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Abstract

Inorganic naneand micromaterials (NMMs) exhibit unique properties including high
surface areas, tunable optical and electronic properties, low densities, thermal and chemical
robustness, and catalyticpabilities, among others. One of the more novel subclasses of
NMMs, metatorganic frameworks (MOFsS), are crystalline porous coordination polymers
consisting of metal nodes connected by organic linkers to forrn tme-, or three
dimensional frameworks. We the mechanism of MOF formation is complex, tuning the
metal:ligand ratios, reaction temperature and vessel pressure, ligand concentration,
modulator concentration, and Hctivity impacts particle size, morphology, dispersity, and
isotropy of these marials. MOFs also exhibit pesynthetic modification capabilities,
which, along with their tunable synthetic nature, make them promising candidates for
composite materials such as functionalized nanofillers for reverse osmosis (RO)
desalination. The worelescribed herein investigates synthetic parameters of a zirconium
based porphyrinic MOF, PGR22, to selectively control its crystal size, aspect ratio, and
dispersity. Sizeconstrained PCR22 was possynthetically modified with fatty acids and
zwitterions to be used as RO tHitm composite (TFC) membranes with improved
membrane flux, salt rejection, and afttuling properties. The synthetic parameters of
MOFs were also considered for the commercial seplef CQ direct air capture (DAC)
solid sorbets, including UiG66, MIL-101-Cr, and MgMOF-74, to preserve CQuptake

capacities between lab and industrial scales.
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General Audience Abstract

Metatorganic frameworks (MOFs) are unique, highly porous materials that have
garnered attention for their potential in many applications, including catalysis, drug
delivery, energy, and gadorage. In this work, MOFs were produced for environmental
applications, particularly for the conversion of salt water to drinkable water in a process
known as reverse osmosis (RO) desalination. RO uses a thin membrane to separate
dissolved salt, as wedls organic materials such as decomposed organisms, from water.
Though RO membranes are widely used commercially, they suffer from high costs and
short lifetimes; however, their performance is improved through the incorporation of
extremely small materialsnown as nanoparticles. MOF nanoparticles were grown small
enough to be dispersed in the polymer matrix of the thin membrane, then functionalized to
improve salt rejection and flux, or the speed at which clean water is produced from RO
processes. They weralso modified to improve lifetimes by preventing the bujdof
organic materials on the surface. Besides clean water, MOFs were also prepared for
capturing the greenhouse gas,Cdirectly from the air. Because MOFs can be made with
many different fuotionalities, they are promising materials for many different research

fields.
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About Thi s Wor k

This dissertation document serves as an overview of the research projects investigated
by Brittany L. Bonnett as a graduate student in the Amanda J. Mesdarch group in the
Virginia Tech Department of Chemistry since July 2017.

Chapter 1 introduces the overall background of this dissertation and gives a brief
literature review on nanoparticles, metayanic frameworks, reverse osmosis, ancd CO
captureThe first section includes the history and applications of nam@é micromaterials
(NMMs), top-down and bottorup approaches, and structural parameters that influence
NMM properties. Part 2 gives an overview on specific NMMs, metgénic frameworks
(MOFs), and discusses synthetic methods and growth mechanisms for these materials. Part
3 discusses a desalination method, reverse osmosis (RO), and how MOFs can be used as
functionalized nanofillers to improve RO membrane performance. Part 4 includes an
oveniew on MOFs as solid sorbent materials for the direct air capture (DAC) of CO

Chapter 2 is a peeeviewed and published work in collaboration with Ethan D. Smith
and Dr. Stephen M. Martin in the chemical engineering department at Virginia Tech. Size
corstrained and functionalized PEX22 metalorganic frameworks were synthesized,
characterized, and applied as nanofillers for-fiim nanocomposite reverse osmosis
membranedMiranda De La Garza was an REU undergraduate who assisted with synthesis
and furctionalization of PCN222. Meng Cai collected SEM images of PRP particles,
while James V. Haag IV was responsible for TEM. Hannah D. Cornell assistetiGAth
collection and analysis of PGRR2 particles and precursors. Bradley Gibboested the
crydal structure image of PGR22.This work was published IACS Applied Materials &

Interfacesin March 2020(DOI: 10.1021/acsami.0c043%9

Xi



Chapter 3 is a pegeviewed and published mechanistic study of growth parameters and
size constraints of PCR22. The effects of reaction composition, particularly reaction
species Ka, was probed for a thorough understanding of anisotropic crystal growth.
Computational Ka values were calculated by Dr. Stefan llic, who at the time served as a
postdoctoral researchar the Amanda J. Morris grouplndergraduates who assisted in
synthesis of PCKR22 samples included Katie Flint and Ashleigh Taylor. Meng Cai and
Xiaozhou Yang collected SEM images of all samples. Hannah D. Cornell assisted in TGA
collection and analysisThis work was published itnorganic Chemistryn June 2021
(DOI: 10.1021/acs.inorgchem.1c01026

Chapter 4 is a prepared manuscript and continuation on the work in Chapter 2, where
PCN-222 MOFs were functionalized with varietiain fatty acids and zwittens for ion
selectivity and antifouling respectively in reverse osmosis membranes. The facilities of Dr.
Stephen M. Matrtin in the chemical engineering department at Virginia Tech were utilized
for permeance testand his student Connor Farrell set updtassflow system as well as
assisted in data collection and analysis

Chapter 5 is a summary of synthetic procedures and characterization DIXCspell
out?) materials prepared for collaboration with Connor Farrell, Xakin Ramirez Isunza, and
Dr. Steplen M. Martin in the chemical engineering department at Virginia TRxadley
Gibbons was consulted for his expertise in defected@fi@nd assisted in analysis.

Appendix A is a peereviewed and published work by Xiaozhou Yang in the Amanda J.
Morris graup, where anisotropic PGRR2 materials prepared by the dissertation author as

per Chapter 3 were applied as filler particles for polymer composite reinforcement. This

Xii



work was published inPACS Applied Materials & Interfacesn June 2021 (DOI:

10.1021/acsai.1c05430).
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Chapter 1

| nt roducti on

A brief history of nano- and microparticles and their applications

The production of naroand micromaterials (NMMs) hasnarked a major
technological turning point in the 2tentury. From nanocomposite coatihg§go water
desalinatiof®, from sensofs’ to heterogeneous catalysts from mediciné” 12 to
energy®1°, nanotechnology has made its impression in both cuiigg scientific
research and dap-day living. NMMs are of interest in many applied fields due to their
unigue thermal, chemical, mechanical, optical, and electronic propentfesh vary
depending on particle siz€&Nanomaterials typically have at least one dimensiorl@0l

nm, whereas micromaterials ard. 10 0 0 (Figune1.1).1718

2\

CNCs (2-20 nm Upconverting Fiberglass dust particles

Ceo (1 nm) diam.) NPs (5-50 nm) 1-10 pm, up to 1000 pm
........ ] R
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\ — | |
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€ - |||

WaN D4
Dendrimer-encapsulated Liposomes
Atom (0.1 nm) QDs (1-5 nm) NPs (1.5-10 nm) AuNPs (10-25 nm) (50-100 nm) (0.025-2.5 pm)

Figure 1.1. Humanmade materials can be as small as the diameter of 10 atoms or half the width
of a strand of DNA, as is the case witk,@arbon nanotubes (CNTs), and quantum dots (QDs).



However, despite the prominence of NMMs in recent science and technology, these
materials are not neidMMs can be classified into four different material categorigs:
organicbased (polymers, micelles, liposomesoteingd, 2) inorganicbased (metal and
metal oxidesulfideg, 3) carbonbased (graphene, fullerenes, carbon nanotubes, carbon
nanofibersand 4) compositdased® Of these, the first two categories include naturally
occurring naneand microparticles which can be formed in living creatures, ore deposits,
volcanic eruptions, ydrothermal vents, and wildfiré€2® Even anthropogenic
applications of NMMs are ancient, lgmans were documented using asbestos nanofibers
to reinforce ceramics ~4500 years &fjMetal NRcontaining luster ceramic glazes
emerged in Islamic art in thé"@entury?® Stained glas medieval church windows were
characteristically brightly colored due to gold nanoparticles fused into the glass, which
reflected various colors depending on the size and shape of the nanofa@ittenan
Damascus steel, famous for its enhanced strength and sharpness, as well as its wavy
idamasko banding, contained caf°bespitetheanot ube
images of advanced technology that nanoscienokes, NMMs have been a part of human
history for far longer than most may conceive.

Michael Faraday is credited to having the first foray in scientific research into NMMs,
particularly in his studies of NRght interactions in 1857’ Thorough his preparation of
Arubyo gold and other metal coll oi dqué suspen
optical phenomena of nanopatrticles that had radii smaller than wavelengths of visible light.
The studies are the foundation of understanding the quantum size effect, in which
nanoscale material exhibited markedly different optical and electronic pespers

compared to bulk materials with identical internal geom@tfyThe quantum size effect



was first formally described in 1981 in photocatalytic studies of colloidal CdS, which

opened up exciting new possibilities and applications for NNMMss a result, synthesis

of NMMs considering control over patrticle size, shape, dispersity, and isotropy was
developed, which expanded the applications of nanoparticles from semiconductor

materialsto a vast array of other fields.

Top-Down
x =t > 1000 pm
=1
o
o 1
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3 =t 1-1000 pm
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n
g == 10-100 nm
4 '
2
2 == 1 nm
o
g I
£
<]
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Bottom-Up

Figure 1.2. Top-down and bottorup steps for nanoparticle production with average sizes of
each component.

Foll owing physicist Richard Feynmands conc
two synthetic approaches were developed:down and bottorup (Figurel.2).3* Top-
down methods involve the breaking down of bulk materials into nanosized components
and include lithography, sputtering, milling, laser ablation, and aergsaying3?3*
Conversely, bottorup methods build larger particles from saisembly of atoms or
molecules and typically involves colloidal precipitation of solids from a reaction solution.
Other routes include Bmthermal synthesis, vapor deposition,-gel synthesis, and
electrodeposition. While tedown approaches are typically simpler and faster and have an
appropriate role in nanotechnological industries, they suffer from swstacsure

3



imperfections aneéxcess waste generation. Bottoym methods are therefore utilized for
fundamental research scale and commercial applications requiring lower defects and more
homogeneous product. Research that demands specificity of particle size, shape, dispersity,
and iotropy is accordingly better suited using bottamsynthetic approaches. The effects

of the aforementioned NMM parameters in nanotechnology and composite applications

will each be touched upon in the following discussion (FigLeg

1-100 nm 100-500 nm 1-1000 pm
Nanoparticle Fine particle  Microparticle

Structure-property
relationships

Figure 1.3. The size, shape, dispersity, and isotropy of NMMs are not only tied to their
functionality, but can also be controlled through selective synthetic processes.

The first and arguably most important NMM parameter is particle size. Faraday and
othersobserved the quantum size effect, in which electrons are confined to much smaller
boundaries than in the bulk material and energy levels become discrete rather than
continuous® Smaller particles have larger sagaps that can be observed through the
blue-shift of their absorbance spectra as electron excitation from the valence to the

4



conduction band requires more energy. Nanomaterials can be synthesized to tune the
particle band gap and therefore their opticaperties, which is useful for applications
such as lightmitting diodes, solar energy, photovoltaics, biosensors, and cell imfdging.
Outside of optical considerations, particle size is critical in gsitalSize and surface area
are inversely proportioha meaning smaller catalysts have high specific activities
compared to bulk material, as active sites tend to occur on edges and t6theetalyst
size also affects selectivity through the alteration of surface coordination sites. In polymer
composite applications, size constraints are also an important consideration. For example,
polyamide (PA) thidfilm composite (TFC) membranefor reverse osmosis (RO)
desalination typically contain PA layers 2000 nm thick so nanofiller lengths must be
constrained to ensure they are encapsulated by the pdymer

In addition to size effects, particle shape influences a wide variety of NMM parameters.
Diffusivity in molecular sieves, intercellular processes, andlygiic systems has been
observed to be impacted by particle shapgathway alteratiofi? ° Particle morphology
not only modifies catalytic activity (such as affecting diffusivity of reactants through
catalyst), but also through exhibiting varied electronic states and geometric structure that
provide different coordination environments and delitg. “>*¢4’Electronic and optical
properties of NMMs can be tuned with moopdgic control of nanoparticl€§,> as well
asmechanical and thermal properfg® anddrug delivery efficacy®>*®among others>>’
Because size and shape are so critical to NMM performance, the dispejsaf the
particles must be consideredorferly known as theolydispersity index or PDI,
dispersitydescribes the particle size distribution agnformity. Dispersity in terms of

NMMs ranges from 0 for completely uniform populations of particles to 1 for highly



polydisperse samples, with values of-0.2 deemedcceptable for most applicatiorss.
This differs from organic polymer dispersity, which is defined as the ratio of the weight
average molecular weight to the number averagiecular weight and can have a value
above 1.6°

The final morphological parameter of NMMs to consider is isotrtgmjropic particles
grow equally along the a, b, and ¢ axes, forming shapes such as spheres, cubes, or
octahedra. Anisotropic NMMs, however, lesa different growth pattern along at least one
axis, resulting in an aspect ratio (the ratio of length to width) greater than 1. Particle
anisotropy contributes to some interesting physical, chemical, and electronic properties,
lending itself to unique agghications. Lightweight high aspect ratio nanofillers such as
cellulose nanocrystals, carbon nanotubes, and graphene have been psdgmir
composite applications for aerospace and vehicle co&ftiaigg as nano scaffolds for bone
tissue engineerin®:%2 The nanofillers ncr eas e Y o uor thératio of tedsilel u s
stress to tensile strdithrough load transféf:%4 The higher the aspect ratio of the fillers,
the greater the polymer matrix reinforcemeimnisotropic particles are particularhgeful
for tumor targeting, where they exhibit superior drug delivery capatilibugh enhanced
drug load efficiency as compared to spherical or octahedral paffichsisotropic
particles, when subjected to a magnetic field to cause vibration or spin, have been used for
the mechanical destruction of cancer cells through their resultant high $éRBpeause of
their higher surfacéo-volume ratio of metal ions compared to spherical particles, as well
as faster relaxation timesdy are alssuitableas contrast agents for magnetic resonance

imaging (MRI) arl other biomedical imaging techniqu@s.
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Metal Perovskite (ABX;) Carbon nanotubes
(Au, Ag, Pt, etc.) (A = Cs, CH;NH; CH(NH,)*; B= Pb, Sn; and X = Cl, Br, ) (Single- and multi-walled)

Cellulose nanocrystals Ceramics Metal-organic frameworks
(CNCs) (MOFs)

Figure 1.4. Examples of NMMs that exhibit varied functionality depending on patrticle size, shape,
and isotropy.

