to sodium benzoate
ratios with excess linker and a metal concentration of 0.001 M. M, L, and Mod
refer to the concentrations of the metal salt, linker, and modulator in M. Sizes are
calculated from the Scherrer equation. These data are depicted in Figure 3.4 of the
main text and Figure B.8.

Abs. Eq. Mod

M L Mod Size (nm) Morphology
M:L:Mod BA:B-
0.001 0.003 0.021 1:3:21 11:1 115.3 Indistinct
0.001 0.003 0.021 1:3:21 5:1 112.1 Indistinct
0.001 0.003 0.021 1:3:21 3:1 125.7 Octahedral
0.001 0.003 0.021 1:3:21 2:1 94.3 Octahedral
0.001 0.003 0.021 1:3:21 1:1 74.0 Globular
0.001 0.003 0.021 1:3:21 1:2 35.5 Globular
0.001 0.003 0.021 1:3:21 1:3 38.6 Globular
0.001 0.003 0.021 1:3:21 1:5 48.9 Globular
0.001 0.003 0.021 1:3:21 1:11 61.0 Aggregates
0.001 0.003 0.021 1:3:21 All B- 58.0 Spherical
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Table B.2. CuzBTCs, synthesis using varying benzoic acid to sodium benzoate
ratios with excess linker and a metal concentration of 0.025 M. M, L, and Mod
refer to the concentrations of the metal salt, linker, and modulator in M.These data
are depicted in Figure 3.4 of the main text.

Abs. Eq. Mod

M L Mod Scherrer Size (nm)
M:L:Mod BA:B-
0.0025 0.0075 0.0525 1:3: 21 11:1 113.8
0.0025 0.0075 0.0525 1:3: 21 5:1 83.8
0.0025 0.0075 0.0525 1:3:21 3:1 55.3
0.0025 0.0075 0.0525 1:3:21 1:1 22.1
0.0025 0.0075 0.0525 1:3:21 1:3 22.8
0.0025 0.0075 0.0525 1:3: 21 1:5 19.5
0.0025 0.0075 0.0525 1:3: 21 1:11 19.9
0.0025 0.0075 0.0525 1:3:21 100% B- 29.8

Table B.3. Cu3BTC, synthesis using varying benzoic acid to sodium benzoate
ratios with excess linker and a metal concentration of 0.005 M. M, L, and Mod
refer to the concentrations of the metal salt, linker, and modulator in M. These
data are depicted in Figure 3.4 of the main text.

Abs. Eq. Mod

M L Mod Size (nm)
M:L:Mod BA:B-

0.005 0.015 0.105 1:3:21 11:1 117.7
0.005 0.015 0.105 1:3:21 5:1 47.3
0.005 0.015 0.105 1:3:21 3:1 35.8
0.005 0.015 0.105 1:3:21 1:1 21.2
0.005 0.015 0.105 1:3:21 1:3 35.8
0.005 0.015 0.105 1:3:21 1:5 17.0
0.005 0.015 0.105 1:3:21 1:11 26.4
0.005 0.015 0.105 1:3:21 100% B-  24.1

127



Table B.4. Cu3BTCs, synthesis using varying benzoic acid to sodium benzoate
ratios with a stoichiometric amount of linker and a metal concentration of 0.027 M.
M, L, and Mod refer to the concentrations of the metal salt, linker, and modulator
in M.

Abs. Eq.
M L Mod Mod BA : B-  Size (nm)
M: L : Mod
0.0027 0.0018 0.0126 3:2: 14 11:1 99.7
0.0027 0.0018 0.0126 3:2:14 5:1 90.2
0.0027 0.0018 0.0126 3:2: 14 3:1 83.5
0.0027 0.0018 0.0126 3:2: 14 1:1 70.1
0.0027 0.0018 0.0126 3:2: 14 1:3 52.2
0.0027 0.0018 0.0126 3:2: 14 1:5 56.2
0.0027 0.0018 0.0126 3:2: 14 1:11 42.8
0.0027 0.0018 0.0126 3:2: 14 100% B- 54.1

Table B.5. CuzBTC, synthesis using varying equivalents of a 33% benzoic acid
modulator, with excess linker and a metal concentration of 0.001 M. M, L, and
Mod refer to the concentrations of the metal salt, linker, and modulator in M.
These data are depicted in Figure 3.3 of the main text. SEM images of these
samples are shown in figure 3.7, and the Scherrer crystallite sizes and apparent
particle size from SEM images are compared in figure B.10.

Abs. Eq.
M L Mod Mod BA : B- Size (nm) Morphology
M : L : Mod
0.001 0.003 0.003 1:3:3 1:2 112.4 octahedral
0.001 0.003 0.021 1:3:21 1:2 35.5 globular
0.001 0.003 0.030 1:3:30 1:2 27.0 globular
0.001 0.003 0.042 1:3: 42 1:2 26.2 globular
0.001 0.003 0.060 1:3:60 1:2 52.6 globular
0.001 0.003 0.063 1:3:63 1:2 23.7 globular
0.001 0.003 0.084 1:3: 84 1:2 25.1 globular
0.001 0.003 0.105 1:3: 105 1:2 33.4 globular
0.001 0.003 0.120 1:3: 120 1:2 43.3 globular
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Table B.6. Cu3BTC, synthesis using varying equivalents of a 50% benzoic acid
modulator, with excess linker and a metal concentration of 0.001 M.M, L, and Mod
refer to the concentrations of the metal salt, linker, and modulator in M. These

data are depicted in Figure 3.3 of the main text.

M

0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001

0.003
0.003
0.003
0.003
0.003
0.003
0.003
0.003

Mod

0.006
0.018
0.030
0.042
0.060
0.084
0.105
0.120

Abs. Eq.
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: 105
- 120

Mod BA : B-
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Size (nm) Morphology

104.6

61.6 globular
36.0

33.5

30.7

24.0

36.2

5l.1

Table B.7. CuzBTC, synthesis using varying equivalents of a 66% benzoic acid
modulator, with excess linker and a metal concentration of 0.001 M. M, L, and
Mod refer to the concentrations of the metal salt, linker, and modulator in M.
These data are depicted in Figure 3.3 of the main text and SEM images are in
figure B.10.

M

0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001

0.003
0.003
0.003
0.003
0.003
0.003
0.003
0.003

Mod

0.003
0.021
0.030
0.042
0.060
0.084
0.105
0.120

Abs. Eq.
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Size (nm) Morphology

111.2

94.3 Octahedral
51.2 Globular
59.5

42.7

41.5

55.1

59.0 Octahedral



Table B.8. Cu3BTC, synthesis using varying equivalents of a 33% benzoic acid
modulator, with a stoichiometric amount of linker and a metal concentration of
0.0027 M. M, L, and Mod refer to the concentrations of the metal salt, linker, and
modulator in M.

