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Brittany Lauren Bonnett 

Abstract 

 

Inorganic nano- and micromaterials (NMMs) exhibit unique properties including high 

surface areas, tunable optical and electronic properties, low densities, thermal and chemical 

robustness, and catalytic capabilities, among others.  One of the more novel subclasses of 

NMMs, metal-organic frameworks (MOFs), are crystalline porous coordination polymers 

consisting of metal nodes connected by organic linkers to form one-, two-, or three-

dimensional frameworks. While the mechanism of MOF formation is complex, tuning the 

metal:ligand ratios, reaction temperature and vessel pressure, ligand concentration, 

modulator concentration, and H+ activity impacts particle size, morphology, dispersity, and 

isotropy of these materials. MOFs also exhibit post-synthetic 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 work described herein investigates synthetic parameters of a zirconium-

based porphyrinic MOF, PCN-222, to selectively control its crystal size, aspect ratio, and 

dispersity. Size-constrained PCN-222 was post-synthetically modified with fatty acids and 

zwitterions to be used as RO thin-film composite (TFC) membranes with improved 

membrane flux, salt rejection, and anti-fouling properties. The synthetic parameters of 

MOFs were also considered for the commercial scale-up of CO2 direct air capture (DAC) 

solid sorbents, including UiO-66, MIL-101-Cr, and Mg-MOF-74, to preserve CO2 uptake 

capacities between lab and industrial scales. 
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General Audience Abstract 

 

 

Metal-organic frameworks (MOFs) are unique, highly porous materials that have 

garnered attention for their potential in many applications, including catalysis, drug 

delivery, energy, and gas storage. 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 well as 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 materials known 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 were also modified to improve lifetimes by preventing the build-up of 

organic materials on the surface. Besides clean water, MOFs were also prepared for 

capturing the greenhouse gas, CO2, directly from the air. Because MOFs can be made with 

many different functionalities, they are promising materials for many different research 

fields. 
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About This Work 
 

 

This dissertation document serves as an overview of the research projects investigated 

by Brittany L. Bonnett as a graduate student in the Amanda J. Morris research 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, metal-organic frameworks, reverse osmosis, and CO2 

capture. The first section includes the history and applications of nano- and micromaterials 

(NMMs), top-down and bottom-up approaches, and structural parameters that influence 

NMM properties. Part 2 gives an overview on specific NMMs, metal-organic 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 

overview on MOFs as solid sorbent materials for the direct air capture (DAC) of CO2. 

Chapter 2 is a peer-reviewed and published work in collaboration with Ethan D. Smith 

and Dr. Stephen M. Martin in the chemical engineering department at Virginia Tech. Size-

constrained and functionalized PCN-222 metal-organic frameworks were synthesized, 

characterized, and applied as nanofillers for thin-film nanocomposite reverse osmosis 

membranes. Miranda De La Garza was an REU undergraduate who assisted with synthesis 

and functionalization of PCN-222. Meng Cai collected SEM images of PCN-222 particles, 

while James V. Haag IV was responsible for TEM. Hannah D. Cornell assisted with TGA 

collection and analysis of PCN-222 particles and precursors. Bradley Gibbons created the 

crystal structure image of PCN-222. This work was published in ACS Applied Materials & 

Interfaces in March 2020. (DOI: 10.1021/acsami.0c04349). 
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Chapter 3 is a peer-reviewed and published mechanistic study of growth parameters and 

size constraints of PCN-222. The effects of reaction composition, particularly reaction 

species pKa, was probed for a thorough understanding of anisotropic crystal growth. 

Computational pKa values were calculated by Dr. Stefan Ilic, who at the time served as a 

postdoctoral researcher in the Amanda J. Morris group. Undergraduates who assisted in 

synthesis of PCN-222 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 analysis. This work was published in Inorganic Chemistry in 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 varied-chain fatty acids and zwitterions for ion-

selectivity and antifouling respectively in reverse osmosis membranes. The facilities of Dr. 

Stephen M. Martin in the chemical engineering department at Virginia Tech were utilized 

for permeance tests, and his student Connor Farrell set up the crossflow system as well as 

assisted in data collection and analysis. 