Besides the consideration of the outlined parameters, NMMs can be classified into
specific groups depending upon physieald chemical composition, of which a few
examples are given in Figutet. Perhaps the most intensely researched NMMs are metal
nanoparticles, including gold, silver, and platinum coll§fdResearch in metal halide
perovskite nanocrystalsiscuy ent 'y t hriving due to the mat e
high quantum efficiencies, resulting in their promising applications in photovoltaics,
photocatalysis, and optoelectronté$® Carbon nanotubes, which come in singialed
and multiwalled varieties, are durable, conductive, porous, and lightweight, tenalin
their popularity in separation membranes, drug delivery, polymer composite
reinforcement, Lion batteries, sensors, and energy stofdd&Cellulose nanocrystals are
one of the worlddés most abundant renewable p
extracted from wood, cotton, bacteria, and biowaste havesée m reverse osmosis
membranes, biomedical applications, sensors and actuators, mechanical reinforcement, and

stimuli-responsive materiafé:’*"> Ceramic nanoparticles have ideal chemical inertness



and a high heat resistance allows for applications in drug delivery, dye photodegradation,
photocatalysis, and imaging:’® Given are just a few examples of NMMs atigkir
applications, but it is evident that these materials are on the forefront of edteg
research. Perhaps one of the more novel and versatile NMMs are-ongetaic

frameworks.

Synthesis and growth mechanisms of atal-organic frameworks

Metalorganic frameworks (MOFs) are a class of crystalline coordination polymer
composed of metal nodes bridged by organic linkers to form, dn®-, or three
dimensional network@-igurel.5). MOFs are marked by their porosity, high surface area,
low dersity, surface and pore modifiability, synthetic diversity and rfutictionality, and
morphological tuning capabiliti€d.®° The desirable properties of MOFs have afforded
them a wide variety of applications including gas storage and sep&f&tiodrug
delivery?® 8 patterie®™ % heterogeneous cataly¥i$® energy storage and traasf' %%,
liquid separation and purificatié?? 1% and sensing®'® The materi al sé str u.
functional diversityhat ed t o a number of apmpadgtheat i ons b
porous coordination network (PCN), porous coordination polymer (PCP)zewidic
imidazolate frameworkZIF) (Figure1.5).82 Other naming conventions were drawn from
the laboratories or universities in which the MOFs were developed, including UiO
(Universitetet i Oslp® MIL (Matér i aux de | 6)"A HKUBT(HohgKbngv oi si er
University of Science and Technolddy, POST (Pohang University of Science and

Technology)*? CUK (Cambridge Technology, United Kingddi®) SNU (Seoul National



University)}*4 DUT (Dresden University of Technolodyj, and VPl (Virginia

Polytechnic Instituté}®, amongothers.
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Ui0-66 (fcc) PCN-222 / MOF-545 (csq) MOF-5 / IRMOF-1 (pcu)
M=12Zr M=2Zr M=12Zn

MIL-101 (mtn) HKUST-1 (tbo) MOF-74 / CPO-27 (etb)
M =Cr, Fe M=Cu M = Mg, Mn, Fe, Co, Ni, Cu, Zn

Figure 15. Metalorganic frameworks can possess different topologies depending on the
connectivity between the metal node and organic ligand. A few examples of commonly studied
MOFs with their topologies are given along with the corresponditgimode.

MOFs began receiving attention following the work of Robson and Hoskins in 1990,
in which the coordination of organic ligands to Cu(l) and Zn(ll) metal nodes created
iscaffol di ngo p 8 Thiswerkwassodn followed by the degelopments
of infinite two- and threedimensional frameworks in 1992, including a cadmioased
fi honeyc dimdl996, ©mar Yaghi reported the hydrothermal synthesis of a-water
insoluble, airstableCu(4,4-bipyriding)1 sNO3(H20)12sn et wor k, coi ni-ng the
organi c ffla 19874y Kitagawa.andolleagues developed thrdeanensional

frameworks with large channels, composed of cobalt, nickel, or zinc nodes connected by
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4,4-bipyridine ligands'® The groundbreaking synthesis of a zinmdal,4
benzenedicarboxylatmetatorganic framework in 1999, dubbed as MBbBy Yaghiet

al., launched these permanently porous coordination polymers forward in the search for
new gasstorage material$° MOF-5 was unique from other similar frameworks at the time

in that the material avoided collapstaen desolvated and its crystallinity persisted even
when heated to 30C. Gas sorption measurents revealed MO contained pores with
diameters ofl1.0 and15.1 A, a 2900 riYg Langmuir surface areia determined from
adsorbate monolayer formatiorand a uniform pore volume comprising 0f65% of the
material. The absorption features, which surpdsbose found in porous carbon materials
and zeolites, made for a promising material in the fields of catalysis and gas separation and
sequestratioR: The development of the crystalline and permanently porous materials
catapulted MOFs to the cutting edge of NMM research.

Synthesizing MOFs utilizes a botteap approach through reticular synthesis, or the
assembly of molecular building units into rigidly scaffolded networks witkdptermined
structures.” Through reticular synthesi®IOFs possessing the same network topology can
have different functionalities depending on the chemical environment of the organic linker
or the metal nod¥! Reticular synthesis differs from organic synthesis in that the integrity
of the building units is not affected through the duration ofrélagtion, allowing for the
construction of robust, crystalline frameworks. As mentioned in sectiothé&.gize, shpe,
dispersity, and isotropy of NMMs has a critical bearing on the functionality of applied
materials and MOFs are no exception. In order to precisely engineer MOFs for maximum
efficacy and performance as both stahohe and composite materials, sevesaithetic

caveats must be considered, suchnaestal:ligand (M:L) ratios, reaction temperataed
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vessel pressuyéigand concentration, modulator concentration, ahddtivity.*?212MOF
synthesis is quite complicated due to the number and complexity of design criteria.
However, inspecting each parameter independent of the others allows aegiimgthe
complicated synthetic mechanisms of MOFs.

M:L ratio effects on MOFs have been extensively studied, notably with-B@id
ZIF-8.1%4125 Altering M:L ratios reveals morphological and crystallographic
transformations, and framework structures with distinctly differentay diffraction
powder patterns are produck8lt has been sugested that the M:L ratio effect on MOF
shape and structure illustrates a simplified understanding of a much more complex system,
one of which begins with defining ligand supersaturation (S). S can be deshbyibed

Equation 1 and is associated with Equagéif 12

y 0 O 1
- ®
Q0 p¢r v

w0 0 A2P oy Ty @

Here, S is the percent differenisetween the solute concentration, C, and the equilibrium
concentration, € A solution is considered supersaturated when the solute concentration
exceeds its solubility under particular conditions (such as temperaturey. &

experimental parameter that controls the nucleation of particles over time (dN/dt), where

Aisapreexponential fact or , visthé molatvblene kisthé ac e

Boltzmann constanpand T is the reaction temperaturée drivingforce of crystallization
both in particle nucleation and growth, is linked to supersaturadod is directly

proportional to thewucleation raté°
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Figure 1.6. The effects of crystal growth rate as a functiotiggnd supersaturation.
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Figure 1.7. The LaMer model is composed of three regimes: (1) ligand deprotonation, in which the
concentration of the solute is the concentration of deprotonated ligand; (ll) nucleation as
deprotonated ligand reachescadtical concentration (&); (lll) crystal growth, where the
concentration of deprotonated ligand is in equilibrium with the concentration of the bulk sglid (C
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In a crystallization reaction, S must be high enough to trigger a nucleation, er birth
ard-spread growth, event (Figufe6).r®! If the reaction solution is too supersaturated,
roughface, unorganizedgrowth of amorphou$/1OF can occuibecause the free energy
barrier of deposition is lowered to the point thdherence can occur on a flat surfadeer
the period of the reaction, supersaturation of the ligand drops as it undergoes complexation
to the metal node to form MOF. In turn, iadtic shift to a threglimensional spiral growth
mode occurs and nucleation slov&@me MOFs, such as M&3; exhibit very distinct
nucleation and growth behaviors with no overlap between thé*@uch MOFs follow
the classiamucleation theory of the LaMer model (Figur€). Here, induction causes the
ligand to becomeleprotonated, typically by the basic dimethylamine (DMA) that forms
from thermal degradation of dimethylformaide (DMF) solvent commonly used in MOF
solvothermalreactions-*334 The concentration of the soliitbe deprotonated ligaid
increases over time in the prenucleation phase as illustrated in Regime . At some point,
the concentration of deprotonated ligaml supersaturated andeaches a critical
concentration (€it), indudng a burst nucleation event in Regime Il. Burst nucleation
occurs as a result of rapid meligiand complexation, which depletes the concentration of
deprotonated linker. The reaction shifts to Regime Il difflision-controlled crystal
growth occurs. The solute concentration drops tGp, or the particle solubility
concentration, and growth ceases. However, the LaMer model does not accommodate
MOFs with overlapping nucleation and growth phases such a8 Zikd HKUST
1125135136 gch overlap may suggest that faaMerian growth would result in a
heterogeneous mixture of disperse particles, but highly uniform crystals are formed in these

synthese$3" 140 This indicates a nehaMerian nucleation behavior in these MOFs, or just
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as likely, a secondary growth phase event such as Ostwald rip@Aig*43 or
dissolutionrecrystallizatiod*, which will be further discussed® No matter the case,
ligand concentration, supersaturation, and surtagping play a critical role iorystal

nucleation, growth, and termination.

Thermodynamic
pathway (A)

Solution

Amorphous

Kinetic
pathway (B)

Crystalline
material

Figure 1.8. The thermodynamic crystallization pathway (A) is a-step route from solution to
crystalline material, but the initial free ener
is a high barrier. Sequential precipitatigia the kinetic crystalliation pathway (B) involves

amorphous phases that undergo one or more transformations (t) to the final crystalline material.

Secondary growth mechanisms not only repair packing defects and improve
crystallinity, but they can also decrease dispersity.alnitiodels of MOF crystallization
relied on onestep thermodynamic pathways from reaction solution to the final crystalline
material (Figure 1.8). However, more recent understanding considers sequential

precipitationvia a kinetic pathway with one or morenarphousto-crystalline phase
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transformations$#® Here, instead of the most thermodynamically stable phase nucleating
first, nucleation occurs within the phase with the lowest free energy bafriétAs a
result the amorphous intermediates may transform througiriaty of secondary growth
mechanisms, such as Ostwald ripening. First named in*40@ then later refined by
Lifshitz and Slyozo¥#’ and Wagnéf® in 1961, Ostwald ripang effectively increases
average crystal size and repairs packing defétd¥'915! Smaller particles with higher
surface energy redissolve in solution atign to larger particles, a process quantified by

the GibbsThomson relation, Equation'#%:152

. ¢ v
6 0o AQE?D_"Y 1)

The particle solubility €becomes a function of its radius r, whergithe bulk solution
concentrationp is the surface free energy,is the molar volumeks is the Boltzmann
constantand T is the reaction temperature. In MOF formation, the amorphous particles
with a small radius dissolve into caénensional nanopadies owing to a high @uring

the semicrystalline to crystalline phase transformation. The 1D nanoparticles undergo
oriented attachmeifita process in which aligned particles attach to a crystal lattice surface
i to the larger, less soluble crystals aegair crystal defectS® As a resultthe particles
become more monodisperse, crystalline, and, on average, fZrgBesides Ostwald
ripening, amorphous material may also transform through dissolgarystallization, a
process in which the system attempts to reach equilibrium between the
amorphous/crystalline phases and the soluttbt’* Here, all amorphous particles and
early semicrystalline material dissolve back into solution then undergo a very fast burst
nucleation and subsequent growth of uniform crystallinaterial. The process has been

observed for several MO time-resolvedn situsynchrotron powder Xay diffraction
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and SAXS/WAXS to monitor phase purity and particle size, as well as through imaging
such as SEM to observe defects and crystallinghodogy> 158

Clearly, ligand concentration has a critical effect on MOF growth, controlling not only
nucleation/growth/termination, but also varying the mechanisms of these processes
through secondary growth and ripening. However, despite the complex influences that
ligand concentration has on the growth mechanisms, there are still more parameters to
consider.Several studies have investigated the role that coordination modulation plays in
MOF crystal growth, in which a modulator, or monodentate capping agent, comjiates
multidentate ligands for coordination to the metal nd8é¥:'>**Modulatoss are usually
monocarboxylic acids, though inorganic acids and esemonium surfactantsuch as
cetyltrimethylammonium bromidéCTAB) or NaOH have been usé#}:136:143.160 5
kinetically-controlled process;oordination modulation, increases the crystallinity of the
resultant material due to slowed crystal growth rates. Monocarboxylic acid modulators
interfere with linker deprotonation by escalating Hctivity, causing metdigand
complexation to slow and ®IF particle sizes to increagerystal size and modulator pK
have been shown to be inversely proportional, whereas size and modulator equivalents are
directional proportionalboth of these trends are a result of highérddtivity in the
reaction solutin.*®* Modulator selection also affects aspect ratio of anisotropic MOFs, as
they can coordinate to selective crystal facets and inhibit ligand coordination in particular
directions.

By understanding thegpameters of crystal growth, some MOFs can have their particle
size, morphology, topology, crystallinity, and even pore environment selectively tuned,

though further research must be done to build a concise model between these parameters
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and crystal propées. When considering applications, crystal growth parameters are
essential. For example, a MOF catalyst would ideally exhibit small particle sizes for higher
surface areas and active sites and large pore sizes for increased diffusivity. Conversely, a
MOF polymer reinforcer would be larger and have very high aspect ratios in order to
enhance load transf&¥ In the following sections, two quite different MOF applications
areexamined: reverse osmosis and direct air capture ef T choice of MOF for these
applicationsi particularly because of particle size, shape, morphology, pore size, and

functionalityT is essential for maximum material performance.

MOFs as reverse osiosis membrane nanofillers

2% 0.5%

= Sea or brackish water Drinkable, inaccesible  ® Drinkable, accesible

Figure 1.9. Water is abundant on our planet, but only 2.5% of it is drinkable and 0.5% of all
water is both fresh and accessible.

Clean water is a precious resource not only for human consumption, but also for
agriculture, health care, hospitality, manufacturing, and energy prodd€tionly 2.5%
of the worl dbés wartfeund irsglapigrsl nversi and sfreanass lakesa t
underground, or in the atmosphere (Figlied. Furthermore, 0.5% of all water on earth is

both accessible and drinkable, with 500 ppm being the accepted upper limit on water
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salinity %4 Increasing population and climateartye has shifted water demands to the
limits of Earthos nat uscaséearedsRour billioo pepplée speci al
mostly in the Middle East, south and gahtAsia, northern China, Australia, North and

southern Africa, southwestern North America, and parts of Argentina and iClaite

scarcity of clean wateéf® With evergrowing demands and 97.5% of accessible water

being sea or brackish water, desalination technologies are more important th&#4 ever.