Abs. Eq.
M L Mod Mod BA : B-  Size (nm)
M: L : Mod
0.0027 0.0018 0.0018 1:3:1 1:2 85.6
0.0027 0.0018 0.0126 1:3:467 1:2 46.0
0.0027 0.0018 0.0252 1:3:933 1:2 32.0
0.0027 0.0018 0.0378 1:3: 14 1:2 31.0
0.0027 0.0018 0.0504 1:3:1867 1:2 32.0
0.0027 0.0018 0.0630 1:3:2333 1:2 20.6
0.0027 0.0018 0.0720 1:3:26.67 1:2 23.0
0.0027 0.0018 0.1080 1: 3: 40 1:2 26.9

Table B.9. CuzBTC, synthesis using varying equivalents of a 50% benzoic acid
modulator, with a stoichiometric amount of linker and a metal concentration of
0.0027 M. M, L, and Mod refer to the concentrations of the metal salt, linker, and
modulator in M.

Abs. Eq.
M L Mod Mod BA : B-  Size (nm)
M : L : Mod
0.0027 0.0018 0.0018 1:3:1 1:1 126.0
0.0027 0.0018 0.0126 1:3:467 1:1 70.1
0.0027 0.0018 0.0252 1:3:933 1:1 74.5
0.0027 0.0018 0.0378 1:3: 14 1:1 28.0
0.0027 0.0018 0.0504 1:3:18.67 1:1 20.0
0.0027 0.0018 0.0630 1:3:2333 1:1 22.6*
0.0027 0.0018 0.0720 1:3:26.67 1:1 23.3
0.0027 0.0018 0.1080 1:3:40 1:1 27.7

*This sample was used to show the peak fitting process in Figure S1.
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Table B.10. Cu3BTC, synthesis using varying equivalents of a 66% benzoic acid
modulator, with a stoichiometric amount of linker and a metal concentration of
0.0027 M. M, L, and Mod refer to the concentrations of the metal salt, linker, and
modulator in M.

Abs. Eq.
M L Mod Mod BA : B-  Size (nm)
M: L : Mod
0.0027 0.0018 0.0018 1:3:1 2:1 99.9
0.0027 0.0018 0.0126 1:3:467 2:1 92.4
0.0027 0.0018 0.0252 1:3:933 2:1 44 .4
0.0027 0.0018 0.0378 1:3: 14 2:1 46.8
0.0027 0.0018 0.0504 1:3:1867 2:1 36.4
0.0027 0.0018 0.063 1:3:2333 2:1 32.5
0.0027 0.0018 0.072 1:3:26.67 2:1 31.6
0.0027 0.0018 0.108 1:3: 40 2:1 31.5

Table B.11. CuszBTC, synthesis using varying equivalents of a 50% benzoic acid
modulator, with a stoichiometric amount of linker and a metal concentration of
0.001 M. M, L, and Mod refer to the concentrations of the metal salt, linker, and
modulator in M.

Abs. Eq.
M L Mod Mod BA : B- Size (nm)
M : L : Mod
0.001 0.00067 0.00067 1:3:1 1:1 74.2
0.001 0.00067 0.00467 1:3:4.67 1:1 73.4
0.001 0.00067 0.00933 1:3:933 1:1 49.1
0.001 0.00067 0.01407 1:3: 14 1:1 32.61
0.001 0.00067 0.01867 1:3:18.67 1:1 55.8
0.001 0.00067 0.02345 1:3:2333 1:1 43.8

TNote that a phase impurity was observed in this sample. These peaks were

excluded from Scherrer analysis.
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Table B.12. Cu3BTC, synthesis with varying total concentration, employing 7
equivalents of modulator with respect to the linker. M, L, and Mod refer to the
concentrations of the metal salt, linker, and modulator in M. The ratios of the
reagents and the total volume were kept constant. These data are depicted in
Figure 4 of the main text.

Abs. Eq.
M L Mod Mod BA : B- Size (nm)
M : L : Mod
0.00067 0.002 0.0140 1:3:21 1:1 63.9
0.001 0.003 0.0210 1:3:21 1:1 74.0
0.00167 0.005 0.0350 1:3:21 1:1 24.1
0.00250 0.0075 0.0525 1:3:21 1:1 22.1
0.00500 0.015 0.1050 1:3:21 1:1 21.2
0.00667 0.02 0.1400 1:3: 21 1:1 14.3

Table B.13. Cu3BTC,; synthesis with varying total concentration, employing 0.7
equivalents of modulator with respect to the linker. The ratios of the reagents and
the total volume were kept constant. M, L, and Mod refer to the concentrations of
the metal salt, linker, and modulator in M. These data are depicted in Figure 4 of
the main text.

Abs. Eq.
M L Mod Mod BA : B- Size (nm)
M : L : Mod
0.00067 0.002 0.0140 1:3:2.1 1:1 104.0
0.00167 0.005 0.0350 1:3: 2.1 1:1 87.0
0.00250 0.0075 0.0525 1:3: 2.1 1:1 83.6
0.00333 0.01 0.0700 1:3:2.1 1:1 81.4
0.00500 0.015 0.1050 1:3: 2.1 1:1 87.8
0.00667 0.02 0.1400 1:3:2.1 1:1 75.0
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Table B.14. Cu3zBTC, synthesis with varying total concentration, employing 13.34
equivalents of modulator with respect to the linker. The ratios of the reagents and
the total volume were kept constant. These data are depicted in Figure 4 of the
main text.

Abs. Eq.
M Conc L Conc Mod Conc Mod BA : B-  Size (nm)
M : L : Mod
0.00067  0.002 0.0140 1:3:40.02 1:1 I
0.00167  0.005 0.0350 1:3:40.02 1:1 17.8
0.00250 0.0075  0.0525 1:3:40.02 1:1 17.8
0.00333 0.01 0.0700 1:3:4002 1:1 12.4
0.00500 0.015 0.1050 1:3:4002 1:1 17.8
0.00667  0.02 0.1400 1:3:40.02 1:1 17.6

TThis reaction mixture, although blue in color, never centrifuged down. If

any particles were present, they could not be isolated.

Table B.15. CuzBTC, synthesis scale up of representative samples. The total
volume was kept constant.