Chapter 5 is a summary of synthetic procedures and characterization of CO2 DAC (spell 

out?) materials prepared for collaboration with Connor Farrell, Xakin Ramirez Isunza, and 

Dr. Stephen M. Martin in the chemical engineering department at Virginia Tech. Bradley 

Gibbons was consulted for his expertise in defected UiO-66 and assisted in analysis. 

Appendix A is a peer-reviewed and published work by Xiaozhou Yang in the Amanda J. 

Morris group, where anisotropic PCN-222 materials prepared by the dissertation author as 

per Chapter 3 were applied as filler particles for polymer composite reinforcement. This 
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work was published in ACS Applied Materials & Interfaces in June 2021 (DOI: 

10.1021/acsami.1c05430). 
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Chapter 1.  

 

Introduction 
 

A brief history of nano- and microparticles and their applications 

The production of nano- and micromaterials (NMMs) has marked a major 

technological turning point in the 21st century. From nanocomposite coatings1,2  to water 

desalination3ï5, from sensors6,7 to heterogeneous catalysts8,9, from medicine10ï12 to 

energy13ï15, nanotechnology has made its impression in both cutting-edge scientific 

research and day-to-day living. NMMs are of interest in many applied fields due to their 

unique thermal, chemical, mechanical, optical, and electronic properties, which vary 

depending on particle sizes.16 Nanomaterials typically have at least one dimension at 1-100 

nm, whereas micromaterials are 1-1000 ɛm (Figure 1.1).17,18  

 

Figure 1.1. Human-made materials can be as small as the diameter of 10 atoms or half the width 

of a strand of DNA, as is the case with C60, carbon nanotubes (CNTs), and quantum dots (QDs). 
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However, despite the prominence of NMMs in recent science and technology, these 

materials are not new. NMMs can be classified into four different material categories: 1) 

organic-based (polymers, micelles, liposomes, proteins), 2) inorganic-based (metal and 

metal oxides/sulfides), 3) carbon-based (graphene, fullerenes, carbon nanotubes, carbon 

nanofibers, and 4) composite-based.19 Of these, the first two categories include naturally-

occurring nano- and microparticles which can be formed in living creatures, ore deposits, 

volcanic eruptions, hydrothermal vents, and wildfires.20ï23 Even anthropogenic 

applications of NMMs are ancient, as humans were documented using asbestos nanofibers 

to reinforce ceramics ~4500 years ago.24 Metal NP-containing luster ceramic glazes 

emerged in Islamic art in the 9th century.25 Stained glass 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 nanoparticle.16 Ottoman 

Damascus steel, famous for its enhanced strength and sharpness, as well as its wavy 

ñdamaskò banding, contained carbon nanotubes and cementite nanowires.26 Despite the 

images of advanced technology that nanoscience evokes, 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 NP-light interactions in 1857.27 Thorough his preparation of 

ñrubyò gold and other metal colloidal suspensions, Faraday was able to observe the unique 

optical phenomena of nanoparticles 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 properties as 

compared to bulk materials with identical internal geometry.28,29 The quantum size effect 
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was first formally described in 1981 in photocatalytic studies of colloidal CdS, which 

opened up exciting new possibilities and applications for NMMs.30 As a result, synthesis 

of NMMs considering control over particle size, shape, dispersity, and isotropy was 

developed, which expanded the applications of nanoparticles from semiconductor 

materials to a vast array of other fields.   

 

Figure 1.2. Top-down and bottom-up steps for nanoparticle production with average sizes of 

each component. 

 

Following physicist Richard Feynmanôs conceptualization of nanotechnology in 1959, 

two synthetic approaches were developed: top-down and bottom-up (Figure 1.2).31 Top-

down methods involve the breaking down of bulk materials into nanosized components 

and include lithography, sputtering, milling, laser ablation, and aerosol spraying.32ï34 

Conversely, bottom-up methods build larger particles from self-assembly of atoms or 

molecules and typically involves colloidal precipitation of solids from a reaction solution. 