Over 90% of global desalination capacity is attributed to either thdyvasad technology

such as multistage flash distillation (MSF), nugtiect distillation (MED), and vapor

compression distillation (VCD); or membmabased technology such as with reverse

osmosis (RO). The latter accounts for 69% of desalination capacity globally 2021, up from

41% in 200368170

Phase 1 Membrane Phase 2
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) 89‘
< I
® c% )

G T T G T %
NN NN b

?
%

R
AP, AC, AT

Figure 1.10. Brackish water is pushed through a thiilm RO membrane through either pressure
or aconcentration or temperature gradient, resulting in greatly decreased concentrations of salt
ions.

The steady growth of R@ased desalination has led to the rapid advancement of
membrane technology. Fundamentally, these semipermeable membranes operate by

allowing water to diffuse through the micropores and separating it$edions such as
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Na" and Ci (Figure 1.10). The first RO membranes, developed in 1959 and further
improved in 1963, consisted of cellulose acetate and showed 99% NacCl rejection with
water permeance up to 0.14m?%h/bar (LMH/bar)!’*12 The chemical andhermal
stability of these membranes, however, was poor, and more robust polyamide (PA) thin
film composite (TFC) membranes were developed in respdhsePA TFC membranes

are produced through the interfacial polymerizationmgshenylenediamine (MPD) and
trimesoyl chloride (TMC)resulting in a tightly crosslinked matrix containing voids. Early
PA TFC membranes retained the 99% NaCl rejection whiteasing water permeance to
0.73 LMH/bar and exhibiting superior chemical stability. The latest membranes have water
permeabilities of 2 LMH/bar for seawater (15,0040,000 NaCl ppm) and-2 LMH/bar

for brackish water (1,0005,000 ppm), with rejection tes exceeding 99.79%6°

Biological Organic
<“‘~' . n

l/\iH OH “
OH

OH

Inorganic Particulate

e®%e
&n

Figure 1.11. RO foulants fall into four different categories, all of which negatively impact
membrane performance parameterhsagwater permeance.
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Despite the excellent performance of modern RO membranes, they are susceptible to
fouling, which results from the accumulation of solids on the membrane surface and leads
to a permeate flux decrease and water qualfty?° Foulants can be classified into four
different categories: organic (polysaccharides, proteins, and decompaseudsms),
inorganic (sparingly soluble salts, silica, supersaturated compounds), biological
(microorganisms and algae), and particulate (colloids, clay, sand) (Eigajé’’181183n
commercial plants, fouling is complex, as it isoanbination of these four different types,
all of which require different strategies to combat. Besides fouling, a-ofadetween
permeability and selectivityas is typical with synthetic polymer materialgreatly limits
the potential flux of TFC mebranes since water quality takes precedence over operating
costs® A response to these challenges in RO membrane technology isviHepieent
of nanofillers to improve membrane performaaoel to address fouling issudin-film
nanocomposite (TFN) membranes are augmented with nanopatrticles, which may enhance
salt rejection and flwor decrease energy requirements or fouling isdepending on the
chemical nature, morphology, and functionalization of the fifltNandillers that have
been applied for RO TFNs include silltA®’, TiO.'88 %% zeolited®? 1%, sjlver98198
carbon nanotubé$!®¥2%2 cellulose nanocrystdfs?®> graphene oxid8*?% and most
recently, MOFs.

Using MOFs as nanofillel®O TFNSsis a relatively novel process. In 2009, Basu et al.
introduced modified HKUST, MIL-47, MIL-53(Al) and ZIF8 into
polydimethylsiloxane (PDMS) membranes resulting in improved permeance and decreased
membrane swellind’® In a 2013 study, Sorribas et al. produced-filim nanocomposite

(TFN) polyamide membranes containing ZBFMIL-53(Al), NH>-MIL -53(Al) and MIL-
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101(Cr), observing enhanced permeance while retaining >90% salt ref@ttioaddition

to ZIF-8207211 MIL-101%%2 and MIL-53296207 7|F-11212 MIL-68?'2 MIL-125%3 PCN
222214 and UiG66°132have been used &O nanofillers.There are several advantages
that make MOFs ideal candidates for RO. First, thghlsurface area allows for better
interaction with the polymer matrix and therefore very low loadings are required to
transform the properties of the entire TFR?18 The exceptional volume and modifiability

of MOF pores not dg introduces additional water transport pathways, but also allows for
enhanced performance through &ntiling or tuned hydrophilicity functionalizatiol’

The organic ligands in the framework backbone are flexible and have higher affinity for
the polymer chin as compared to inorganic nanoparticles, improving filler dispetSion.
Finally, MOFs are generally stable in a wide range of chemical and thermal environments,
therefore the nanofillers would avoid decomposition after membrandreaathent and

prolonged flux test$*

Figure 1.12. The introduction of a porous and anisotropic material sudhGi$222 improves
membrane performance by not only retaining salt rejection, but also by providing alternate water
transport pathways. These pathways may either be a) through the nanochannels along the length of
the MOF, or b) through the voids createdhia PA matrix.
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In Chapters 2 and 4, a zirconidmased porphyrinic MOF, PCR22, was selected as a
nanofiller for reverse osmosis. PEAR2 is anisotropic, meaning that it has the potential to
form nanochannels in the PA matrix as alternate water transghbways and increasing
water permeanc®:??°lt also has 13 A micropores and 37 A mesopores, giving 2vatér
molecules yet another pathway and enhancing membrane flux performance. Though these
pores are also large enough for saft permeanceNa’ = 7.2 A and C1=6.6A), the highly
tunable nature of MOFs lends to pore functionalization capabilities, and pore sizes can be
decreased through pesgnthetic modification. The chemical environment of the pores can
also be tunedsuch as through the loading with afttuling molecules like zwitterions, to
increase longevity of flux. Thus, MOFs possess great potential as reverse osmosis

nanofillers for permeance and salt rejection enhancement.

MOFs for direct air capture of CO:2

Climate change has had a devastating effect on nearly every aspect of our planet.
Increasing temperature, sea level rise, ocean acidification, weather pattern disturbances and
increased severity, glacial retreat, mass extinctions, drought, food shoaaddsjman
displacement are just some of the ramifications that climate change has had all over the
world.2?*?22Humans have been the principal drivers of the climate change crisis, primarily
through the burning of fossils fuels such as coal, petroleum, and naturZfas.
Combustion outilization of fossil fuels produces heaapping gases known as greenhouse
gases, which includes carbon dioxide (76%), methane (16%), nitrous oxide (6%}, and F
gases (2%) such as hydroflurocarbons or perfluorocadoO; levels have steadily

climbed from preindustrial levels 0280 parts per million by volume (ppnto 404 ppmy
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and has been predicted to reach between 530 and 980 ppmv by?*Z20CO: is
particularly problematic due to its high stability and its ability to adsorb aminre
infrared radiation, returning reflected sun
catalytic conversion of C£Qinto lessharmful, more useful products has been a highly
researched and noble endeavor from the scientific community, this strategy alone cannot
combat the massive concentrations of atmospheric cédfbohn alternate carbon
sequestration strategwould require negative emission technology (NET) deployment to
sequester carbon from the atmosphere in a strategy known as direct air capturé’DAC).
231

As of 2021, 19 DAC plants are in operation across the globe sequestering over 0.01 Mt
COzlyear?®2Carbon capture expansion plans include saafes t o 28dar bivi2030C O
and 9 8 Qyedby 2050, urging the scientific community to develop more efficient
sorbent materials for DAC. Strategies for {ITTAC include most notably solid sorbent and
liquid solvent technologies, but also include cryogenic, moistuirggsadsorption, electro
swing adsorption, and alkaline feedsto€®sSolid sorbents he garneredthe most
attention as DAC materials along with liquid solvents, and both have undergone the most
development for commercial NET deployment. Part of this it due to thewvad#rstood
adsorption mechanics of solid sorbents, which can occur either as weaopbtion from
van der Waals interactions or strong chemisorptiarthe formation of a chemical bond
between the sorbent and sorbEf3® Furthermore, solid sorbents have a marked
advantage over liquid absorbents due to superior kinetics, higher stability, lack of
evaporation, and lower regeneration temperattifedeal solid sorbents have high

adsorption capacity (at low CQ@oncentrations, or atmospheric concentrations of 400
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ppm), low regeneration energy, rapid sorptiowl @esorption kinetics, recyclability and
long-term stability, pore size and surface modifiability, and versatility under varied
atmosphere$:’ 2% Materials currently used for solstae DAC include calcium oxides,
activated carbon, zeolites, hydrotalcites, supported amines, and lithium zir€izé>°
Currently, these technologies are limited by low.@@take and selectivity atmospheric
conditions promptingresearchers to explore various methods of improve DAC efficiency
of solid-state sorbent¥%242The emergence of metatgaric frameworks for selective gas
separation and storage has offered a promising alternative to these more limited DAC
materials.

MOFs arepromisingDAC candidates thanks to their permanent porosity, robustness,
surface and pore functionality, and relatiiabglity.?*®> MOF DAC operates through
physisorptionvia van der Waals interactions and diffusion, as well as chemisorption, a
processinwhichCé&bi nds to the coordinatel yintbensatur at
frameworks. Open binding sites are found in several M&tEdied for CQ DAC,
including UiO-66/Ui0-66-NH2244247 MOF-177243248:249 Mg-MOF-74/CPQ27-Mg?*®
253 MIL-101-Cr?%4257 SIFSIX-n-M?25825% HKUST-129261 and ZIF8%44262 among others.
The materi al s 6 ingituar postgyrdhetc amingiaféng capabildies lend
to their notable C@selectivity by increasingteractions between binding sites within the
MOF and the sorbate, affording a lar@g: (heat of adsorptiorgt lower pressureé*263.264
As compared to other GGsorbents such as agueous amine solutions, MOFs are less
corrosive and more thertha stable, and have higher working capacities and lower
regeneration energy requiremeffts.Like zeolites, selective adsorption in MOFs is

achieved through molecular sieving effects considering existing anesyrubietically
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tuned pore sizes, offering tyanother advantage to these matef&isn addition, gas
storage and separation in MOFs is walldied, dating back to studies with MGHnN
1999120

However, MOFs as C£DAC sorbents have some drawbacks. Soalés difficult due
to material expense and occasionally high pressures or corrosive materials required for
synthesig?® Many MOFs also have a strong affinity fos® which competes with GO
for coordination to open metal sité8.In some cases, water may even have a stronger
coordination affinity for the metal node than the MOF ligand, hydrolyzing the bridging
between the linker and metal node and leading to material degratfatiorChapter 5,
these challenges are addressed for fous B&C MOFs: UiO66, MOF177, MgMOF-
74, and MIL-101-Cr, as well as the amireppended versions of the latter two. The
materials are synthesized considering scaleeffects and treated to avoid water

degradation, then characterized for{IWAC purposes.
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Abstract

Nanorods of PCM22, a largeore, zirconiurdbased porphyrinic metalrganic
framework (MOF), have been prepared through coordination modulatiotrolled
crystal growth through competing madentate ligands known as modulatéos
incorporation into reverse osmosis thin film nanocomposite (TFN) membranes. Post
synthetic modification of the MOF node through binding of myristic acid (MA) altered
channel dimensions and pore size distributiohe Extent of MOF modification was
characterized through BrunatemmettTeller (BET) gas sorption, as well 44 NMR
following digestion of the particles. TFN membranes containing 2€A nanoparticles
modified with varying levels of myristic acid (MA) weifabricatedvia dispersion in the
agueous phase during interfacial polymerization, and the resulting flux and rejection
performance of each membrane was evaluated. Increased water flux was observed with
increasing MA content in the PCRR2 nanorods. Up ta 95% increase in water flux was
observed for a TFN containing a 0.01 wt% loading of FX2%) nanorods with a 10:1 MA
to linker ratio, while maintaining high salt rejection. The flux change was attributed to
tunable water transport through the nanorod miracture and through rapid water

transport pathways at the nanofpalymer interface.
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Introduction
Access to cleawater for human consumption, agriculture, and other uses is a challenge
for communities around the world. In areas facing water scarcity, membrane technology is
employed to clean otherwise unusable water sources. This is especially true in areas with
little access to fresh water but abundant access to sea water or brackish water sources.
Membranebased reverse osmosis (RO) processes account for the majority of filtration
processe$and there have been numerous advances in membrane technology over the past
two decades that seek to increase the efficiency and viability of RO processes as a method
of providing clean water to watscarce regions.

The majority of commercial RO processes use thin film composite (TFC) membranes to
perform separations. TFCs rely on a thin polymer skin layer on a porous stippften
a polysulfone ultrafiltration membrang to perform separations. The formatiamd
optimization of TFCs is wellocumented in the scientific literatut€. Recent
developments in nanotechnology have resulted in the creation of a new class of membranes
known as thin film nanocomposites (TFNs). TFN membranes are created by incorporating
nanoparticles durindne traditional TFN fabrication process to alter membrane permeation
and rejection. Membrane properties are enhanced by the presence of the nanoparticles, and
a variety of nanoparticle types have been studied as TFN additives.

The addition of nanoparticlebas resulted in TFN membranes with remarkable

improvements in flux and selectivitlowever most studies have focused on spherical or
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nearspherical nanoparticles such as 7,i@silica’ ! silver}? and zeolites¥*° Inclusion

of these nanoparticles results in the formation of pore structures, which are believed to
offer preferential watetransport pathways once embedded within the polyamide matrix.
Recent work performed by our research group using simglied carbon nanotubes
(SWCNTs}®!” ard cellulose nanocrystals (CNCs) as TFN addifi¥e®sulted in
membrane fly improvements of >150% while maintaining >98% salt rejection. In both
cases, the nanoparticles possessed much higher aspect ratios than other typical TFN
additives (>50:1 for SWCNTs, ~10:1 for CNCs). These significant increases in flux were
attributed tothe formation of nanoscale voids, or nanochannels, along the polyamide
nanoparticle interface. Water molecules diffusing through the polymer matrix move
rapidly through these nanochannels, enhancing the membrane flux. In the case of the
SWCNTs and CNCs, &nfunctional groups in the nanochannels are believed to facilitate
the size exclusion of ions, leading to high membisiectivity.