Abs. Eq.
M L Mod Mod BA : B Size (nm)
M : L : Mod
0.001 0.003 0.021 1:3:21 2:1 82.8
0.001 0.003 0.021 1:3:21 1:1 61.0
0.001 0.003 0.021 1:3:21 1:2 50.7
0.001 0.003 0.063 1:3:63 1:1 46.4

Table B.16. Cu3BTC, synthesis utilizing copper acetate as a metal source and
benzoic acid as the modulator.

Abs. Eq.

M L Mod Scherrer Size (nm)
M : L : Mod

0.001 0.003 0.003 1:3:3 2.7

0.001 0.003 0.021 1:3:21 59.0

0.001 0.003 0.042 1:3:42 45.7

0.001 0.003 0.060 1:3:63 47.5

0.001 0.003 0.084 1:3:84 49.2

0.001 0.003 0.120 1:3:120 56.3
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Table B.17. ZIF-8 synthesis with increasing linker equivalents: In this experiment,
a modified literature method was used.1 The total volume changes, allowing linker
concentration (0.1901 M) to remain constant.

Linker Eq M Conc L Conc
4 0.04752  0.1901
6 0.0317  0.1901
8 0.0238 0.1901
10 0.0190 0.1901
12 0.0158 0.1901
14 0.0136 0.1901
16 0.0119 0.1901
18 0.0106 0.1901

M: L
1:4
1:6
1:8
1:10
1:12
1:14
1:16
1:18

Total Volume (mlL)
5

7.5

10

12.5

15

17.5

20

22.5

Scherrer Size (nm)
63.8
38.0
2.7
19.7
16.7
14.0
11.5
15.0

Table B.18. ZIF-8 synthesis with increasing linker equivalents: In this experiment,
a modified literature method was used.1 The total volume changes, allowing linker
concentration (0.0988 M) to remain constant.

Linker Eq M Conc L Conc
6 0.0165  0.0988
8 0.0123  0.0988
10 0.0099  0.0988
12 0.0082  0.0988
14 0.0071  0.0988
16 0.0062  0.0988

M:L

: 9.89
2 7.76
1 9.79
- 11.6
0 13.9
: 154

— = = = =

Total Volume (mL)
15
20
25
30
35
40

Scherrer Size (nm)
19.8

16.3

13.1

11.2

7.8

13.6

Table B.19. ZIF-8 synthesis with HCI: This experiment used the conditions for 14
Hmim equivalents. A 1 M solution of HCI was made from concentrated HCI mixed
into methanol.

HCI Eq
0.05

0.1

0.2

0.3

0.4

0.5

0.6

0.7

M Conc
0.0136
0.0136
0.0136
0.0136
0.0136
0.0136
0.0136
0.0136

L Conc
0.1901
0.1901
0.1901
0.1901
0.1901
0.1901
0.1901
0.1901

1

34

M :L:HCl Total Volume (mL) Scherrer Size (nm)
1:14.0:0.05  17.5 16.1
1:14:0.1 17.5 20.4
1:14:0.2 17.5 25.5
1:14:0.3 17.5 32.6
1:14:0.4 17.5 59.6
1:14:0.5 17.5 61.9
1:14:0.6 17.5 70.4
1:14:0.7 17.5 72.3



PXRD Patterns of Cus;BTC, and ZIF-8 Products.
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Figure B.2. Initial experiments were performed to explore the use of sodium
benzoate in CuzBTC, synthesis. a) PXRD patterns of CuzBTC, synthesized using
only sodium benzoate as the modulator. The simulated PXD pattern is shown in
grey. Asterisks indicate peaks that are do not appear in the simulated pattern. b)
Particle size decreases as the amount of sodium benzoate increases. Particle size
was determined by Scherrer analysis.
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Figure B.3. Representative PXRD patterns of CugBTCy synthesized with
increasing modulator equivalents (50% benzoic acid) a) With linker in excess
(L:M 3:1), the PXRD peaks first broaden with respect to added modulator up

to 28 equivalents, after which the peaks begin to narrow. Synthetic parameters for
these products can be found in table S6. b) With linker in a stoichiometric ratio
(L:M 2:3), the PXRD peaks broaden with respect to added modulator up to 40
equivalents. At 60 equivalents, there is a slight narrowing of the peaks. Synthetic
parameters for these products can be found in Table B.9.
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Figure B.j. Representative PXRD patterns of ZIF-8. a) ZIF-8 synthesized with
increasing Hmim equivalents. Synthetic parameters for these products can be found
in table B.16. b) ZIF-8 synthesized with 14 Hmim equivalents and increasing HCI.
Synthetic parameters for these products can be found in table B.18.
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Figure B.5. The two ratios 3L : 1M and 2L : 3M are compared at the same metal
concentration of 0.001 M with a 50% benzoic acid modulator. From 10 to 30
equivalents, the excess linker samples exhibit smaller sizes. Synthetic parameters
for these samples can be found in Tables B.6 and B.11. Generally, we found
conditions without excess linker to be less reproducible and chose to focus on 3L

: 1M reaction conditions.
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Figure B.6. Data from several samples is compared to show reproducibility. The
trendline shown is the same data as in Figure 3 (Table B.1). Open circles are
repeated trials. Black triangles are scale-up syntheses, the synthetic conditions for
which can be found in Table B.14.
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Figure B.7. Additional crystallite size data for Cu3BTC,y with respect to modulator
equivalents. a) Full data set for modulator equivalents shown in Fig 3.4 in the
main text. At 1 equivalent of modulator, all the crystallites are above 1 micron. b)
Copper acetate can be used as a metal source without an external source of base,
as acetate can deprotonate the MOF linkers. Increasing equivalents of benzoic acid
results in a seesaw trend without the long plateau observed in the buffered systems.
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Figure B.8. SEM images of CugBTC, particles as a function of benzoic acid
content at constant modulator equivalents. Reaction conditions for these samples
can be found in Table B.1.
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Figure B.9. SEM images of CugBTC, particles as a function of modulator
equivalents for a 66% benzoic acid modulator mixture. Reactant concentrations
for these samples can be found in Table B.7.
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Figure B.10. Particle size from SEM compared to Scherrer crystallite size, as a
function of benzoic acid content. Some samples were excluded from SEM sizing due
to ambiguity when particles overlap or when the edges of particles are not clear
(Fig. S9). SEM sizes are generally above Scherrer sizes. The two methods are in
reasonable agreement until the Scherrer size exceeds 100 nm; grey lines show the
100 nm limit. Error bars on Scherrer sizes are from two batches, while error bars
from SEM sizes are the size dispersity from at least 20 particles. SEM particle size
was determined by using the circle tool and measure function in ImageJ.
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Figure B.11. Particle size from SEM compared to Scherrer crystallite size as a
function of modulator equivalents for a 33% benzoic acid modulator mixture. SEM
sizes are above Scherrer sizes in all cases, which is typical of the two instrumental
techniques. SEM sizes for the crystals isolated with 1 eq. of modulator were over