Other routes include solvothermal synthesis, vapor deposition, sol-gel synthesis, and 

electrodeposition. While top-down approaches are typically simpler and faster and have an 

appropriate role in nanotechnological industries, they suffer from surface-structure 
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imperfections and excess waste generation. Bottom-up 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 isotropy is accordingly better suited using bottom-up synthetic approaches. The effects 

of the aforementioned NMM parameters in nanotechnology and composite applications 

will each be touched upon in the following discussion (Figure 1.3). 

 

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 

others observed 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.35 Smaller particles have larger band gaps that can be observed through the 

blue-shift of their absorbance spectra as electron excitation from the valence to the 
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conduction band requires more energy. Nanomaterials can be synthesized to tune the 

particle band gap and therefore their optical properties, which is useful for applications 

such as light-emitting diodes, solar energy, photovoltaics, biosensors, and cell imaging.36 

Outside of optical considerations, particle size is critical in catalysis. Size and surface area 

are inversely proportional, meaning smaller catalysts have high specific activities 

compared to bulk material, as active sites tend to occur on edges and corners.37ï40 Catalyst 

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) thin-film composite (TFC) membranes for reverse osmosis (RO) 

desalination typically contain PA layers 200-400 nm thick, so nanofiller lengths must be 

constrained to ensure they are encapsulated by the polymer.41  

In addition to size effects, particle shape influences a wide variety of NMM parameters. 

Diffusivity in molecular sieves, intercellular processes, and catalytic systems has been 

observed to be impacted by particle shape via pathway alteration.42ï45 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 selectivity.40,46,47 Electronic and optical 

properties of NMMs can be tuned with morphologic control of nanoparticles,48ï51 as well  

as mechanical and thermal properties52ï54 and drug delivery efficacy,55,56 among others.29,57 

Because size and shape are so critical to NMM performance, the dispersity (ņ) of the 

particles must be considered. Formerly known as the polydispersity index or PDI, 

dispersity describes the particle size distribution non-uniformity. Dispersity in terms of 

NMMs ranges from 0 for completely uniform populations of particles to 1 for highly 
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polydisperse samples, with values of 0.2-0.3 deemed acceptable for most applications.58 

This differs from organic polymer dispersity, which is defined as the ratio of the weight 

average molecular weight to the number average molecular weight and can have a value 

above 1.0.59  

The final morphological parameter of NMMs to consider is isotropy. Isotropic particles 

grow equally along the a, b, and c axes, forming shapes such as spheres, cubes, or 

octahedra. Anisotropic NMMs, however, have a 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 applications. Lightweight high aspect ratio nanofillers such as 

cellulose nanocrystals, carbon nanotubes, and graphene have been used in polymer 

composite applications for aerospace and vehicle coatings60 and as nano scaffolds for bone 

tissue engineering.61,62 The nanofillers increase Youngôs modulus ï or the ratio of tensile 

stress to tensile strainïthrough load transfer.63,64 The higher the aspect ratio of the fillers, 

the greater the polymer matrix reinforcement. Anisotropic particles are particularly useful 

for tumor targeting, where they exhibit superior drug delivery capability through enhanced 

drug load efficiency as compared to spherical or octahedral particles.65 Anisotropic 

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 torque.66 Because of 

their higher surface-to-volume ratio of metal ions compared to spherical particles, as well 

as faster relaxation times, they are also suitable as contrast agents for magnetic resonance 

imaging (MRI) and other biomedical imaging techniques.55 
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Figure 1.4. Examples of NMMs that exhibit varied functionality depending on particle size, shape, 

and isotropy. 

 

Besides the consideration of the outlined parameters, NMMs can be classified into 

specific groups depending upon physical and chemical composition, of which a few 

examples are given in Figure 1.4. Perhaps the most intensely researched NMMs are metal 

nanoparticles, including gold, silver, and platinum colloids.67 Research in metal halide 

perovskite nanocrystals is currently thriving due to the materialôs narrow emissions and 

high quantum efficiencies, resulting in their promising applications in photovoltaics, 

photocatalysis, and optoelectronics.68,69 Carbon nanotubes, which come in single-walled 

and multi-walled varieties, are durable, conductive, porous, and lightweight, lending to 

their popularity in separation membranes, drug delivery, polymer composite 

reinforcement, Li-ion batteries, sensors, and energy storage.70ï73 Cellulose nanocrystals are 