A relatively recent class of TFNs involves the inclusion of metghnic framework
(MOF) nanoparticle$¥?? These crystalline coordination polymers are composed of metal
nodes bridged by multidentate organic ligands to fornm,ame-, or threedimensional
structureg® They are marked by their characteristic high surface areas, low densities,
permanent porosity, and multifunctionality, which has lent to their varied applications in
gas storage and separation, drug delivery, energy transfer, cataiybistterie$* MOFs
are conventionally prepared through solvothermal synthesis, in which an inorganic salt and
an organic linker are combined in a polar solvent and heated in a sealed cnHiier.
methodology allows for the preparation of MOFs of varying functionalities, chemical

environments, and crystal sizes wibieticular topology, while the general stability of the
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structures gives rise to pesgnthetic modification capabiliti€d. MOFs stand out as TFN
additives because of their pore structures. Transport in TFC membsatested by
diffusion, and therefore the overall free volume within the skin layer of each TFC will
determine the permeance of water and other ion species in the feed. When MOFs are
present within this layer, their pores may act as alternative transbrvays within the
skin layer. Depending on the size of the pores in a given MOF, the rejection and permeation
properties of a MOHFN change drastically. Previous studies have shown that marked
increases in overall membrane permeance occur, but afley/wempanied by a loss of
ion rejection due to pore sizes larger than both water molecules and saf?fohsese
studies were limited to neapherical MOF particles with aspect ratios close to one and do
not provide insight into the behavior of higher aspect ratioliked particles. MOF
nanoparticles with aspect ratios above 3:1 are ofasteot only due to their internal pore
structure, but also due to the potential to form nanochannels at the polgnograrticle
interface similar to the those observed with CNCs and SWCNTs.-siaistetic
modification of the nanoparticles can be usedlter membrane performance by changing
both the diameter of internal MOF pores and by influencing the structure of the polymer
nanoparticle interfacial region.

Herein, we report the synthesis and pmgithetic modification of MOF nanopatrticles
for inclusion into TFN RO membranes. The MOF nanoparticles were functionalized with
myristic acid to tune channel dimensions and pore size distribution, which was
hypothesized to increase salt rejection compared to the unmodified MOF. Further, we
report on the falication of TFN RO membranes with functionalized MOF nanoparticles

and the resulting desalination performance. We hypothesized that the introduction of MOF
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nanoparticles into a TFC system would result in an increase in the overall membrane flux

while maintaning high selectivity.

Experimental Section
Materials

The following chemicals were purchased from Sighhdrich (St. Louis, MO, USA):
1,3,5 benzene tricarbonyl trichloride (trimesoyl chloride, TMC, 98%
phenylenediamine (MPD, 99%), and zirconium(lV) oxychloride octahydrate
(ZrOCl2-8H.0, 099.5%) .5%exane@di um chlorNNHde (099.
di met hyl formamide (DMF, 099.8%) were obtaine
USA). Myristic acid (MA, >99.0%) was obtained from Tokyo Chemical Industry Co., LTD
(Tokyo, Japan)mesetetrakis(4carboxyphenyl)porpyrin (TCPP, >97%) was purchased
from Frontier Scientific (Logan, UT, USA), and difluoroacetic acid (DFA, 98%) was
obtained from Oakwood Chemical (Estill, SC, USA). Polyethersulfone (PES)
ultrafiltration membranes were provided from DOW FilmTec (MinneapdliN, USA).
Dimethyl sulfoxideds (DMSO-ds, 99.9%) was purchased from Cambridge Isotope
Laboratories (Andover, MA, USA).

PCN-222 preparation

Uniform 300 nm nanorods of PGRR2 were prepared through solvothermal synthesis of
ZrOClp-8H0 (37.7 mg, 0.117 mnhp TCPP (6.8 mg, 0.0086 mmol), and DFA (0.226 mL,
3.59 mmol, 416 eq) in DMF (16 mL) at 120 °C for 24 h indr&m scintillation vial. The
dark violet powder was isolateda centrifugation, washethree timeswith DMF and

acetone, and then airied ovenight yielding 10 mg of PCKX22 per reaction vial.

45



Postsynthetic modification of PCN222

MA solutions (0.1 M and 1 M) ereprepared by sonicating solid MA in DMF until
fully dissolved. PCN222 (33 mg) was combined with MA solut®im 10:1, 1:1, or 1:10
stoichiometric ratios of MA to TCPP linker per unit cell astdred at 60 °C for 24 h. The
modified MOF (denoted as PCR22-MA) was isolatedria centrifugation, washed %3 with
DMF and acetone, and airied overnight.

Powder Xray diffraction (PXRD)

The crystallinity and phase purity of PEX22 and PCN222MA were determined from
PXRD measurements on a Rigaku Miniflex diff
A). Powder samples were loaded on to a Rigaku Si510 sample holder disc and analyzed at
a0 A resolution and a 1.0A/min continuous sc

Scanning electron microscopy (SEM)

Fluorinedoped tin oxide (FTO) slides were affixed to SEM sample stages with double
sided copper tape and carbon conductive adhesive-22Mas suggnded in ethanol and
drop-cast on the slide, and the stages were-spated with Pt and Pd. SEM images of
PCN222 particles and MOF TFN membranes were collected on a LEO 1550 field
emission scanning electron microscope (Carl Zeiss, Oberkochen, Germarykdtand
a 5.3 mm working distance.

Thermogravimetric analysis (TGA)

Phase transitions and decomposition temperatue€nf222,ZrOCl,-8H,0O and TCPP
weredetermined with a Q500 thermal analyZ€A Instruments, New Castle, DE, USA)
by heating at 10 °nin under air over a range of-BB0 °C.Additional analysis of PCN

222 was performed with a Discovery TGA 5500 (TA Instruments, New Castle, DE, USA),
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which was held at 100 °C for 1 h to eliminate solvent before data collection, thenditeated
10 °C/min under air over a range of Z80 °C

Brunauer-EmmettTeller (BET) gas adsorption

12 mm Micromeritics gas adsorption sample cells were loaded withZ22Mnd PCN
222-MA (20-50 mg), evacuated, and backfilled with. fhe MOF samples were activated
at 120 °C for 24 h under vacuum and then placed into a 3Flex surface analyzer port
(Micromeritics, Norcross, GA, USA)Surface area, pore size, and pore distribution of
PCN-222 and PCN222-MA were determined from BET isothmas collected under N
Retained crystallinity followed gas sorption was confirmed with PXRD.

'H NMR spectroscopy
PCN-222-MA (5 mg) was combined with DMS@ ( 700 eL), digested

concentrated F6Qu, and sonicated until fully dissolved. The liquvas transferred to an
NMR tube and heated for 30 min in a 85 °C sand BetINMR spectra were collected and
analyzed to determine MA loading into the MOF mesopores.

RO membrane stock solution and monomer solution preparations

MOF nanoparticles (unmoddd and modified) wergveighedand used to create 1.0
mg/mL stock solutions of each type dispersed in water. These solutions were samécated
probe sonication (Fisher EB705) at an intensity of 30 for 15 min. A desired amount of each
stock solution was aeéd to a beaker with the-phenylenediamine (MPD) and water to
create an aqueous monomer solution (25 mL) of 2 wi% MPD and 0.01 wt% of
nanoparticles. This process was repeated for each type of nanoparticle. A 20 mL solution

of 0.1 w/v% 1,3,5benzenetricarboyltrichloride (TMC) in hexanes was also prepared.
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Membrane support pretreatment

Polyethersulfone (PES) support membranes were cut to desired dimensions and soaked
in a solution of 0.5 wt% SDBS for at least 24 h.

Interfacial polymerization (in situ)

A single PES support was placed into a PTFE frame and submerged in the MPD solution
for 30 min. The support was removed and the excess solution rolled off with a glass rod.
The PTFE frame was wiped clean and the support replaced into the frame. The support was
then submerged in the TMC solution for 90 s dhen removed. The resulting TFN
membrane was heat treated af@8or 10 min and then stored in DI water. Five variations
of membranes were fabricated for analysis in this stwith variousnanopatrticle loading
and postsynthetic modification information presented in Table 1.

Table 2.1. Thin film nanocomposite membrane formulations

Loading (wt% in MPD MA:TCPP

Membrane Nanoparticle Additive solution) Ratio
PA None 0 -
MA-0 PCN-222 0.01 0
MA-0.1 PCN-222 0.01 1:10
MA-1 PCN222 0.01 11
MA-10 PCN-222 0.01 10:1

Membrane masking

TFN membranes fabricateda interfacial polymerization were masked between two
layers of aluminum tape (VentureTape, 3Maplewood, MN, USA, sealed with epoxy

(The Gorilla Glue CompanyCincinnati, OH, USA, and allowed to cure for 24 h.
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Photographs of each membrane were taken, and the active area of the membrane was
measuredia Fiji softwarg?® with anaverage membrane active acé®.4 + 0.3 cm.

RO permeation testing

Masked membranes were placed into a cflosg RO test system (Sterlitech
Corporation Kent, WA, USA and subjected to a 2000 ppm*Need solution at a flow
rate of 2.9iters per minu¢ LPM) andapressure of 250 psi. Cooling water was circulated
through a coil in the feed solution to maintain a constant temperature of 20 + 2°C. Permeate
samples were collected over a set period of time wedhed Flux values for each
membrane were taulatedvia Equation 1

DV
Q=25 1)

whereQ is flux, g Ms the volume of the permeate obtained by dividing the mass of each
permeate sample by the density of each sample (low salt concentrations were assumed,
therefore the density was approximately the density of water, 0.997)gicis the active
area of eeh membrane, ands the time over which the sample was collected. Membrane
flux is reported in liters per square meter per hour (LMH).

Atomic absorption spectrophotometry (Buck Scientifiorwalk, CT, USA was used to
obtain salt concentrations in feadd permeate samples. Equation 2 was used to calculate

saltrejection as a percentage from tesultingsample ion concentrations.

’ a C
A%) =g P
¢

c, (2

'|'OD= O

whereR s rejection (as a percentag€), is the concentration of cations in the permeate,

andCs is the concentration of cations in the feed.
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Transmission Electron Microscopy (TEM)

TEM was used to visualize membrane layers. Membrane cross sections were prepared
by cutting slices from a samplé each membraneeported inTable2.1. These samples
werefixed in epoxy and an RMC Powertome PC (Boeckeler Instruments, Tucson, AZ,
USA) microtome was used to collect the transparent sections for characterization.

An EM420 transmission electron microscogRoyal Philips, Amsterdam, The
Netherlandsjvas used at an eeleration voltage of 120 kV to acquire images under bright
field conditions. Images were recorded using a CCD camera and procesdeq
softwareto determine membrane layer thicknesses.

For additional analysis, MA and MA10 membrane samples wermalyzed in a JEOL
2100 transmission electron microscdpEOL, Ltd. Tokyo, Japarmperated at 200k¥nd
subjected toscanning transmission electron microscope energy dispepsivay
spectroscopy (STENEDS) Further information may be found in the Supp@tin
Information.

Atomic Force Microscopy (AFM)

AFM was used to characterize the surface roughness for each membrane. Images were
obtainedvia AC Mode on a Cypher ES AFM (Asylum Research, Santa Barbara, CA, USA)
using AC160TSE3 probes (k = 26f = 300 Hz, Gford Instruments,Tubney Woods,
Abingdon, UK. RMS roughness values were obtaingd Asylum Research image
analysis software.

X-Ray Photoelectron Spectroscopy (XPS)

XPS was performed on membrane samples to characterize polyamide crosslinking

density. Spctra were obtained using\@ersaProbe Il scanning XPS microscaH],
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Inc., Chanhassen, MN, USABing monochromatic Al Kalpha Xray source (1486.6 eV)
and all binding energies referenced to th€ Peak at 284.8 eV.

Contact Angle Goniometry

Surface contact angles were obtained to evaluate the hydrophobicity of each membrane.
Measurements were obtaineth a CAM 200 goniometerKSV Instruments, Ltd.,

Helsinki, Finland.

Results and Discussion

Zirconiumbased porphyrin MOPCN-222, which haslarge mesopores and a tunable
aspect ratipwasselectedor incorporationinto the TFNRO membraned’ PCN-222 (or
Zre( £0)s(OH)s(TCPP), where TCPP =mesetetrakis(4carboxyphenyl)porphyrin) is
composed of ®onnected Zroxo clusterdinked by TCPP ligands, which stack to form
onedimensional, 37 A channels along tbexis flanked by 13 A micropores (Figure
2.1)282°PCN-222 was prepareda a solvothermal synthesi8.The crystallinity and phase
purity of PCN222 was determined from comparison of PXRD experimental patterns with
those of a predictegattern fromsingle crystal daf& (Figure2.2a). The PXRD pattern
showedsharplow-angle peakidicative of a highly crystalline MOF powder. SENas
used to determinBCN-222 particle size and morphology and revealed uniform-likee
nanorods 3D+ 17 nm in lengthand 96+ 9 nm in diamete(Figure2.2b). The c-axis runs

along the length of the PCRR2 nanorod, providing a direct channel for speagration.
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Figure 2.1. The metal node of PGIR22 (top left), composed of six Z¢cyan) links to the TCPP
ligand (nitrogen = blue, carbon = gray, oxygen = red, bottomMefigarboxylate groups in an 8
connected fashion to form a thrdenensional framework with channels aligned alongcthsis.

—— PCN-222-MA
—— PCN-222 (experimental)
—— PCN-222 (predicted)

Intensity (a.u.) Q)

UL
0 5 10 15 20 25 30 35 40 45 50
20 (-)

Figure 2.2. (a) PXRD patterns of predicted, experimental, and modified -PEN(MA:TCPP
loading = 10:1). (b) SEM image of PE222 powder.

In considering water purification, the 13 and8pores of PCN222 are large enough to
allow water (2.83) to pass through. Haaver, ionic species in the feed solution such as
Na* (7.16A) and Cl (6.64A) are also small enough to pd8&our positions of the Zr
cluster in PCN222 are occupiedby terminal hydroxy groups that are capable of

substitution byexogenougphosphonate ararboxylae-terminated molecule¥ Using this
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strategy, PCN222 was modified with myristic acidvia solventassisted ligand
incorporation (SAL), heretofore termed PGRR2-MA. 32 We hypothesized that migtic
acid functionalization wouldincreasethe hydrophobicity of the poreswhile also
decreamg the pore volumeIn doing so, the selectivity for water transport through the
MOF channels would be modulated by both size and molecular interactions

Three different loadings of myristic acid were produced to explore the relationship
between pore functionalization and transport properties. The myristic acid to TCPP ratio
in the synthesis solution was examined at 10:1, 1:1, and 1:10. PXRD confirmB& that
222-MA retained crystallinity after SALI was performed, even at high MA loadings
(Figure 2.2). The bading ratios were confirmed wittH NMR spectroscopyn the

degraded materiglith actual MA:TCPP ratios determined by Equation 3

MA _ MA  #H(TCPP
TCPP #H(MA  {JCPP

3)

An example!H NMR spectrum and MA:TCPP ratio calculation is provided in the
Supplementary Information. Interestingly, the stoichiometric ratio in the synthesis solution
was maintained in the MOF crystallites. To oligtish the samples moving forward, we
refer to the MOFs aBCN-222-MA -0, PCN-222-MA-0.1,PCN-2222MA-1, andPCN-222-
MA-10, where the number after MA indicates the myristic acid loading.