1 m, indicated here by an arrow. Error bars from SEM sizes are the size dispersity
from at least 20 particles using the circle and measure tools in ImageJ.0 Sizes could
not be determined for the sample at 21 equivalents. SEM images are in Figure B.7,
and reaction conditions can be found in Table B.5.
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APPENDIX C
SUPPLEMENTARY INFORMATION FOR CHAPTER 4
General Methods

Materials

All commercial chemicals were used as received and handled in inert
conditions unless stated otherwise. All solvents were collected from a solvent
purification system and stored over 4A molecular sieves, and all liquid reagents
were freeze-pump-thawed four cycles prior to use. N,N-dimethylformamide (DMF,
ACS grade, Fisher Scientific), acetonitrile (MeCN, HPLC grade, Fisher Scientific),
dichloromethane (DCM, ACS grade, Fisher Scientific), iron (II) chloride (98%,
anhydrous, Strem), 1-methylimidazole (99%, Sigma-Aldrich), 1,2,3-triazole (98%,
TCI), tetrabutylammonium hexafluorophosphate (98%, TCI, recrystallized 3 times
from ethanol), tetrabutylammonium tetrafluoroborate (98%, ACROS, recrystallized
once from ethanol and once from ethyl acetate).

All manipulations were performed under N2 unless stated otherwise.
Solution-state UV-Vis spectra were collected using either a Shimazdu Biospec-1601
for visible range measurements, and a Perkin Elmer Lambda-1050 UV /Vis/NIR
spectrophotometer for extended range measurements. For acid-digestion 'H-NMR,
samples were dried under vacuum, digested in 10% DCIl / D,O in DMSO-Dg in air,
then filtered through cotton plugs prior to analysis with a Bruker Advance I1I-HD
600 NMR Spectrometer. IR spectra were recorded on a Bruker Alpha II compact
IR with an ATR attachment in a Ny-filled glovebox.

Dynamic Light Scattering (DLS) experiments. DLS data was collected using
a Wyatt Mobius instrument with a custom-made airfree quartz cuvette with a

pathlength of 1 mm. Samples suspended in DMF were filtered through 0.45-um
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PTFE filters, and the solvent itself was prepared by filtration through a 0.10-m
PTFE filter. A normal 50-mW laser mode was used, and the samples were diluted
such that the measured counts were between 1 and 8 million, and the correlation
function was reproducible over the course of 6 measurements 1 minute apart.

Ny sorption measurements. For gas sorption measurements, the samples
were further washed with MeCN twice, and DCM five times. A typical washing
process proceeded over the course of 1 week. Samples were dried under vacuum in
tared ASAP tubes. Samples were degassed under high vacuum and 120 °C heat on
an ASAP 2020 instrument; degassing was considered complete when the pressure
in the closed manifold rose less than 2.5 ptorr/min. BET analysis was based on a
linear fit in the BET plot to Ny isotherm data at relative pressures between 1075 —
10! P/Py. Data for these experiments can be found in Figure C.10.

Crystallite size analysis by Le Bail fitting. Crystallite size of 130 nm
particles and 5.5 nm particles was characterized by Le Bail fitting on the PXRD
patterns in GSAS-II(?*%) according to the literature.®®*") The analysis allows to
deconvolute the sample (Lorentzian) and the instrumental (Gaussian) broadening
parameters. Aluminum oxide (Al;Og3, 300 nm) was used to determine the
instrumental broadening parameters (U, V, W, the Gaussian component). The
sample broadening parameters, crystallite size (X from the Lorentzian component)
and crystalline strain (Y from the Lorentzian component) were refined while the
obtained instrumental broadening parameters were fixed. X and Y parameters were
utilized to estimate the crystallite size and crystalline strain with the following
formulas.

Crystallite size:
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~ 18000K X

1
p e (C.1)
Crystalline strain:
S=Y-—100% (C.2)
~ 18000 Y '

where K is the Scherrer constant (0.90), A is the wavelength (0.15418 nm),
X and Y are the Lorentzian components of the peak profile, and = 3.14. The
obtained parameters are summarized in Table C.1.
Synthesis of Fe(TA), under Different Conditions

In the syntheses of iron triazolate particles, several variables were used to
control particle size and dispersity: reaction time, concentration, and the identity
of an added modulator. We found that the calculated Scherrer size of the particles
decreased upon dilution, and upon the addition of sodium formate, n-butylamine,
1-methylimidazole, 5-bromo-1-methylimidazole, and 1-benzyl-2-methylimidazole.
Additionally, particle size decreased upon using further excess 1,2,3-triazole: the
typical synthesis gave 44 + 7 nm but having 4 equivalents of triazolate rather than

3 further decreased the size to 10 = 1 nm (Fig, D.2e).
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Figure C.1. PXRD patterns of Fe(TA), products synthesized with modulators.
Expected reflections are shown as grey lines, and possible phase impurities are
denoted by asterisks. a) Syntheses using 1.0 eq of n-butylamine, sodium formate,
and 1-methylimidazole. Photos of reaction solutions prior to heating are inset

next to each trace. b) Fe(TA), products created using varying equivalents of
1-benzyl-2-methlimidazole. ¢) Fe(TA), products obtained from syntheses with
varying amounts of 5-bromo-1-methylimidazole. d) Fe(TA), products obtained from
syntheses with varying amounts of 1-methylimidazole.

We noticed a dependence of particle size on the batch of iron (II) chloride
stock. Purposeful oxidation of iron (IT) chloride by brief oxygen exposure led to
particles of decreased size: the control sample with rigorous air-free conditions
gave 44 + 7 nm and with air-exposed FeCl, the particle size was 12 + 1 (Fig.
C.2f) Tables C.1-C.4 contain reaction conditions and particle sizes for all Fe(TA),
particles discussed herein. Sodium formate (1 eq) did not have a significant impact
on crystallite size, and the PXRD pattern exhibited a phase impurity peak (Fig.
C.la).
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a) 3.76 eq 1-mlm, 14 hours, no stirring b) 0.218 eq 1-mIm, 5 hours
L Y
€

d) 0.055 eq 1-miIm, overnight

ey
>
Q
c
@
3
o
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Figure C.2. SEM images of Fe(TA)y products synthesized with different reaction
times and conditions. a) Polydisperse particles are created when a reaction

with 3.763 eq 1-mIm was left overnight. b) Particles increase only slightly in
polydispersity for 0.218 equivalents when allowed to react for 5 hours instead of
1.5. ¢) With 0.055 eq 1-mIm and a 5-hour reaction time, the resulting particles
are more polydisperse. d) When allowed to react overnight, the 0.055 eq 1-mIm
reaction will grow long rods in addition to smaller pseudo-octahedral particles.