one of the worldôs most abundant renewable polymers, and the highly crystalline nanorods 

extracted from wood, cotton, bacteria, and biowaste have be used in reverse osmosis 

membranes, biomedical applications, sensors and actuators, mechanical reinforcement, and 

stimuli-responsive materials.41,74,75 Ceramic nanoparticles have ideal chemical inertness 
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and a high heat resistance allows for applications in drug delivery, dye photodegradation, 

photocatalysis, and imaging..73,76 Given are just a few examples of NMMs and their 

applications, but it is evident that these materials are on the forefront of cutting-edge 

research. Perhaps one of the more novel and versatile NMMs are metal-organic 

frameworks. 

 

Synthesis and growth mechanisms of metal-organic frameworks 

Metal-organic frameworks (MOFs) are a class of crystalline coordination polymer 

composed of metal nodes bridged by organic linkers to form one-, two-, or three-

dimensional networks (Figure 1.5). MOFs are marked by their porosity, high surface area, 

low density, surface and pore modifiability, synthetic diversity and multi-functionality, and 

morphological tuning capabilities.77ï80 The desirable properties of MOFs have afforded 

them a wide variety of applications including gas storage and separation81ï85, drug 

delivery86ï88, batteries89ï93, heterogeneous catalysis94ï98, energy storage and transfer99ï101, 

liquid separation and purification102ï105, and sensing106ï108. The materialsô structural and 

functional diversity has led to a number of appellations besides ñMOFò ï among them, 

porous coordination network (PCN), porous coordination polymer (PCP), and zeolitic 

imidazolate framework (ZIF) (Figure 1.5).83 Other naming conventions were drawn from 

the laboratories or universities in which the MOFs were developed, including UiO 

(Universitetet i Oslo)109, MIL (Matériaux de lôInstitut Lavoisier)110, HKUST (Hong-Kong 

University of Science and Technology)111, POST (Pohang University of Science and 

Technology)112, CUK (Cambridge Technology, United Kingdom)113, SNU (Seoul National 
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University)114, DUT (Dresden University of Technology)115, and VPI (Virginia 

Polytechnic Institute)116, among others.  

 

Figure 1.5. Metal-organic 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 corresponding metal node. 

 

MOFs began receiving attention following the work of Robson and Hoskins in 1990, 

in which the coordination of organic ligands to Cu(I) and Zn(II) metal nodes created 

ñscaffoldingò polymeric frameworks.117 This work was soon followed by the developments 

of infinite two- and three-dimensional frameworks in 1992, including a cadmium-based 

ñhoneycomb netò.79 In 1995, Omar Yaghi reported the hydrothermal synthesis of a water-

insoluble, air-stable Cu(4,4'-bipyridine)1.5NO3(H2O)1.25 network, coining the term ñmetal-

organic frameworkò.118 In 1997, Kitagawa and colleagues developed three-dimensional 

frameworks with large channels, composed of cobalt, nickel, or zinc nodes connected by 
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4,4'-bipyridine ligands.119 The groundbreaking synthesis of a zinc and 1,4-

benzenedicarboxylate metal-organic framework in 1999, dubbed as MOF-5 by Yaghi et 

al., launched these permanently porous coordination polymers forward in the search for 

new gas-storage materials.120 MOF-5 was unique from other similar frameworks at the time 

in that the material avoided collapse when desolvated and its crystallinity persisted even 

when heated to 300 °C. Gas sorption measurements revealed MOF-5 contained pores with 

diameters of 11.0 and 15.1 Å, a 2900 m2/g Langmuir surface area ï determined from 

adsorbate monolayer formation ï and a uniform pore volume comprising of 55-61% of the 

material. The absorption features, which surpassed those found in porous carbon materials 

and zeolites, made for a promising material in the fields of catalysis and gas separation and 

sequestration.81 The development of the crystalline and permanently porous materials 

catapulted MOFs to the cutting edge of NMM research. 