To further confirm that myristic acid loading modified pore volume ginface area and
porosity of PCN222MA-0 and PCN222MA-(0.1, 1, 10)weredeterminedvia N2 gas
sorption (Figure2.3). PCN-222MA -0 resulted in a calculated BET surface area@f5L
m?/g and a total pore volume up to 0.94%m comparable ttiterature 2 Gas adsorption

isotherms confirmethat N> adsorption decreased witiicreasingMA loading, indicating
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that the channelsaddecreaseth volume The two overlapping Type Il isotherms feature
two plateaus, with the plateaus at lower relative pressures corresponding to Ahe 13
micropores and the plateaus between-0% p/ corresponding to the 37
mesopores>** Incremental pore volumesf PCN-222-MA-0 and PCN222-MA-(0.1, 1,

10) indicated that as MPpading was increased, the Accessible pore volume decreased,

confirming a greater degree of MA functionalized pores.

ano b3
('7) 7001 —— PCN-222 (Original) £ 0.35{ ——PCN-222 (Original)
© 600 —— PCN-222-MA (x10 loading) L. —— PCN-222-MA (x10 loading)
= PCN-222-MA (x1 loading) g 0.304 PCN-222-MA (x1 loading)
g 500 5 0.25-
= o
J 4001 > 0.20
= D
S 300+ S 0.154
g = 0.10
< 2001 : w 010
> 7 I S 0.051
| N
g ol S 0.0042N D "
g 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 < 10 20 30 40 50
Relative Pressure (p/p°) Pore Width (A)

Figure 2.3. (a) Gas adsorption isotherms and (b) incremental pore volumes c2PZahd PCN
222-MA with 10:1 and 1:1 MA:TCPP loadisg PCN-222-MA with 1:10 MA:TCPP loadings
showed almost complete overlap with neat PZ2K.

Monomer solutions of m-phenylenediamine (MPD)/PCN222 and 1,3,5
benzenetricarbonyltrichlorid¢ TMC) were combined to form a crosslinked network
interfacially polymeized with the plyethersulfone(PES) support membrane. Because
PCN222 contacts DI water, hexanes, and dQ@iling the interfacial polymerization that
forms each membrane active laysability screening was performeddifferent chemical
environments by soaking 10 mg BCN-222 powder in solvent for 24 h and collecting

PXRD patterns of washed and dried MOF. REZ22 retained stability and crystallinity in
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1 M HCI, hexanes and boiling water, among others (Figutda). Because the TFN
membrane is heat treated, TGA was used to deteramystallineto-amorphousphase
transitions and decomposition temperatwwE®CN-222, as well as of the ZrO£8H,0

and TCPP precursors, under @igure2.4b). Weight loss for ZrOGI8HO between 100

°C and 145 °C accounts for multiple steps of dehydration, followed by chloride counterion
loss. Because the nodes in PERP are composed of &oxo clusters rather than hydrated
Zr(IV) species, the losses between Zr@8H.O and PCN222 canot be connected.
Weight loss for PCN222 below100 °C is attributed to acetone in the poredlowed by
dehydroxylation of the Zmodes between 100 °C and 450%°@ sharp decrease at 390

°C followed by a slower weight loss in the TCPP TGA curve is attributed to loss of carboxy
and phenyl groups, respectivéi?® Decomposition of TCPP ligands in the PQR2
curve is attributed to the loss beyond 420 °C, leaving behing In@ to the high thermal
stability of PCN222, membrane fabrication procésg at 68 °C causes no decomposition

of the nanoparticles

100 ]
—Hexanes | gn] N T - ~-=-=
—— 1 MHCI ok
—— Ethanol 801
’:',7 —— Pyridine 704
: —— Toluene < ] i
S — Dl water (100 °C) x € ,
> —— Dl water (25 °C) = 504 \
@ —— Predicted o 401 :
c [0) ] .
s Z o e
= —— PCN-222 Pl
109 -..- ZrOCl,*8H,0
04
| o] - TCPP
0 5 10 15 20 25 30 35 40 45 50 0 100 200 300 400 500 600
20 (°) Temperature (°C)

Figure 2.4. (a) PXRD patterns of PCR22 collected after soaking MOF powder in the given
solvent, washing, and drying. (b) Thermogravimetric analysis for-BZN(blue) after washing
with DMF and acetone, then airying. TGA curves foZrOCl-8H,0O (black) and TCPP (redye
also included.
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TEM images of membrane cross sections are presented in Fdur@he typical
structure of a polyamide thin film composite membrane is observed in Rdarevhere
the interfacially polymerized skin layer is visible above a porolysptione support layer.
The large loops of the ridggndvalley structure commonly observed in interfacially
polymerized polyamide membranes are present, and the average polyamide skin layer
thickness is approximately 300 nm. No significant changes sttheture of the skin layer

are evident upon the addition of P22 nanoparticles (Figur@ssb-d).

Polysulfone support

Polysulfone support

Polysulfone support

-
Polysulfone support

AN

Figure 2.5. Transmission Electron Microscopy (TEM) imagesa&fffA membrane by MA-0, (c)
MA-0.1, and d) MA-1 membranes.

Figure 2.6 confirms the incorporation of nanorodato the interfacially polymerized
polyamide layepf the membrane&igures2.6a and2.6b are TEM images of microtomed
MA-0 membranes where small (<100 nm) particles can be obsertiede may be

individual nanorodsthat were bisected during microtomin@r aggregates of a few
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nanorodsThe MOF nanorods are completely enveloped by the polyamide |digures

2.6c and2.6d are TEM images of microtomed MEO membranes and exhibit a large,
approximately 500 nm MOF agggate that is alsfully embedded ithe polyamide film.
Energydispersive Xray spectroscopy (EDS) on the aggregate confirms the presence of Zr
atoms (see Supporting Information), indicating that the aggregates conta¥2Z2CN
MOFs. The presence of smallgarticles in the MAD sample and larger aggregates in the
MA-10 sample suggests that the MOFs functionalized with MA are more likely to form

large aggregates due to the presence of MA on the external surfaces of the nanorods.

Figure 2.6. TEM images of microtomed crosections of an MA membrane (a and b) and an
MA-10 membrane (c and.d®CN-222 nanorods and aggregates are indicated by yellow dotted
lines.

A key concern forTFN additives is whether the presence of the nanopartidss
pronounced effects on the formation of the polyamide skin layer of each RO membrane.
SEM images of the surfaces of each of the membranes evaluated in thexrstprbsented
in Figure 2.7. The control membrane surface exhibits the expected ridge and valley
structure of the interfacially-polymerized polyamide (Figure 2.7a) Variations in
membrane surface struice are observed upon the additiofP@iN-222 nanoparticlewith
increasing MA loading due to the presence of MOF aggregates within the polyamide film
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(Figures2.7b-e). In most cases, the large nanorod aggregates were completely covered by
the polyamide film during interfacial polymerization, and fully covered nanorods and
aggregates can be seen in the regions of FRjdce d, and e where the polyamidgeaars
thicker or exhibits differences in surface textdreis agrees with the TEM results (Figure

2.6) and suggests that aggregation increases with MA loading due to the increasing
hydrophobicity of the MAcoated PCN222 nanoparticle surfacAt higher magnificatioa
(Figure 2.8b), the rod structure of the ~300 nm long P2RR nanoparticlean be seen
within the largeaggregate, confirming that the P22 nanoparticles retain their

morphology during membrane fabrication.

Figure 2.7. SEM images ofd) PA controlmembrane,lf) MA-0, (c) MA-0.1, d) MA-1, and )
MA-10.

Figure 2.8. SEM images of PC)X22 aggregates on the surface mMA -1 membrane.
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Reverse osmosis permeatia@sults forthe plain PA and PA/PCI922 membranes are
presented in Figur@.9. The addition ofPCN-222 nanoparticlesiniformly resulted in
increased water flusompared to the control PA membrangkisbehavioris attributed to
the creation of new transport pathways for water permeation thrthegpolyamide skin
layer. In the case of TFN membranes with unmodified QR nanoparticles, flux
improved to 5.8 + 5 LMH compared tal.1 £ 07 LMH for the PA control membrane
where error is attributed to the standard deviation between multiple samples collected for
3 membranesThe increase in flux was accompanied by a small decrease in membrane
selectivity to 94.5 #1.8 %from 97.5 £ 0.3 % for the PA membran reduction in salt
rejection wasexpected, as all ionic and molecular species present in the feed solution are
smaller than the diameters of both thajor (37 A) andminor (13 A) porespresent irthe
PCN-222 nanoparticke Given that the ionshould be able to passsilythroughthe PCN
222 pores,it was surprising that théecreasén rejectionwas not largelWe hypothesize
thataqueous MPD solution infiltrates the PER2 pores when the nanopaei are in
suspension. Subsequently, the pores become partially blocked by polyamide during the
interfacial polymerization step of TFN fabrication, as depicted in Figuafe This results

in higherthanexpectedsalt rejection values and lower than expdatvater flux values.
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Figure 2.9. Water flux (LMH) and salt rejection results for (left to right): PA, MAMA-0.1, MA-
1, and MA10 membranes with 2000 ppm NaCl feed and transmembrane pressure of 250 psi.
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Figure 2.10. Schematic depicting water transport through PZ22 pores with increasing
myristic acid loading.
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Further evidence forhts phenomenon igrovided by the permeation resultior
membranes containing Maded PCN-222 nanoparticls. The MA-0.1 membranes
exhbit rejectionsimilar to the control membrane (96.7 £%)7 while flux increasgto 7.3
+ 1.1LMH. Addition of MA to the PCN222 nanopatrticles results in a decrease in available
pore volume, as demonstrated by the results of BET gas adsorption (Eigur&Ve
hypothesize thate hydrophobienyristic acid chaiapreventnfiltration of MPD into the
pores of the PCN222 nanoparticls in suspension, resulting in a decrease in pore
penetration by the polyamid@igure 2.10). This results in increased porelume for
transport, increased flux, and decreased salt rejection compared to the control membrane.
A further decrease imrejectionto 92.0 + 0.3%is observedfor the MA-1 membrane,
accompanied bgnincrease in fluxo 8.4 + 1.1 MH. However,for the MA-10 membrange
saltrejectionrecovers t@6.0 + 2.46, while flux declines slightly to 8.0 £ 1.0MH. We
hypothesizehat thedense layer afyristic acid groups within theCN-222pores now act
as gatekeepers, allowing passage of water molecules but inhibiting transpottiofidla
as depicted in Figur2.10.

Other possible mechanisms for increased flux in the PA/RZIN membranes are
interfacial transport at the surface of the MOF nanedaggregates as well as transport
in interstitial channels of the MOF aggregates. Our group has previously reported on
interfacial transport in TFN membranes containing-porous, higkaspect ratio cellulose
nanocrystal$® In this mechanism, the introduction of highpect ratio nanoparticles
results in the formation of naalbannels at the interface between the MOF nanopatrticles
and the polyamide matrix through which water can permeate more rapidly. The addition of

myristic acid to the PCKR22 nanopatrticles results in a more hydrophobic outer surface
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that decreases the stréimgof the interaction between the polyamide matrix and the
nanoparticle surface. At low MA loadings (1:10 and 1:1) this would result in larger
nanochannels, increased water flux, and decreased salt rejection. At a higher MA loadings
(10:1), the high densitof MA on the nanoparticle surface could decrease the nanochannel
size leading to higher salt rejection and a slight decrease in flux. The increasing tendency
of the MOFs to form larger aggregates as MA loading increases suggests that transport in
the inkerstitial gaps between MBoated MOF nanorods may also play an important role.
The size of these interstitial spaces is likely also mediated by MA loading level, as excess
MA may more effectively fill these gaps, leading to improved salt rejection aighegt

MA loading level.

Conclusion

PCN-222 MOFs have been successfully synthesized adike@dnanoparticles for
incorporation into thin film nanocomposite reverse osmosis membranes. Additionally,
postsynthetic modification of PCR22 nanoparticles witmyristic acid offers the ability

to tune MOF pore size. Membranes formed using modified and unmodified2RZN
nanoparticles exhibited increased water flux with small decreases in selectivity compared
to the control PA membranes. In the case of the MAnembranes, a nearly 100% flux
increase was observed, while salt rejection was maintained at >95%. Two complementary
mechanisms for the changes in flux and selectivity were proposed: 1) transport within the
MOF pores modulated by polymer infiltration and msgic acid incorporation; and 2)
transport in the interfacial region between the MOF particles and the polymer matrix
modulated by myristic acid functionalization of the particle surface. -REZN

nanoparticles warrant further study as TFN additives dubdio ability to control ion
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transport and selectivity for membrabased RO processes. The ability to modify the
PCN-222 MOFs with a large variety of guest molecule structures and chemistries promises

the possibility of tuning the TFN membrane perforneafue specific, selective separations.
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) Contact angle measurements

Contact angle goniometry was used to characterize the hydrophilicity of each membrane.
Deionized water droplets of approximately gb were dropped onto each membrane

surface and imagesereacquiredvia the goniometer (CAM 200, KSV Instruments, Ltd.,

Helsinki, Finland) immediately after the drop contacted each surface, 1 minute after
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contact, 5 minutes after contact, and 10 minutes after contact. Left and right contact angles
were averaged from at ledistee locations across each membrane to obtain the final values.

Contact angle values may be seen in Fi@Qu®d.
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Figure 2.S1. Contact angle measurements for PZX TFN membranes, a control polyamide
membrane, and a commerdRD membrane.

1)) Myristic acid loading'H NMR and calculation
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Figure 2.52.*H NMR spectrum of digested PGAR2-MA with a 1:1 MA:TCPP loading.
The experimental loading of MA:TCPP was determined feaquation S1
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11)) BET surface area calculation
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Figure 2.S3.BET plot of PCN222 in the pressure range of 0.056 to 0.25.
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The calculated BET surface area was determined from the BET plot in Ei§@revhere
x is the N weight adsorbed at a given relative pressure. The monolayer capagitg, X

determined from Ecation S2:

0 — (82
where m is the slope and b is thanjercept of the BET plot. Surface area is then calculated

from Equation S3:

oy (3

whereNNi s Avogadr @i te crossadianal areafN, (0.162 nn), and M

is the molar volume (22414 mL).