Initially, reactions were performed without stirring and with a 18-21 hour

reaction time, which resulted in extremely high polydispersity (Fig. C.2a). We
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found that, at 0.055 equivalents of 1-mIm the particles would grow into bulk-

like structures if allowed to react overnight, while a 5 hour reaction time did not
significantly change the particle size, but did increase the polydispersity (130 £ 10
nm vs 112 + 20 nm with a 5 hour reaction). A five-hour reaction time for 0.218 eq
I-mIm gave the same size and polydispersity as the 1.5 hour reaction (Fig. C.2b,
Fig 4.2). The particles characterized throughout the main manuscript were all
synthesized with a 1.5 hour reaction time. Exploratory syntheses were performed
on a 2-mL scale; when suitable conditions were found, the reactions were scaled up
to 14 mL, and no changes in the crystallite sizes or SEM sizes were observed. The
particles synthesized with the lowest equivalents were less replicable than others,

possibly due to the larger error in micropippettors at small volumes (Table C.2).

30 60

25 50 ~
5 20 S
[] N
> 15 @
€ o
8 10 5
& 3

0

0 2 4 6 8 10

1-mlm equivalents

Figure C.3. Reaction yield of Fe(TA), as a function of 1-methylimidazole
equivalents. All nanoparticle reactions were halted at 1.5 hours. Low yield is
typical in nanomof synthesis. Trials with 5 hours resulted in a higher polydispersity
and a marginally improved yield.
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Figure C.4. Iron triazolate crystallize size trends with respect to modulator
equivalents. Sizes were determined by Scherrer analysis. a) Trend of particle

size from Scherrer analysis for three different modulators. Bromo = 5-
bromo-1-methylimidazole; Benzyl = 1-benzyl-2-methylimidazole; 1-mIm = 1-
methylimidazole. b) A zoom-in showing the trend at low equivalents for the three
modulators.
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Figure C.5. Le Balil fits for largest and smallest Fe(TA), nanoparticles. Fitting
conditions and parameters can be found in Section C.1 and Table C.1. a) Le Bail
fitting for 130 nm Fe(TA), particles gives a domain size of 128.53 nm. b) Le Bail
fitting for 5.5 nm particles gives a domain size of 6.40 nm.

Table C.1. Crystallite sizes and strain of 130 nm (0.05 eq 1-mIm) and 5.5 nm (10.9
eq 1-mIm) particles from Le Bail fitting

Sample p /nm S/ % Rwp /%
5.5-nm  6.40 4.76 8.01
130-nm  128.53 0.21 11.69
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Basic Characterization of Fe(TA), Nanoparticles

a) Bulk crystals b) 0.066 eq: 129.5 £ 23.1 nm

N
A
__ r‘,? ¥

&
L%

&

) 0.109 eq: 83.9% 29.3 nm d) 0.218 eq: 48.1 £ 5.3 nm

% = 3 mry

e) 0.436 eq: 25.3 5.2 nm

Figure C.6. Larger SEM images of iron triazolate products. a) the morphology
resulting from a typical synthesis of bulk iron triazolate, b) — d) nanoparticles of
iron triazolate synthesized with varying equivalents of 1-methylimidazole.
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Table C.2. Iron triazolate particle sizes from syntheses with varying amounts of
1-methylimizadole (modulator eq is with respect to FeCly). We include Scherrer
sizes for two separate batches, followed by the statistical particle distribution

as determined by sizing particles from SEM image data with the line tool in
ImagelJ.® The particle size distribution was fit to a weighted gaussian, and the
values presented are the mode + standard deviation (o).

Mod. Eq. Batch 1 Size (nm) Batch 2 Size (nm) Batch 2 SEM Size (nm) Dispersity

0.055 o7 63 130 £ 10 0.09
0.109 50 56 84 + 20 0.18
0.218 34 35 48 + 3 0.06
0.436 16 19 25+ 3 0.10
0.709 9.1 9.1 16 £ 2 0.11
3.00 6.8 6.8 — —

10.9 5.4 5.5 — —

Figure C.7. SEM images of the two smallest Fe(TA), particle sizes. a) With 3.0
1-mIm equivalents, the Scherrer size is 6.8 nm and although small nanosized
features are observed in the SEM, they cannot be fully resolved. b) With 10.9
1-mIm equivalents, the Scherrer size is 5.5 nm and the SEM image shows small
nanosized features that cannot be resolved.

151



Table C.3. Iron triazolate particle sizes from syntheses with varying amounts of
5-bromo-1-methylimidazole. We include Scherrer sizes, and a select SEM size for
these exploratory modulator syntheses. The particle size distribution was fit to
a weighted Gaussian curve, and the values presented are the mode 4+ standard
deviation (o). The asterisk denotes a significant phase impurity observed in the

sample.

Mod. Eq. (to FeCly)
0.055
0.109
0.218
0.436
0.709
3.00
10.9

Scherrer Size (nm) SEM Size (nm) Dispersity
64 — —

73 — —

71 78 £ 6
69 — —
45 — —
26 — —
56*

Table C.4. Iron triazolate particle sizes from syntheses with varying amounts of
1-benzyl-2-methylimidazole. We include Scherrer sizes, and a select SEM size for
these exploratory modulator syntheses. The particle size distribution was fit to a
weighted gaussian, and the values presented are the mode + standard deviation

().

Mod. Eq. (to FeCly)
0.055
0.109
0.218
0.436

Scherrer Size (nm) SEM Size (nm) Dispersity
%) — —

39 — —

21 22£3 0.14

7.3 — —

Table C.5. Iron triazolate particle sizes from six identical syntheses. To ensure the
synthesis was replicable, seven small scale syntheses were repeated. Phase purity
was confirmed by PXRD and Scherrer analysis was performed to obtain particle

sizes.