Synthesizing MOFs utilizes a bottom-up approach through reticular synthesis, or the 

assembly of molecular building units into rigidly scaffolded networks with pre-determined 

structures.77 Through reticular synthesis, MOFs possessing the same network topology can 

have different functionalities depending on the chemical environment of the organic linker 

or the metal node.121 Reticular synthesis differs from organic synthesis in that the integrity 

of the building units is not affected through the duration of the reaction, allowing for the 

construction of robust, crystalline frameworks. As mentioned in section 1.1, the size, shape, 

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 stand-alone and composite materials, several synthetic 

caveats must be considered, such as  metal:ligand (M:L) ratios, reaction temperature and 
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vessel pressure, ligand concentration, modulator concentration, and H+ activity.122,123 MOF 

synthesis is quite complicated due to the number and complexity of design criteria. 

However, inspecting each parameter independent of the others allows a glimpse into the 

complicated synthetic mechanisms of MOFs. 

M:L ratio effects on MOFs have been extensively studied, notably with MOF-5 and 

ZIF-8.124,125 Altering M:L ratios reveals morphological and crystallographic 

transformations, and framework structures with distinctly different X-ray diffraction 

powder patterns are produced.126 It has been suggested 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 described by 

Equation 1 and is associated with Equation 2127ï129: 

Ὓ
ὅ ὅ
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Here, S is the percent difference between the solute concentration, C, and the equilibrium 

concentration, C0. A solution is considered supersaturated when the solute concentration 

exceeds its solubility under particular conditions (such as temperature). S is an 

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

A is a pre-exponential factor, ɔ is the surface free energy, v is the molar volume, k is the 

Boltzmann constant, and T is the reaction temperature. The driving force of crystallization, 

both in particle nucleation and growth, is linked to supersaturation, and is directly 

proportional to the nucleation rate.130  
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Figure 1.6. The effects of crystal growth rate as a function of ligand supersaturation. 

 

Figure 1.7. The LaMer model is composed of three regimes: (I) ligand deprotonation, in which the 

concentration of the solute is the concentration of deprotonated ligand; (II) nucleation as 

deprotonated ligand reaches a critical concentration (Ccrit); (III) crystal growth, where the 

concentration of deprotonated ligand is in equilibrium with the concentration of the bulk solid (CÐ). 
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In a crystallization reaction, S must be high enough to trigger a nucleation, or birth-

and-spread growth, event (Figure 1.6).131 If the reaction solution is too supersaturated, 

rough-face, unorganized growth of amorphous MOF can occur because the free energy 

barrier of deposition is lowered to the point that adherence can occur on a flat surface. Over 

the period of the reaction, supersaturation of the ligand drops as it undergoes complexation 

to the metal node to form MOF. In turn, a kinetic shift to a three-dimensional spiral growth 

mode occurs and nucleation slows. Some MOFs, such as MOF-5, exhibit very distinct 

nucleation and growth behaviors with no overlap between the two.132 Such MOFs follow 

the classic nucleation theory of the LaMer model (Figure 1.7). Here, induction causes the 

ligand to become deprotonated, typically by the basic dimethylamine (DMA) that forms 

from thermal degradation of dimethylformaide (DMF) solvent commonly used in MOF 

solvothermal reactions.133,134 The concentration of the soluteïthe deprotonated ligandï

increases over time in the prenucleation phase as illustrated in Regime I. At some point, 

the concentration of deprotonated ligand is supersaturated and reaches a critical 

concentration (Ccrit), inducing a burst nucleation event in Regime II. Burst nucleation 

occurs as a result of rapid metal-ligand complexation, which depletes the concentration of 

deprotonated linker. The reaction shifts to Regime III and diffusion-controlled crystal 

growth occurs. The solute concentration drops to CÐ, or the particle solubility 

concentration, and growth ceases. However, the LaMer model does not accommodate 

MOFs with overlapping nucleation and growth phases such as ZIF-8 and HKUST-

1.125,135,136 Such overlap may suggest that non-LaMerian growth would result in a 

heterogeneous mixture of disperse particles, but highly uniform crystals are formed in these 

syntheses.137ï140 This indicates a non-LaMerian nucleation behavior in these MOFs, or just 
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as likely, a secondary growth phase event such as Ostwald ripening129,131,141ï143 or 

dissolution-recrystallization144, which will be further discussed.145 No matter the case, 

ligand concentration, supersaturation, and surface-capping play a critical role in crystal 

nucleation, growth, and termination. 