IV)  Thermogravimetric analysis
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Figure 2.34. TGA and DTG curves for unmodified PC2R2
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Figure 2.55. TGA and DTG curves for a) ZrO£8H,0, and b) TCPP.

Decompositions of PCI222 weradentifiedvia thermogravimetric analysis (TGA). The
derivative weight loss (mg/min) was also plotted to assist in identifying these
decompositions, and peaks are observed at 327 and 470 °C associated with hoidé Zr
dehydroxylation and degradation of the TCPP ligand, respecii¢étyaddition, controls
were run of th&ZrClO,-8H>O and TCPP precursors (Fig@&5). The ZrClI@-8H.O DTG
shows peak decompositions at 106 °C and 3500 °C, which are attributed to
dehydration and to chloride counter ions, respectively. The TCPP DTGshagpaoss of
about 21% at 390 °C, which is attributed to loss of carboxy groups. Phenyl group loss is

associated with decomposition between-800 °C in the TCPP TGA.

V) XPS analysis results

X-ray photoelectron spectroscopy (XPS) was performed to ob@melemental analysis
of each PCN222 membrane as well as a control polyamide membRiHé \(ersaProbe
IIl Scanning XPS Microscope, ChanhasdéN, USA). No zirconium was detected in any
of the samples, which evidences that any PX2I8 nanorods in the detean area were

completely covered by the polyamide skin layer. The obtained values of oxygen and

68



nitrogen for each sample were used to calculate an approximate crosslink density for the
polyamidevia an established method, where the ratio of oxygen togdtr should give a
value of 1.0 for a perfectly crosslinked polymidie results are reported in Ta@lS1.

Table 2.S1. Resultsfrom XPS elemental analysénd calculated crosslinking density for
polyamide.

Crosslinking Density of

Element Polyamide (O/N)
Sample C N 0] Zr
MA-0 768 106  12.4 0 1.17
MA-0.1 753 9.2 13.4 0 1.46
MA-1 763 106 13 0 1.31
MA-10 773 108 117 0 1.08
PA 725  10.7 16 0 1.37

While some variations in crosslink density are evident, the crosslinking is not

significantly impacted when compared to the control polyamide membrane.

VI)  AFM roughness measurements
Atomic force microscopy (AFM}cans were performed on all membrane samples to
determine if the addition of nanoparticles impacted surface roughness. The results of RMS

roughness calculations for 20 scans of each membrane are provided in Fig3e

69



200
180
160
140
120
100
80
60
40
20

89.1

RMS (nm)

Plain PA° MA-0 MA-0.1 MA-1 MA-10

Figure 2.56. RMSroughness values for membrane samples.

Each sample was scanned in three different locations, and the RMS roughness values
were calculated for each location and then averaged. The error bars represent the standard
deviation of the measurements. Overall, BES values are similar tihose ofthe control
PA membrane with the exceptiontbat forMA-1, which is lower. This is consistent with
the SEM imagingn Figure2.8, as a visible structure change in the polyamide is ndied.
can conclude that the adaditi of PCN222 nanorods to the membranes will have little
impact on membrane roughness, and therefore be unlikely to have a negative effect on

membrane fouling.

VIl)  STEM-EDS results
Energydispersive Xray spectroscopy (EDS) measurements were performed on a

microtomed section of the MAO membrane, where a large nanorod aggregate was
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discovered (see Figue7C). For chemical identification of the observed particles as Zr
containing MOFs and not potential contamination, scanning transmission electron

microscog energy dispersiv&-ray spectroscopy (STEMEDS) was conducted on the

regions of interest. The spectra in Fig@&&7 corresponds to the region of interest

highlighted in the TEM image. The presence of Zr can be confirmed in the spectra by its

charactestic X-raye ner gi es of ~2, 16, and 18 keV, <cor

respectively.lt may therefore be asserted that the synthesMéd10 sample contam

subsurface agglomerati®of MOF nanopatrticles.
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Figure 2.S7. EDS spectra of PCI222 nanoparticle aggregate. Characteristic Zr peaks
are indicated by arrows.
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Abstract

The porphyrinic metabrganic framework, PCI22, exhibits anisotropic growth
behavior to form nanorods and microrods with aspect ratios884.Control of microrod
aspect ratios has been demonstrated through the identification of several facthcsaieat
crystal growth particularly concentrations of ligand, modulator, and exogeneousArase
increase in the local concentration of deprotonated ligand, which is proportional to
nucleation rate, is associated with smaller crystals, while increasedilaturd
concentration leads to longer microrods. Addition of a deprotonating agent not only
contributes to higher aspect ratios, but also results in an improvement to particle dispersity.
Herein, we report acidase cemodulation methods with difluoroacetiacid and
triethylamine to effectively tune PCGRR2 aspect ratios. A series of mechanisms is
identified for the growth of PCi222: 1) Ligand deprotonation, 2) nucleation, 3) oriented
attachment, 4) Ostwald ripening, and 5) dissolutieerystallization. Tine trials of ce
modulated samples revealed three separate ripening growth events, with each resulting in
larger and more monodisperse crystéfgh understanding of these crystal growth factors
and mechanisms, the highest aspect rato-templated metabrganic frameworksvere

synthesized (94 + 9)

Keywords Metalorganic frameworksaspect ratio, nanoparticles, microparticles, crystal

growth, nucleation, oriented attachment, Ostwald ripening, dissoltgmgstallization
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I ntroduction

Controlled growth of nanoparticles and microparticles has been of interest in several
research fields due to their applications in polymer compo$itemedicing® !
catalysisi>'3 water purificationt**® and energy/'® Particle size critically affects the
functionality of these applied materials, including composite reinforcet#iéhtrug
delivery efficacy and toxicity® 2° catalytic activities>®?° reverse osmosis membrane
performancé®and chromophore optical prerties3” ** Recently, a class of crystalline and
porous coordination polymers, metabanic frameworks (MOFs), haveeceived
considerable attention for nanoscale and microscale applic&tigh3hese versatile
materials, composed of organic multidentate ligands and metal nodes, exhibit tunable
topology, crystal size, and surface and pore chemistry, putting MOFs on the frontier of
applied materials researth?? Dependhg on framework connectivity and composition,
MOFs can show either isotropic or anisotropic grof¥tiinderstanding the underlying
mechanisms of each type of growth is essential in order to not only selectively tune MOF
particle size and aspect ratio, but also to obtain monodisperse crystals. However, this is
often difficult to probe due to a large numlbércaveats that must be considered, including
temperature, reaction vessel pressure, unpredictable induction, monomer concentration,

and pH¥#4
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Figure 3.1. The LaMer model describing (I) prenucleation/deprotonation, (Il) burst nucleation, and
(111) crystal growth#®

Early studies on MOF crystal growth relied on a classic nucleation theory of the LaMer
model to describe their observations. In this model, crystal growth is desaribed three
separate thermodynamically driven steps, which include prenucleation, nucleation, and
growth (Figure3.1).264° For MOFs that exhibit LaMelike behavior, prenucleation is
equated with linker deprotonation. The concentration of deprototfigéed and its local
supersaturation, Stypically defined as (8Co)/Co, where C is the solute concentration and
Co is the equilibrium concentration or solubifity increasesver time until deprotonated
ligands reach a critical minimum nucleation concentratioa)@etal nodes and ligands
then undergo rapid complexation in an event known as LaMer burst nucleadtien.
supersaturation level drops, and a low concentration of available precursors halts
nucleationDiffusion-controlled crystal growth occurs until the solute concentration drops
to Cp, or the particle solubility concentration. The LaMer model can be applied to explain

MOF-5, which exhibits very distinct nucleation and growth behavibisowever, the
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model fails to accommodate MOFs such as-&l&nd HKUST1,>%°3 where nucleation

and growth phases overlap, yet their syntheses yield in highly uniform patfiefeduch

a phenomenon would indicate a AoaMer-like nucleation behavior and/or that a

secondary growth phase event (e.g. Ostwald ripeffifigdissolutionrecrystallizatiof®)

is taking place. More recently, a more comprehensive study has introduced the idea of

kinetic trapping by excesgyind as the greatest contributor to the crystal size outtome.
Indeed, several studies have demonstraétedeffect of ligand concentraticemd on

crystal size. Given that the metal complexes are highly soluble in the solvents used for

MOF synthesis, the nucleation rate depends on the local concentration of deprotonated

linker. Higher starting concentration of linker is associated with arfastdeation rate and

slower crystal growth, resulting in small particles. As reactant concentration and

supersaturation decrease over the duration of the reaction, so, too, does nucleation,

promoting a kinetic shift in crystal growth from a tdonensiona ffands p head o

mechanismto athreki mensi on al fi'spi ré%The shyfrironve¢chansmsme ¢ h a n i

was observed with HKUST by Shoaeeet al. in 2008, where an initially moderaewel

of reactant supersaturation was associated with nucleation, followed by a drop in

supersaturation and domination of spiral groftifSupersaturation effects are also

observed in other MOF crystal growth studies, which demonstrate a decrease in particle

size with increased ligand concentrattdi® That said, linker concertion plays a dual

role in governing MOF crystal sizaga nucleation and termination control. In addition to

forming the MOF structure, the acidic ligands increase proton activities in solution. Higher

proton activity leads to swift particle terminatioms, raultidentate linkers are unable to be

fully deprotonated and thus, act as surfeapping ligands.
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Apart from ligand concentration, other investigations into MOF growth have revealed
therole that coordination modulation plays in MOF crystal growth, in which a modulator,
or monodentate capping agent, competes mitttidentate ligands for coordinatidmthe
metal nodes’:%687 The kinetically-controlled process slows down the growth rate of the
particle, allowing the formation of highly crystalline material that can postifiesent
growth rates on various crystal facelse concentration of the modulator plays a role in
selective crystal growthwhere thepKa of the modulator is inversely proportional to MOF
particle siz€®® In 2009, Kitagawa et al. reported the anisotropic growth of
[{Cuz(ndck(dabco)}] (ndc = 1,4naphthalene dicarboxylate; dabce 1,4
diazabicyclo[2.2.2]octanelsing an acetic acid modulator to inhibit fusion of nanocubes to
the [10Q and [010] surfaces? Therefore, [{Cuz(ndck(dabco)}] nanocubes grew
preferentially on the [001] facetia oriented attachment. The process resulted in
nanoparticles with aspect ratios (AR) up to ~l®>-MIL -53(Al) was also reported to
exhibit [001] preferential growth with acetic acid modulated synthesis by Xu et al. in
2013’* In 2017, Maji et al. reported that transformation  of
{Zn>(Hz2dht)(dht) s(azpy)o.s(H20)]-4H20}n (Hadht = 2,5-dihydroxyterephthalic acijdaizpy
= 4,4aazobipyriding from 0D hexagonal nanoparticles to 1D nanorods to 2D mesosheets
could be achieved by varying modulator concentrétfon.

A majority of the studies on MOF nucleation and crystal growth have focused on
isotropicgrowth.Controlled growth of anisotropic MOFs has been expld?éti’>but the
growth mechanisms are nget fully understood Herein, we seek to connect the separate
ideas of MOF crystal growth deprotonationnucleation, oriented attachment, Ostwald

ripening, and dissation-recrystallizationi into a single cohesive mechaniswa a
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systematic study of the anisotropic MOF, P2RR rs( £0)s(OH)s(TCPP), where

TCPP = mesatetrakis(4carboxyphenyl)porphyri) Synthetic experiments varying
reaction scale, ligand concentration, modulator concentration, and base concentration
enabled the introduction of a comprehensive, but complicated, growth mechanism. Ligand
deprotonation and local supersaturation promotdeation, resulting in lovaspect ratio
particles, whereas high aspect ratio particles were grown via a mechanism more in line
with dissolutionrecrystallization ripening. It was also observed that particle size was
proportional to modulator concentratiand inversely proportional to ligand concentration.
Through acid/base emodulation to promote rapid nucleation, slow crystal growth, and
multiple ripening eventsye have synthesized the highest aspect ratioieroplated MOF
particles, to the best of olknowledge. The work serves as a basis to understanding
controlled crystal growth mechanisms for a variety of MOF applications and serves to

illustrate the incredible topological tunability of these versatile materials.

Experimental Section
Materials

All solvents and starting reagents were obtained commercially and used without further
purification. Zirconium(lV) oxychloride octahydrate (ZrO£8H.0O, %99.5%) and
triethylamine (TEAXQ9.5%) were purchased from Sigikdrich (St. Louis, MO, USA),
mesetetra(4carboxyphenyl)porphyrin (TCPP, >97%) was purchased from Frontier
Scientific (Logan, UT, USA)N,N-dimethylformamide (DMF309.8%) was purchased

from Fisher Scientific (Hampton, NH, USA), and difluoroacetic acid (DFA, 98%) was

purchased from OakwadoChemical (Estill, SC, USA).
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PCN-222 preparation

PCN-222 nanorods and microrods were prepared through solvothermal synthesis of
ZrOClh-8H.0, TCPP, andFA via previously published procedur&sPrecursors were
combined in a@lram scintillation vial with DMF, sonicated until dissolved, and heated at
120 °C for 18 hReagent amounts for samples are presented in Babl&heresulting
violet powder was isolateda centrifugation, washed x3 with DMF and acetone, and air

dried overnight.

Table 3.1. Reagent amounts for PCAR2 samples.

PCN-222 | ZrOCl »-:8H,0 | TCPP (mg,| DFA (mL, DMF | Metal:ligand:modulator
sample (mg, mmol) mmol) mmol) (mL) ratio

1 38, 0.118 7, 0.00885| 0.226, 3.59 16 13.3:1:406

2 151, 0.469 | 27,0.0341| 0.904, 14.39 15 13.8:1:421

3 151, 0.469 | 27,0.0341| 1.664, 26.44 14.5 13.8:1:775

4 151, 0.469 | 15.8,0.02| 2.066, 32.83 14 23.5:1:1642

5 151, 0.469 | 23.7,0.03| 2.066, 32.83 14 15.6:1:1094

6 151, 0.469 | 55.4,0.07| 2.066, 32.83 14 6.7:1:469

7 151, 0.469 | 37,0.0468| 0.590,9.38( 15.5 10.0:1:200

8 151, 0.469 | 37,0.0468| 1.476, 23.45 14.5 10.0:1:500

9 151, 0.469 | 37, 0.0468| 2.361, 37.52 13.5 10.0:1:800

Powder Xray diffraction (PXRD)

A Rigaku Miniflex diffractomete{ Cu KU r adi ation & = 1.5418 |

PXRD measurements of PC222 powder to determine crystallinity and phase purity.