Equivalents

0.709 9.1
0.709 9.0
0.709 8.8
0.709 10
0.709 8.1
0.709 8.1
0.709 8.3

Scherrer Size (nm)
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Figure C.8. Acid digestion '"H NMR spectra of iron triazolate nanoparticles
compared to the constituent ligands and the bulk MOF product. MOF samples
were digested in 1.5 : 7 DCl : DMSO. Asterisks indicate peaks from DMF. An
arrow indicates a peak coincident with the methyl group of 1-methylimidazole; no
other peaks from the modulator appear. 153
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Figure C.9. IR spectra of the bulk material and the smallest Fe(TA), nanoparticles.
The expected stretches for the triazole ligand appear in both traces. For the
nanoparticles, there are several additional stretched attributed to trapped DMF
solvent.
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Figure C.10. DLS data collected for Fe(TA), particles synthesized with 0.436

eq l-methylimidazole. a) Solvated radius, in DMF, of the colloidal particles was
measured six times and the collected data is plotted, then fit to a Gaussian curve,
resulting in a solvated radius of 30 + 5 nm. The x axis is presented in logarithmic
scale. b) Representative correlation functions from the first and sixth measurement,
showing a reproducible curve.
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Figure C.11. Differential Scanning Calorimetry of FeTA, nanoparticles synthesized
with 3.63 eq 1-mIm compared to previously published data of the bulk material. 03
Cycles were collected at a scan rate of 10 °C min~1.
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Figure C.12. Mossbauer spectra of several sizes of Fe(TA), in air. Spectra of the
smallest nanoparticles shows a slight shoulder at room temperature (RT) (a) and
clear quadropole splitting at 77 K (b). Spectra of medium sized particles (25 nm)
exhibit a second feature similar to that observed for the smallest particles under No
in Fig 4.3 (c,d). Spectra of large 84-nm particles show clear oxidation (e,f).
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Bromo

Absorbance (a.u.)

Benzyl
nBua
1.5 2.0 25 3.0 3.5 4.0 4.5
Energy (eV)

Figure C.13. UV-Vis traces for syntheses employing other modulators. Absorption
is normalized. All samples were synthesized with 0.218 equivalents of the
modulators: 5-bromo-1-methylimidazole (Bromo), 1-benzyl-2-methylimidazole
(Benzyl), and n-butylamine (nBua). Broadening in the spectra of the Bromo
sample is likely due to poor colloidal stability.

Additional UV-Vis Data.
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Figure C.14. Beer’s Law plots used to determine Fe(TA)—2 extinction coefficients.
At each concentration, two spectra were collected a few minutes apart to ensure
there were no transient effects. Linear fits were conducted in Igor with the y-

intercept held at 0.0 Abs.
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Figure C.15. Energetic transitions determined from UV-Vis spectra, from the raw
data and from gaussian fits, plotted against particle diameter, 1/r, and 1/(1?).
The absolute maximum of the two peaks CT1 and CT2 were used to determine
extinction coefficients (solid line). The peaks were additionally fitted to gaussian
curves using the Multipeak 2.0 package in Igor 6.3 (dashed line).
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Additional Electrochemical Data. Although the particle dispersions
are colloidally stable for months, our CV analysis of the colloids was carefully
conducted 3 days after the particle batch was synthesized to avoid any possible
aggregation effects from long-term storage. All the relevant CV data was collected
within four hours. Even so, there is a noticeable shift to lower potential in the first
(70 mV/s) scan compared to the subsequent scans in the 6.8 nm particle batch (Fig
D.15b).
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Figure C.16. CV scans of Fe(TA), particles of varying size as colloids in 0.1 M
TBAPFs / DMF. Scans were collected with rates of 10 mV/s (lightest blue),

40 mV /s, 70 mV/s, 100 mV /s, and 130 mV/s (black). The particle sizes are

5.5 nm (a), 6.8 nm (b), 15 nm (c) and 25 nm (d). The colloids have uncertain
concentration due to the low stability of the particles under bias and in electrolyte
solution; the current is therefore normalized to the area of the GC working
electrode.
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Table C.6. Peak positions of redox features in colloidal Fe(TA), in 0.1 M TBAPFg
/ DMF. Peaks in the colloids are wide and they overlap one another, such that
determining peak positions was not always possible to do accurately.

Particle Size nm  Scan Rate mV/s Peak Pos R1 (V) Peak Pos R2 (V) Peak Pos O1 (V)

130 -0.669 -0.382
9.5 100 -0.667 -0.386
70 -0.390
6.8 130 -0.661 -0.416
100 -0.417
16.3 130 -0.641 -0.360 -0.585
100 -0.631 -0.359 -0.622
130 -0.675 -0.395
25.3 100 -0.400
70 -0.353
0.20
0.151
E
i(‘-: 0.10-:
~ 0.054
0.00
005 i
0.8 0.4 0.0 0.4
E vs Fc™/V

Figure C.17. Control CV collected of the triazole ligand in 0.1 M TBAPFg / DMF.
Only a simple irreversible oxidation is observed. Current is normalized to the area
of the glassy carbon working electrode.
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Figure C.18. CV scans of 16-nm Fe(TA), particles drop-casted onto the glassy
carbon working electrode in 0.1 M TBAPFg / MeCN. a) Scans were collected with
rates of 10 mV /s (lightest green), 100 mV/s, 300 mV /s, and 500 mV /s (darkest
green). Data is normalized with respect to the area of the bare GC electrode. b)
Peak-to-peak separation of the two main faradaic events, denoted by a circle and
a triangle in the CV. ¢) Peak current with respect to scan rate with a linear fit.
Black and blue symbols correspond to oxidation and reduction events, respectively.
d) Position of the peak (E3) for the second faradaic event (circles). e) Position of

the peak for the first faradaic event

(triangles).
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Figure C.19. CV scans of the bulk Fe(TA), material. The bulk material was
dispersed in DMF', sonicated, then dropcast onto a glassy carbon electrode.
Data was collected in 0.1 M TBAPFg / MeCN. Scans were collected with rates
of 10 mV/s (lightest grey), 100 mV /s, 300 mV/s, and 500 mV /s (black). Data is
normalized with respect to the area of the bare GC electrode.
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Figure C.20. CV scans with varying scan rate on QCM electrodes in TBAPFg
(a) and TBABF, (b). The lightest grey corresponds to 10 mV/s, followed by 100
mV/s, 300 mV /s, and finally 500 mV/s.
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a) As-Deposited b) Post-experiment (TBABF.)

c) Post-experiment (TBAPFe)

Figure C.21. Microscope images of films used in QCM experiments. a) SEM image
of a film as-deposited. b) SEM image of a film used for CV scans in TBABF}.
This ex-situ analysis was not performed in the case of TBAPFg because the

same electrode is cleaned and re-used. ¢) Optical microscope image of a film

after running CVs in TBAPFg. A few scratches and drying defects are visible. D)
Optical microscope image of a film used to run CVs in TBABF,4. A small scratch
and similar drying defects are visible.
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Table C.7. Values of electrons and ions determined from QCM experiments at 100
mV /s. The mass of the MOF was calculated using the Sauerbrey relation from

the change in frequency of the dry, bare QCM and the QCM after spin-coating

and the crystal was allowed to dry fully. Moles of electrons was determined by
integrating the CV curves. Moles of anions was calculated from change in frequency
over a cycle, using first the Saurbrey relationship, then the molecular weight of the
unsolvated anions.