 

Figure 1.8. The thermodynamic crystallization pathway (A) is a one-step route from solution to 

crystalline material, but the initial free energy of activation (ȹG) of nucleation (n) and growth (g) 

is a high barrier. Sequential precipitation via the kinetic crystallization 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. Initial models of MOF crystallization 

relied on one-step thermodynamic pathways from reaction solution to the final crystalline 

material (Figure 1.8). However, more recent understanding considers sequential 

precipitation via a kinetic pathway with one or more amorphous-to-crystalline phase 
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transformations.146 Here, instead of the most thermodynamically stable phase nucleating 

first, nucleation occurs within the phase with the lowest free energy barrier.123,146 As a 

result, the amorphous intermediates may transform through a variety of secondary growth 

mechanisms, such as Ostwald ripening. First named in 1900141 and then later refined by 

Lifshitz and Slyozov147 and Wagner148 in 1961, Ostwald ripening effectively increases 

average crystal size and repairs packing defects. 142,149ï151 Smaller particles with higher 

surface energy redissolve in solution and align to larger particles, a process quantified by 

the Gibbs-Thomson relation, Equation 1.129,152 

ὅ ὅ ÅØÐ 
ς‎ὺ

ὶὯὝ
 (1) 

The particle solubility Cr becomes a function of its radius r, where Cb is the bulk solution 

concentration, ɔ is the surface free energy, v is the molar volume, kB is the Boltzmann 

constant, and T is the reaction temperature. In MOF formation, the amorphous particles 

with a small radius dissolve into one-dimensional nanoparticles owing to a high Cr during 

the semicrystalline to crystalline phase transformation. The 1D nanoparticles undergo 

oriented attachment ï a process in which aligned particles attach to a crystal lattice surface 

ï to the larger, less soluble crystals and repair crystal defects.151 As a result, the particles 

become more monodisperse, crystalline, and, on average, larger.153  Besides Ostwald 

ripening, amorphous material may also transform through dissolution-recrystallization, a 

process in which the system attempts to reach equilibrium between the 

amorphous/crystalline phases and the solution.144,154 Here, all amorphous particles and 

early semicrystalline material dissolve back into solution then undergo a very fast burst 

nucleation and subsequent growth of uniform crystalline material. The process has been 

observed for several MOFs via time-resolved in situ synchrotron powder X-ray 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 crystalline morphology.155ï158 

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, competes with 

multidentate ligands for coordination to the metal nodes.78,150,159 Modulators are usually 

monocarboxylic acids, though inorganic acids and even ammonium surfactants such as 

cetyltrimethylammonium bromide (CTAB) or NaOH have been used.131,136,143,160 A 

kinetically-controlled process, coordination modulation, increases the crystallinity of the 

resultant material due to slowed crystal growth rates. Monocarboxylic acid modulators 

interfere with linker deprotonation by escalating H+ activity, causing metal-ligand 

complexation to slow and MOF particle sizes to increase. Crystal size and modulator pKa 

have been shown to be inversely proportional, whereas size and modulator equivalents are 

directional proportional; both of these trends are a result of higher H+ activity in the 

reaction solution.161 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 the parameters 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 properties. 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 transfer.162 In the following sections, two quite different MOF applications 

are examined: reverse osmosis and direct air capture of CO2. The choice of MOF for these 

applications ï particularly because of particle size, shape, morphology, pore size, and 

functionality ï is essential for maximum material performance. 

 

MOFs as reverse osmosis membrane nanofillers 

 

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 production.163 Only 2.5% 

of the worldôs water supply is freshwater, found in glaciers, rivers and streams, lakes, 

underground, or in the atmosphere (Figure 1.9). 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.164 Increasing population and climate change has shifted water demands to the 

limits of Earthôs natural resource, especially in water-scarce areas.165 Four billion people ï 

mostly in the Middle East, south and central Asia, northern China, Australia, North and 

southern Africa, southwestern North America, and parts of Argentina and Chile ï face 

scarcity of clean water.166 With ever-growing demands and 97.5% of accessible water 

being sea or brackish water, desalination technologies are more important than ever.167 

Over 90% of global desalination capacity is attributed to either thermal-based technology 

such as multistage flash distillation (MSF), multi-effect distillation (MED), and vapor 

compression distillation (VCD); or membrane-based technology such as with reverse 

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

41% in 2003.168ï170  

 

Figure 1.10. Brackish water is pushed through a thin-film RO membrane through either pressure 

or a concentration or temperature gradient, resulting in greatly decreased concentrations of salt 

ions. 