82



Samples were analyzed at a 0.05° resolution and a 1.0°/min continuous scanning mode
over 2d = 27150A onholderddc.gaku Si 510 sampl e

Thermogravimetric analysis (TGA)

Decomposition temperatures of PQR2 were determined usingléscovery TGA 5500
(TA Instruments, New Castle, DE, USAyhich was held at 100 °C for 1 h to eliminate
solvent before heatingv e r a r a n g at106G/mirRubdercaBAQ500 Germal
analyzer (TA Instruments, New Castle, DE, US#gs also used to further characterize
PCN-222, as well agrOCl,-8H20 andTCPP.

BET gas adsorption

PCN-222 (2050 mg) was loaded into a 12 mm Micromeritics gas adsorption sample cell
and activated at 120 °C for 24 h under vacuum. A 3Flex surface analyzer (Micromeritics,
Norcross, GA, USA) was used to determine surface arep@edsize of PCA222 under
N2. PXRD following gas sorption confirmed retained crystallinity of the MOF.

Scanning electron microscopy (SEM)

SEM images of PCK22 nanoparticles were collected on a LEO 1550 -gehilssion
scanning electron microscope (Carisg& Oberkochen, Germany) at 5.0 kV with @o.
7.7 mm working distanceSamples were prepared by drogsting MOF suspended in
ethanol on to cut fluorindoped tin oxide (FTO) slides, which were affixed to SEM stages
with doublesided copper tape. The stages were then painted with ceoboduoctive

adhesive and spicoated wih Pt and Pd.
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Dynamic light scattering (DLS)

Particle dispersity was measured on a Malvern Zetasizer Nano ZS (Malvern Panalytical,
Malvern, United Kingdom). The samples were suspended in ethanol at 25 °C and results

were averaged over six replicates.

Resuts

Due to its facile synthesis and anisotropic growth behaworzirconiumbased
porphyrinic MOF, PCN222, was selected for investigations into crystal growth
mechanismsf high aspect ratio particlé8’® PCN-222 is characterized by 37 A channels
surrounded by 13 A micropores and TCPP ligands bridgiogn®ected Zroxo clusters
(Figure3.2).”” The MOF grows preferentially along thexis, with aligned channels down
the length of the particle&solvothermal synthesisith ZrOCl-8H.O, TCPP, ad a DFA
modulator was used to prepaP€N-222 with varying ARs (Table 1Y® Experimental
PXRD patterns of MOF powder were compared to predicted patterns from single crystal
data to confirm crystallinity and phase purity of the material, as evidenced by the similar,

sharp lowangle peaks (Figurg3a).’

) a
>« \
y o—> - l
c
)

Figure 3.2. PCN-222 threedimensional frameworks are formed from si*Zrodes (top left, cyan)
that are linked in an-8onnected fashion by TCPP (nitrogeblae, carbon = gray, oxygen = red,
bottom left) carboxylate groups. Channels composed & B¥sopores are aligned along the
axis.
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Figure 3.3. (a) PXRD patterns of predictdtilack) and experimentalred) PCN-222. p) TGA
weight % curve (red) and derivative weight (black) of PZ22.(c) Adsorption/desorption Type
Il isotherm of PCN222. @) Incremental pore volume of PCAR2, with the majority of pore
incidences occurring at 3.

The thermal phase transitions andogity of PCN-222,ZrOCl,-8H.0, and TCPRvere
determined through TGA under air (FigB8b and Figure3.S1). For PCN222, initial
weight loss below 100 °C is due to acetone evaporation from the pores, with further gradual
loss associated with DMMehydroxylation of the Z0s node occurs at 327 °€."° At
470 °C, the TPP ligands decompose with only Zn@maining.N> gas sorption was used
to verify the porosityof the synthesize®@ CN-222 (Figure 3.3c). BET surface area from
gas sorption isotherms was calculated to be 104§, with a total pore volume of up to
0.94 cni/g, comparable to literaturé The two pore environments within the MOF resulted
in two overlapping Type Il isotherms, with plateaus betweerd@3P/P° corresponding
to the 37A mesopores and plateaus betweef.DP/P° corresponding to the 14
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micropores (Figure3.3d).8%8 The presence of hysteresis loops further confirms the

presence of mesoporés.

W ‘ "’ L W Y =

Figure 34. SEM images of PCK22 samples cokresponding to Tablk Samples 13 correspond

to a reagent magnitude series, samplésdrrespond to a ligarmbncentration series, and samples

7-9 correspond to a modulator concentration series. See Section Il of the Supporting Information
for more images.

(%

86



Table 3.2. Lengths and aspect ratios of PRRI2 samples in Figur@4.2

PCN-222 Series Length (>m) Aspect ratio Dispersity
sample
1 0.33+£0.02 3.4+0.2 0.03
2 Reagent 1.4+0.2 8+1 0.3
magnitude
3 12+1 25+ 5 0.4
4 60 + 8 75+ 9 0.5
5 [TCPP] 45+ 7 44 +5 0.2
6 15+4 25+ 11 0.6
7 09+0.1 47+04 0.3
8 [Mod] 11+1 16 +0.8 0.2
9 20+ 6 47+9 0.5

2Refer to Table3.1 for the actual concentrations of each component.

Particlesizes of PCN222 microrods were determined from analysis of SEM images by
ImageJ software, whereas dispersity) (was determined from DLS (Tablg2). To
calculate aspect ratios, the length and width of particles was measured in ImageJ in respect
to the &M scale bar and averaged over ~15 measurentemesl] nanorod§PCN-222-1)
with measuredRs of 3.4 + 02 were obtainedia solvothermal synthesis as descrilied
our previous work(Figure 3.4-1).”* These nanorods exhibited high uniformity, as
evidenced by the very low measured dispersity. Upon a precurscugcale magnitude
of 4, theaverage length and AR of the particles quadrupled (REAR, Figure3.4-2).

Nearly doubling modulator concentian resulted in an even further rise of particle length

by a factor of 8 and an AR increase by a factor of 3 (RCX3, Figure3.4-3). The larger
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particles also predictably featured higlmemdue breakage of the brittle crystals. Highly
broken particles ere excluded as outliers from aspect ratio measurements.

In order to explore local supersaturation effects on RP2Rl aspect ratios, a ligand
concentration series was prepatemjure3.4-4,5,6) Metal and modulator ratios remaah
constantthroughout theserieswhile the ligand concentration wascreased. Crystalline
material was obtained with ligand concentrations between 1.25 mM and 4.38 mM.
Mi crorods with high AR (AR & 70) were obtain
to an AR of 20 at [TCPPpf 2.5 mM. Interestingly, while polydisperse samples are
obtained at either end of the ligand concentration scale, monodisperse particles can be
prepared with a medium concentration of TCRR=(0.2).

To further investigate reagent scale effects on RP@Rlaspect ratio, a modulator
concentration series was synthesized (Fig8i4-7,8,9). Amorphous material was
produced below 0.59 M DFA (metal:ligand:modulator = 10.0:1:200) and above 2.35 M
DFA (metal:ligand:modulator = 10.0:1:800). Increasing modulatoremnation resulted
in higher microrod ARs and sizes, consistent with literatti¥&%° Dispersity was lower at
low-to-moderate DFA concentrations & 0.2), but increased sharply upon further addition

of modulator.
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Figure 3.5. SEM images of PCR22-T samples, from-b: T1, T3, T6, T9, and T12. PCRR2-T
samples are prepared in the same method as222M, but TEA is added as a-oeodulator.
The number following the sample is the concentration of TEA in mM.

Table 3.3. Lengths and aspect ratios of PQR2T samples in Figurd.5.

PCN-222 sample Length (¢ Aspect ratio Dispersity
T1 62+6 94+9 0.07
T3 43+ 9 68+ 16 0.3
T6 19+2 27+ 7 0.1
T9 41 +3 49+ 8 0.1
T12 7216 734 0.09

To examine the impact of aclthse cemodulation on anisotropic growth, a series termed
PCN-222T was prepared (Figurg5).28” Samples consisting of constant metal, TCPP,
and modulator concentratiofraetal:ligand:modulator = 23.5:1:1642)m the highesAR
sample of the series in FiguBel, PCN222-4, were combined with TEA in a range of 1
12 mM. In addition, reaction timeas increased to 2 days, as crystalline samples could not
be obtained after only 18 h of solvothermal synth@sis. experimental results reveal two
interesting observations: (1) PEX2T1 is larger than PCRR22-4, and (2) at TEA

concentrations >7 mM, thearticles increase in siZ&able3.3). Small quantities of TEA
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produced very high aspect ratio microrods, with 1 mM added TEA generating particles
with the highesAR, nontemplatedVIOF reported in literature (94 £ 9pon increasing
initial base concendtion, the rate ofcomplexationincreasesand smaller particles are
obtained, consistent with literatuf® However, upon further addition of TEA, particle

lengthsandARsi ncrease to 72 N 6 em and 73 N 4,

Discussion

PCN-222 forms as a result 8fconnected 20s nodes with tetradentate ligands, and is
marked by itscsqtopology and rodike structure®® Interestingly, other 8onnected Zr
node MOFs with tetrafmc ligands such as NW0O00 and PCM08 also exhibitcsq
topology and anisotropic growti' Thec-axis preferential growth indicates that the [100]
and [010] surfaces are capped by protonated ligand or the modulator, and the resultant
growth on the [001] facet may arise due to thermodynamic favorability. A previous study
investigating syntheses usings@s nodes and TCPP found that-¢@nnectedtw MOF-
525 and éconnectecshe PCN-224 were the kinetic products anec@8nnecteccsq PCN-
222 was the thermodynamic prod&&MOF-525 and PCN224 have isotropic spherical
morphology, suggesting anisotropic growth is more thermodynamically favorable. We are
led to the conclusion that any factor that increases crystal size, such as reactant
concentrations, feects of H activity, and Ostwald ripening would in turn increase the
aspect ratio as a result @f andb-direction capping. In the following discussion, we will
explain these effects on the crystal size and aspect ratio of MOF particles, asheoll as
selective nucleation can affect final particle size.

Supersaturatioof deprotonated liganplays an important role in determinitige rate of

nanoparticle nucleatioalong with other factors such as reaction tempera{ieand
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surface free energyf the particle(0).>® The nucleation of particles over tini@N/dt) can
be described using these three experimental paramé&digquation1®®, where A is a pre

exponentidfactorand S is supersaturation

Q0 por U
- A P ——————
20 ° 2P Wiy

(1)
For particle nucleation to occur, supersaturation must be > 0. Liopatsaturation has
been shown to havthe largest effect on nucleation rate out of #ferementioned
experimental parameters and serves a critical role throughout the course of crystal
growth®? As local supersaturation drops, the nucleation rate diminishes andti lehift
from -dndsprtehado growt h t o s3221reghibitsgucleationh occur
within tahds pidkadd h ki neti c regi me, i ndicatin
deprotonated TCPP is supersaturated initf&ls growth continues, a lack of available
fully deprotonated ligandeads to particle termination, resulting in small nanorods with
ARs of 3.4 + 02 and uncoordinated, dissolved TCPP in the supernatant. Indeed, the
reaction conditions result in a relatively low MOF yield {& mg per vial) when
compared to the visibly gsolved TCPP.
Interestingly, a proportional scalg in reactant concentrations resulted in higher aspect
ratio microrods, rather than an increased yield of theAR4nanorods. To better
understand why this occurs, weustconsider two competing effecteat take place at
higher concentrations of starting material. First, an increased ligand concentration leads to
the abovanentioned supersaturation that produces small particles, as a result of faster
nucleatior?¥ >3 In addition, higher [TCPP] should deplete local metal ion concentrations,
leading to the kinetic trapping of smaller partidé€ontrary, the increased modulator

concentration slows crystal growth by inhibiting nanocrystal fusion to the [100] and [010]
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crystal faces. In turn, preferga oriented attachment to the [001] plane results in high AR
anisotropic MOF particles, consistent with anisotropic growth studies on other MOFs in

the literature® > "*Therefore, it was necessary to study the impact of ligand and modulator

separately (Figur8.6).
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Figure 3.6. Aspect ratios and lengths of P€222 with (a) varying TCPP ligand concentrations,
and (b) varying DFA modulator concentrations.

As mentioned above, concentration of the ligand has proven to be one of the most critical
parameters in MOF crystal@wth studies! >3 As the ligand concentration increases, there
is more deprotonated species available for the complexation with a metal node which leads
to the depletion of local metal ia@oncentrations and production of small crystals as a
result of the kinetic trapping of particle growittindeed, the highest aspect raticrorods
(AR =75+ 9) were obtained for the lowest TCPP concentration, R€X4 (Figure3.6a).
To fully understand each step of the crystal growth process forZ22Ntime trials were
conducted, in which aliquots were collected from the reaction viesadly and drogcast
onto SEM stages. At 1 h, small anisotropic crystals are observed growing from bulk
material, indicating an early nucleation event (Figai@). At longer times (8 h), crystal
growth proceeds, and nucleation slows but does not ceasedanced by the appearance

of both long microrods and small nanorods concurrently (Fig®). This indicates that

92



particles are not nucleating in accordance with the LaMer model, as a burst nucleation
event would deplete deprotonated linker below ¢hiécal concentration and prevent
secondary nucleation events. After 10 h, the small particles disappear with only large, high
aspect ratio crystals remaining (FiguB&c). The disappearance of small particles and
reemergence of large crystals demorefra dissolutiomecrystallization ripening event

as a secondary growth mechanism. During the dissolution phase, it is likely that Ostwald
ripening is also taking place. Here, small nanocrystals are sacrificed to repair defects and
undergo oriented attanfent to the large crystals. Ostwald ripening is typically observed
by in-situ microscopy and is difficult to be confirmeth ex-situ SEM. If the smaller
particles are amorphous aggregates rather than crystalline MOF, their disappearance and
the reemergerecof large particles may be indicative of Ostwald ripening events, as seen in

studies with HKUSTL .52

Figure 3.7. SEM images of PC)R22-4 after 1 h (a), 8h (b), and 10 h (c).