TBAPF, TBABF,

Mass Fe(TA), deposited / cm? 5.50 ng 4.41 pg
Moles Fe(TA)y / cm? 2.86 1078 2.30 1078
Average frequency change / cycle 22 Hz 46.8 Hz
Mass change / cm? 3.89 107" pg 8271077 ng
Moles anions / cm? 2.68 107° 9.52 107
Anions per Fe 0.09 0.4

Moles e~ (oxidation) 8.26 1079 2.25 1078
Moles e~ (reduction) 7.20 1077 1.86 1078
Moles e~ (average) 7.73 1077 2.05 1078

Table C.8. Raw data for conductivity measurements on Fe(TA), thin films made
in air. The films were allowed to sit in ambient aerobic conditions for over 1 week.
Measurements were performed with a co-linear four point probe method.

Particle Size  Additives Film Thickness pm  Conductivity S/cm
Bulk material None 4.1 1.08 x 107°
130 £ 20 nm  None 5.9 4.84 x 1075
84 £ 30 nm None 6.6 1.53 x 107*
84 +£30nm 5% carbon, 5% PVDF 4.1 6.30 x 1074
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Table C.9. Raw data for conductivity measurements on Fe(TA)y thin films made
in No. The films were allowed to sit in ambient aerobic conditions for 1 day, and
measurements were collected once per day whenever possible. Measurements were
performed with a Van der Pauw four point probe method. Two measurements are
collected in different orientations (R1 and R2). F is a correction factor.

Measurement Thickness pm R1 A/V R2 A/V F Conductivity S/cm
80 nm Ny 2.1 36231884058 10615711253 0.8865  5.06 x 1078
80 nm Air Day 1 2.1 211416490.5 492610837.4 0.94215 3.17 x 1076
80 nm Air Day 2 2.1 137174211.2  267379679.1  0.96306 5.39 x 107°
80 nm Air Day 3 2.1 182149362.5  85251491.9 0.95276 8.25 x 1076
80 nm Air Day 4 2.1 35211267.61  60606060.61 0.97518 2.25 x 107°
80 nm Air Day 7 2.1 28818443.8 13003901.17  0.9484  5.30 x 1075
Bulk Ny 8.6 15220700152 86206896552 0.79954 6.33 x 107°
Bulk Air Day 1~ 8.6 37313432.84 854700854.7 0.5691  1.01 x 107°
Bulk Air Day 2 8.6 41841004.18  552486187.8 0.6528  1.32 x 107°
Bulk Air Day 3 8.6 43668122.27 617283950.6 0.6417 1.21 x 107°
25 nm Ny 2.6 3623188406  363636363.6 0.6999  6.11 x 1077
25 nm Air Day 3 2.6 32268473.7  1298701.299 0.5577  9.10 x 107°
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Figure C.22. Photos of Fe(TA), thin films made in air. a) Films of the largest

sizes of particles were created from 20 mg/mL dispersions. Such concentrated
dispersions, when used for smaller particles, resulted in films that flaked easily off
the glass b) For smaller particles, 10 mg/mL dispersions were used. ¢) The bulk
film was fabricated from a 20 mg/ml dispersion. e) The composite film is comprised
of 90% MOF, with 5% PVDF binder and 5% carbon black by weight. The black
dots are sharpie marks, placed after a conductivity measurement, as a protective
carbon cap for SEM-FIB cross-sectioning.
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Figure C.23. Photos of Fe(TA), thin films made in the glovebox, then brought out
into air. a) Bulk film in a clover-like shape with silver contacts at the corners. b)
84-nm film in a square shape with silver contacts at the corners. ¢) 25-nm film in a
rectangular shape with silver contacts at the corners.

168



Top Down

Closer Cross Section

Closer Cross Section
ok ir'"’}?j.%.”_
= i

®

(sa) wird '

Figure C.24. SEM images of Fe(TA), thin films of varying particle size made in air
and used for in-air co-linear conductivity measurements. Cross section (CS, a) and
surface (b) of the bulk material. Cross section (c) and close-up cross section (d)
of 130-nm particles. Cross section (e) and close-up cross-section (f) of the 84-nm
particle thin film. g) Cross section (g) and surface (h) of a composite film with
84-nm particles with 5% carbon black and 5% PVDF, with measurements.
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Figure C.25. SEM images of Fe(TA), thin films of varying particle size made under
N, and used for Van der Pauw conductivity measurements. a) Top of the bulk
material. b) Cross-section (CS) of the bulk film. ¢) Top of the 84-nm particle

film. d) Cross-section (CS) of the 84-nm particle film. e) Top of the 25-nm film. f)
Cross-section (CS) of the 25-nm film. 170



APPENDIX D
SUPPLEMENTARY INFORMATION FOR CHAPTER 5

General Methods

Materials All commercial chemicals were used as received and handled in
inert conditions unless stated otherwise. All solvents were collected from a solvent
purification system and stored over 4A molecular sieves, and all liquid reagents
were freeze-pump-thawed four cycles prior to use. N,N-dimethylformamide (DMF,
ACS grade, Fisher Scientific), acetonitrile (MeCN, HPLC grade, Fisher Scientific),
dichloromethane (DCM, ACS grade, Fisher Scientific), 1,2-difluorobenzene (98%,
Sigma-Aldrich), tetrahydrofuran (THF, ACS grade, Fisher Scientific), iron (II)
chloride (98%, anhydrous, Strem), 1-methylimidazole (99%, Sigma-Aldrich),
1,2,3-triazole (98%, TCI), tetrabutylammonium hexafluorophosphate (98%,
TCI, recrystallized once from ethanol), tetrabutylammonium tetrafluoroborate
(98%, ACROS, recrystallized once from ethanol), tetrabutylammonium
perchlorate (99+%, Fisher Scientific), lithium tetrafluoroborate (98.0%, TCI), and
tetramethylammonium tetrafluoroborate (98.0%, TCI).