As pointed out in the introductiomodulators are monocarboxylic acids that are used as
additives to promote crystal growth, where larger crystal sizes are achieved through the
competitive binding of modulator to the metal node. Consequently, the crystal size is
inversely proportional to ntbu | a tKevalde&® given that the strength of the bond
between the Z0s node and the modulator increases as the modulktatqerease®® We
surmised that increasing modulator concentration would have a similar effeat@asing
modulator K, as greater activity would (1) shift the equilibrium to a DFA terminated node
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(Le Chatelier effect with concentration) and (2) interfere with ligand deprotonation and
inhibit kinetic trapping of particle growth. To observe thiseeff a modulator
concentration variation series was prepared (Figuk). Under these conditions, DFA
produced onlycsqg PCN-222 rather than other polymorphs with different connectivities.
Indeed, previous studies on the synthesis of zircosiased porpyrinic MOFs have
revealed adjusting the concentration of an acetic acid modulator results in eikher 12
connected MOF525 or PCN223 withftw andshp topologies respectivel{?. Modulator
selection for porphyrinic ZMOFs can also result isqgc PCN-225 scu NU-902, or she
PCN-2248%As predicted, increasing modulator concentration resulted in larger crystals.
DFA inhibits growth on the [100] and [010] facets by miag the surface exposedsDe
nodes, and as more modulator is added, higher AR crystals are obtained. Therefore,
modulator plays a dual role in MOF crystal growth: tuning the crystal growth rate and

binding to preferential surfacé$®
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Figure 3.8. Deprotonation mechanisms of DMA (top) and TEA (bottom) with carboxylic acids,
and their calculatedia values in DMRSupporting Information}?

In addition to the ligand concentration and modulator, there is another, often neglected,
factor that contributes to the crystal grovithl* activity. Local pH affects deprotonation
rates of both linker and modulator, and their ability to bind to the metal node. In a typical

MOF synthesis, the main deprotonating reagent is dimethylamine (DMA), a product of
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thermal decomposition of the DM$blvent.®8® Gradual production of DMA during the
course of the reaction provides a proper extent of deprotonation, which is essential to
preferentially growing large MOFs, as too much deprotonation can result in rapid
nucleation and therefore, small crystals, whenessfficient deprotonation will terminate
the particles before growth can take place. To probe the effectaattidity, we performed
a series of syntheses of P@&2 microrods in the presence of arogeneous base,
triethylamine (TEA). TEA deprotonatesthe ligand and modulatorin an identical
mechanism to that of DMA (Figur@8) without the required induction period involving
thermal degradatio?f The role of H activity, induced by the addition of TEA, plays into
at least three competing phenomenon in the exgatsih (1) faster/increased nucleation
due to deprotonation of the TCPR) loss of preferential growth due to modulator
deprotonation and its inability to cap the [100] and [010] surfaedsctively and (3)
sustained growth due to the inability for TER act as a terminating capping agent.

Each of these phenomena manifests itself in the-RZAT series as described further.
(1) As the TEA concentration is increased from 1 mM to 6 mM (samples2@N1
through T6, Figur&.9) both the length and ABf the resultant particles decreased. Rapid
nucleation promoted by a higher concentration of deprotonated linkers is expected to result
in smaller particles. Indeed, comparison of the T1 (1 mM TEA) and T12 (12 mM TEA)
samples indicate nucleation occurstéasat higher concentrations of base (FigBu®).
Specifically, nucleation was observed at 4 h for T1 and 2 h for T22.The loss of
preferential growth upon addition of the base is evident for samples T1 and T12. Namely,
the particles obtained und€&iL and T12 conditions have comparable lengths (62 £ 6 and

~

72 N 6 e€m for T1 and T12, respectivel y),
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(94 £ 9 and 73 £ 4 for T1 and T12, respectiveM).higher TEA concentrations, more
modulator is being depramated and now it serves as a capping agent for all available sites
on the metal node, and not exclusively [fod0] and [010krystal faces. Indeedid NMR
analysis of the acidigested samples shows that 4.5 times more modulator was present in
sample T12 than T1 (see Section VII in Supporting Informati¢8).Comparison of the
samples synthesized under identical conditions, save for the additiorApf.@ . sample
PCN-222-4 and PCN222-T1, indicate that added base leads to increased AR and lower
dispersity (PCN2224-75+9 ARn o fvs.(PCNR22T1-94 +9AR,n 0). Thg
growth timelines of the two samples provides insight into the diffesefitigure 3.7 and

3.10). Specifically, PCN222-4 exhibits slow nucleation that overlaps with its growth
phaseA single ripening event sacrifices the smallest of the particles to further increase the
size of the larger rod$iowever, upon addition of 1 mNIEA (PCN-222T1), there are

two major differences observefn) a fast, distinct nucleation phase that is markedly
separate from its growth phase, aftl multiple dissolutionrecrystallizationripening
events that sacrifice smaller particlase observedt 8 h, 1213 h, and 18,7 h Each
dissolutionrecrystallization ripening event occurs over a longer periddh, 2 h, 3 h,
respectively. Due to the presence ofeangeneous base, the surface capping is inhibited
which leads to thalissolutionrecrystdlization ripening, where higher surface energy
particles dissolve in solution and recrystallize into more thermodynamically stable

products®®
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Figure 3.9. Aspect ratios and lengths of PE222 with varying concentrations of TEA added to
thereaction vial.
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Figure 3.10. A timeline of PCN222T1 (top) and PCA222T12 (bottom) growth mechanisms.
Nucleation took place at 4 h and 2 h for T1 and T12 respectively. While both samples underwent
three dissolutiomrecrystallization ripening (DRR) stagighe time from nucleation to the beginning

of undisturbed growth was shorter for T1 by 4 h.

That said, the simple analysis providedove overlooks one surprisingrend: the
dependence on TEA concentrations. Namely, one would expect a different deygemaen

the TEA concentratioin similar to the modulator effect in FiguB%6b, considering that
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the agqueoupKa values indicate that DFApKa in H,0% = 1.3) is much more reddi
deprotonated compared to TCRIR{in H.0% = 4.2). The obarved dependence, however,
suggests the presence of a competitive binding between ligand and modulator, which is
dominated by the deprotonated ligand at [TEA] +n®l and by deprotonated DFA at
[TEA] > 6 mM. We speculate that this behavior is due to TCRiRgbmore acidic in DMF
than the modulator. Indeed, a previous report on the-agshsted Uic66 synthesis, where
pKa of the terephthalic acid linker is significantly lower than the acetic acid modubétor (
= 8.58for the linker vspKa = 13.6° for the modulator), showed a similar crystal decrease
in size upon addition of the ba%e.

To support our hypothesis, we calculated pKg values of all participating species in
DMF-solvent using density functional theory (DFT). The calculai€glvalues indicate
that the linker and modulator display substantially similar acidities in OME=% 8.1 for
TCPP andoKa = 7.5 for DFA), unlike inaqueous media where the difference is more
pronounced. Such discrepancypla values can be reasoned by the lack of hydrogen
bonding in DMF solvent, which is a large contributor to the acidity of DFA in wfter.
Since the calculate@Ka values are within the computational erroegsSupporting
Information for more details on computational method), the distinct dependence on
deprotonating agent (Figur8.9) can be reasoned as followindg) At low TEA
concentrations (< 6 mM), TCPP linker is predominantly deprotonated which leads to
supersaturation and production of smaller particles, similarly to the trend observed in
Figure3.6a;2) Once the linker is fully deprotonated (at approximately TCPP : TEA =1:4
ratio), further addition of the base leads to the deprotonation of the modulator, which now

competes in binding to the metal node. We speculate that the binding of modulator is
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kinetically more favorable given that DFA is significantly smaller in size (about 6 times)
than TCPPSuch an assumption becomes obvious at higher [TEA] (> 6mM), where the
increase in the deprotonating agent yields larger particles, analogously to theimgcrea
modulator concentrations in Figdéb. The results highlight the importance of usikgs

in the reaction solvent, as opposed to extrapolating linearly from agpi€gaisn our case,

the relative effects of hydrogen bonding and resonance leadaddions where thpKas

of the linker and the modulator are nearly equivalent. As the ligand library for MOFs
expands, consideration pKa(DMF) may reveal the ideal conditions to prepare crystallites

of desired morphology.

Conclusion

The preparation foanisotropic PCN222 was investigated as a function of ligand,
modulator, and conodulator concentration. Small crystallites with moderate aspect ratios
(AR = 3.4) were formed at high concentrations of the linker, TCPP, due to rapid nucleation
under supesaturated conditions. The mechanism of growth for these small particles were
consistent with LaMelike growth, but the presence of multiple nucleation events and
overlapping nucleation/growth phases indicates deviation from the LaMer model.
Consistent wh the literature, higher concentrations of modulator and lower linker
concentrations resulted in high aspect ratio microrods (AR = 75, lengttemRQJnder
these conditions, dissolutieecrystallization and Ostwald ripening were identified as a
seconday growth mechanism with the samples exhibiting one ripening stage over the
synthesis as monitored with time trials. Interestingly, when low concentrations exogeneous

base, TEA, was added to the synthesis, the particles increased dramatically in aspect rati

99



reaching the highest value for a Aimplated MOF synthesis reported in the literature
(AR = 94). The growth process for the highest aspect ratio particles featured separate
nucleation and growth phases, as well as three dissoha@toystallizationipening events.

The growth phenomenon result from a higher initial concentration of deprotonated
linker/modulator, which lead to both faster/increased nucleation and higher overall surface
energies. Importantly, the guodulation with TEA highlights the iportance of H

activity in crystal growth and the need to understand relative acidities in DMF solvent. If
aqueoupKss were used, one would assume that TEA would exclusively deprotonate the
modulator DFA. However, the results indicate that at low TEA concentrations
deprotonation of TCPP dominates. Calculatiopkdfs for all species involved in a DMF
environment revealthat the acidity of DFA and TCPP are within error under reaction
conditions.Hence, as the MOF crystal growth field grows and new linkers and modulator
are being developed, it is necessary to appropriately evaluate their acidic properties in the
working canditions.A meticulous choice of factors that influencéddtivity and thorough
understanding of their interplay in the growth mechanism will help navigate a production

of crystals with desired properties.

Associated Content

Supporting Information

The Pllowing information is available free of chargésA of ZrOChk-8H,O and TCPP;
additional SEM of PCN222 19; PXRD of PCN222 19; PXRD of T:T12; SEM of T6
time trials; DFT analysisH NMR of T1 and T12Additional crystal structure images of

PCN-222
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In addition to PCN222, thermogravimetric analysis (TGA) was performed on
ZrClO,-8H20 and TCPP controls. Decompositions of Zr&&p0 (Figure3.S1a) at 100

145 °C are related to dehydration, whereas tho36@&%00 °C can be attributed to loss of
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chloride counter ions. TCPP (FiguBs&S1b) shows two major decompositions peaks: a
sharp loss at 390 °C associated with carboxy groups, and a broad peak between at 540 °C

associated with phenyl group loss.

1)) Addition al SEM of PCN-222 19

Figure 3.52.Additional SEM images of PCI922 samples-B (top), 46 (middle) and ®
(bottom).

Additional SEM images of PCN 2229 are provided in Figurd.S2. Identical scale bars

for each series are givenitlustration the overall trends in particle size.
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1) PXRD of PCN-222 19
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Figure 3.S3.PXRD patterns of PCi222 samples-9.

The crystallinity of PCN222 samples-9 was characterizeda PXRD (Figure3.S3).
Peak positions matched those of gredicted pattern, though intensity of the peak at 5°

varied.
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IV)  PXRD of T1-T12
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Figure 3.S4.PXRD patterns of PCI222-T samples 412.

PXRD was performed to determine crystallinity of the PZ22-T samples 412 (Figure

3.54). Experimental patterns agreed well with the predicted pattern.

V) SEM of T6 time trials

e

Figure 3.S5.SEM of T6 time trials at 1) 0 h, 2) 1 h, 3) 4 h, and 4) 8 h.

105



Time trials of PCN222 T6 were conducted betweei® & and analyzedia SEM. At O
h, high aspect ratio amorphous material is present, which disappears at 1 h to be replaced
by small, low aspect ratio particles. At 4 h, only round particles are preseoh bégin

to grow anisotropically at 8 h.

VI)  DFT analysis

All calculations were performed using Gaussiah\@&h the resources available at the
Advance Research Computing at Virginia Tech. The geometries were optimized with the
¥ B 9 7DXfunctionaf and the 6311G(d) basis sétThe frequency calculations were
performed at the same level of thegtw confirm the absence of imaginary frequencies and
to obtain the thermal corrections to free energies at 298 K. Structures optimized at the
¥ B 9 D¥6-311G(d) level were then used for singleint energy calculations at the
¥ B 9 D¥6-311+G(d,p) level. Suation effects of DMF were simulated using an implicit
polarized continuum solvation model (CPCH#).Note: To save computation time,
coordinates of the porphyrin core were frozen due to the fact that thieasegporphyrin
ring remains planar.

Acidity constants wes estimated from the Gibbs free energ®¥)(for the following

equations, according to the work of Schietjel:

Y '0° Y O (S1)

3’0 O "0 "0 (S2)
30

ol S — S3

no TCETE (S3)

Free energy of a solvated proton in DM () was obtained using a scaling approach

from the experimentallgetermined pKvalues (Tabl&.S1). Acids used as standards were
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chosen according to the availability in literatusnd structurally resemblance to the
studied acids, DFA and TCPP. Plotting te O  for standard acids vs. the pKa
values eported in the literature (FiguBeS6) gave the free energy of the DMBlvated
proton of-260.82 kcal/mol'© = - intercept/slope). The mean absolute deviation between

the experimental and calculated values is 1.48yviis.

Table 3.S1.Acids used a standards for the pKalculations.

, Reported pK Calculated pk
Acid
value/ value*

4-Aminobenzoic acid | 14.5 17.4
Acetic acid 13.6 16.1
Benzoic acid 12.3 14.2
Formic acid 11.6 12.7
3,5-Dinitrobenzoic 9.6

. 8.8
acid
2.,4-Dinitrobenzoic 7.8

; 8.2
acid
Dichloroacetic acid 8.1 7.9
Methanesulfonic acid| 3.0 1.3
Benzenesulfonic acid| 2.2 0.3

*Calculated from equations3.
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16 ~ Equation y =a+b*x
Intercept -136.96218 + 3.04211
14 = < Slope -0.52507 + 0.01093
T » Residual Sum of Square 0.4604
A « |Adj. R-Square 0.99654
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Figure 3.56. A scaling approach used to calculate,plues of species in our experiments (red
stars). The plot show® ‘O cal cul at ed -Dé311+4Glde) lewed 6f ThXory
versus experimentally obtained pkalues. pK values of target compounds were obtained using
equations 13.

VII) HNMRof Tland T12

Figure 3.57. 'H NMR spectrum of acidligested PCN22-T1 in DMSO-ds.
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