Synthesis and Characterization of Iron Triazolate (Fe(TA))

Nanoparticles. Controlling the size of Fe(TA), nanoparticles was achieved
by adding different amounts of 1-methyl imidazole (1-mIm) to the synthesis. In
detail, the solution of anhydrous iron(II) chloride in DMF (0.805 mmol, 0.0575
M, 14 mL) was first prepared, followed by adding 45.5 uL (0.709 equiv), 25 uL
(0.436 equiv), and 14 uL (0.218 equiv) of 1-mIm for the synthesis of 16-nm, 25-
nm, and 46-nm nanoparticles. It is noted that all equivalents are with respect to
iron(II) chloride. Vials were further heated under 120 °C for 1.5 hours and then

immediately centrifuged and washed twice with DMF.
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PXRD Measurements and Analysis. PXRD data were collected in the air
using BraggBrentano geometry with a step size of 0.02° in the range of 3.5-35°
20 with a Bruker D2 Phaser. A variable detector opening was used to reduce air
scattering at low angles. Patterns were matched to the low-spin Fe(TA), cif file.

SEM Imaging for Size Analysis Imaging was performed using a Thermo
Fisher Apreo 2 SEM instrument with 10.00 kV energy and 0.8 nA current. SEM
samples were prepared by spin-coating the dispersion of Fe(TA)s nanoparticles in
DMEF onto silicon substrates. Particle sizing was performed in ImageJ.®

Atomic Force Microscopy (AFM) for Fe(TA )y Film Thickness Analysis
A Bruker Dimension ICON with ScanAsyst was used for topographical AFM
measurements. The SCANASYST-AIR probes were used to measure the Fe(TA),
film thickness on the quartz crystal electrode. Time-of-Flight Secondary Ion Mass
Spectrometry (ToF-SIMS) Experiments. Fe(TA), films on QCM electrodes were
analyzed on a ToF-SIMS IV time-of-flight instrument manufactured by ION TOF
GmbH, Miinster, Germany. Mass spectra were collected using a beam of Bi3*
primary ions (bunched mode, 25 kV, 0.3 pA @ 10 kHz). The primary ion flux for
each mass spectrum was less than 2.0 x 1012 ions/cm?. An electron flood source
was used for charge compensation. Spectra were acquired from three separate areas
on a single sample. Data processing was done with SurfaceL.ab 6 software provided
by the manufacturer.

FElectrochemical Studies of Fe(TA )y Films All electrochemical data were
collected using a Biologic SP200. For electrochemical quartz crystal microbalance
(EQCM) experiments, the PT/Ti-coated 5 MHz AT-cut QCM working electrodes
were cleaned using acidic piranha solution, then rinsed copiously with 18.2 M

nanopure water, followed by isopropyl alcohol, and lastly dried under N, pressure.
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Different amounts of suspensions of Fe(TA), nanoparticles in DMF were spin-
coated onto the EQCM electrodes in the Ny glovebox. The EQCM electrodes with
Fe(TA), films were further dried in the vacuum for 3 hours. A standard three-
electrode electrochemical cell was set up with 0.1 M electrolytes (i.e., TBABF4,
TBAPFs, TBACIO,, LiBF,, and TMABF,) in acetonitrile (80 mL), the QCM as
the working electrode, a platinum wire as the counter electrode, and a bare silver
wire as a pseudo-reference electrode. Frequency data were collected simultaneously
with CV scans using a SRS QCM200 apparatus. The frequency was converted to
mass using the Sauerbrey equation below, in which f is the experimental change in
frequency, Cf is the sensitivity factor (56.6 Hz cm? g=! for 5 MHz AT-cut crystals),
and m is the change in mass.

Af=CfAm

Cyclic voltammogram (CV) of Fe(TA), film was collected under Ny
condition at the rate of 10 mV/s. Titration experiments were conducted by
adding certain amounts of either TBAPFg or TBACIO, into TBABF, / MeCN
electrolyte without changing the solvent volume. Impedance data were recorded
at potentials of either surface redox feature or ion-intercalation redox feature. An
AC amplitude of 10mV was applied. The frequency was scanned from 4.5 kHz to
60 mHz with 6 points per decade. Most of the EIS data were fitted using Bio-
Logic EC-Lab V11.33. For solvent-dependent electrochemical studies, CV was
collected in different solvents with 0.1 M TBABF, as the supporting electrolyte
in a standard three-electrode cell with a glassy carbon (GC) working electrode, a
silver wire pseudo-reference electrode, and a platinum wire counter electrode. To
prepare the working GC electrode, 16-nm Fe(TA), nanoparticles were suspended in

DMEF at a concentration of 5mg/mL and then drop-casted (7 L) onto the polished
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GC surface. The electrode was further dried in the vacuum for 3 hours before
electrochemical studies. In all CV experiments, potential is referenced to the Fc/+
couple which is determined by adding a small amount of ferrocene to the solution

at the end of the experiment.
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Figure D.1. Basic Characterization of Fe(TA),. PXRD pattern (a) and SEM image
(b) of 16-nm particles. PXRD pattern (c¢) and SEM image (d) of 25-nm particles.
PXRD pattern (e) and SEM image (f) of 16-nm particles.
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Figure D.2. CV traces starting and stopping at different voltages show that the 1.2
V feature is independent of other features in the CV.
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Figure D.3. Charge variation in Fe(TA), films during CV measurements.(a) CV
(black) and charge change (green) of Fe(TA), film collected at a 10 mV /s scan rate.
(b) CV (black) and charge change (green) of Fe(TA), film focusing on the potential
region of 1.2 V vs. Fc%* redox feature. Scan direction is indicated by arrows and
the charge change is only shown in the anodic CV direction. The loading amount
of 16-nm Fe(TA), nanoparticles on EQCM crystal is ca. 4.0 ug; this is the same
sample depicted in Figure 5.2a
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Figure D.4. Tracking the changes in AE and E; /5 at the 0.0 V and 1.2 V feature
during TBABFg electrolyte titration. (a) AE variation of redox features at 0 V and
1.2 V vs. Fc%* of Fe(TA), film when titrating different amount of TBAPFg into
0.1 M TBABF} electrolyte. (b) E;/, of redox features at 0 V and 1.2 V vs. Fcd/+
for Fe(TA), film when titrating different amount of TBAPFg into 0.1 M TBABF,

electrolyte.
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Figure D.5. CVs collected during a titration experiment where TBACLO, was

added to the TBABF, electrolyte. CV results are collected at the scan rate of 10
mV/s
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Figure D.6. CV measurements of Fe(TA), films in acetonitrile (red) and 1,2-
difluorobenzene (blue). The E;/; of BF, intercalation redox feature is shifted from
ca. 1.26 V in acetonitrile to 1.11 V in 1,2-difluorobenzene.
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Figure D.7. CVs of Fe(TA), particles in four different solvents. (a) CV of Fe(TA),
film in acetonitrile. (b) CV of Fe(TA), film in dichloromethane. (c¢) CV of Fe(TA),
film in tetrahydrofuran. (d) CV of Fe(TA), film in 1,2-difluorobenzene.
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