 

The steady growth of RO-based 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 from salt ions such as 
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Na+ and Cl- (Figure 1.10). The first RO membranes, developed in 1959 and further 

improved in 1963, consisted of cellulose acetate and showed 99% NaCl rejection with 

water permeance up to 0.14 L/m2/h/bar (LMH/bar).171,172 The chemical and thermal 

stability of these membranes, however, was poor, and more robust polyamide (PA) thin-

film composite (TFC) membranes were developed in response.173,174 PA TFC membranes 

are produced through the interfacial polymerization of m-phenylenediamine (MPD) and 

trimesoyl chloride (TMC), resulting in a tightly crosslinked matrix containing voids. Early 

PA TFC membranes retained the 99% NaCl rejection while increasing water permeance to 

0.73 LMH/bar and exhibiting superior chemical stability. The latest membranes have water 

permeabilities of 1-2 LMH/bar for seawater (15,000-40,000 NaCl ppm) and 2-8 LMH/bar 

for brackish water (1,000-15,000 ppm), with rejection rates exceeding 99.7%.175  

 

Figure 1.11. RO foulants fall into four different categories, all of which negatively impact 

membrane performance parameters such as water 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 quality.176ï180 Foulants can be classified into four 

different categories: organic (polysaccharides, proteins, and decomposed organisms), 

inorganic (sparingly soluble salts, silica, supersaturated compounds), biological 

(microorganisms and algae), and particulate (colloids, clay, sand) (Figure 1.11).177,181,182 In 

commercial plants, fouling is complex, as it is a combination of these four different types, 

all of which require different strategies to combat. Besides fouling, a trade-off between 

permeability and selectivity ï as is typical with synthetic polymer materials ï greatly limits 

the potential flux of TFC membranes since water quality takes precedence over operating 

costs.183 A response to these challenges in RO membrane technology is the development 

of nanofillers to improve membrane performance and to address fouling issues. Thin-film 

nanocomposite (TFN) membranes are augmented with nanoparticles, which may enhance 

salt rejection and flux, or decrease energy requirements or fouling issues depending on the 

chemical nature, morphology, and functionalization of the filler.184 Nanofillers that have 

been applied for RO TFNs include silica185ï187, TiO2
188ï191, zeolites192ï195, silver196ï198, 

carbon nanotubes70,199ï202, cellulose nanocrystals41,203, graphene oxide204,205, and most 

recently, MOFs. 

Using MOFs as nanofillers RO TFNs is a relatively novel process. In 2009, Basu et al. 

introduced modified HKUST-1, MIL-47, MIL-53(Al) and ZIF-8 into 

polydimethylsiloxane (PDMS) membranes resulting in improved permeance and decreased 

membrane swelling.206 In a 2013 study, Sorribas et al. produced thin-film nanocomposite 

(TFN) polyamide membranes containing ZIF-8, MIL-53(Al), NH2-MIL -53(Al) and MIL-
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101(Cr), observing enhanced permeance while retaining >90% salt rejection.207 In addition 

to ZIF-8207ï211, MIL-101212, and MIL-53206,207, ZIF-11212, MIL-68212, MIL-125213, PCN-

222214, and UiO-66213,215 have been used as RO nanofillers. There are several advantages 

that make MOFs ideal candidates for RO. First, their high surface area allows for better 

interaction with the polymer matrix and therefore very low loadings are required to 

transform the properties of the entire TFN.216ï218 The exceptional volume and modifiability 

of MOF pores not only introduces additional water transport pathways, but also allows for 

enhanced performance through anti-fouling or tuned hydrophilicity functionalization.207 

The organic ligands in the framework backbone are flexible and have higher affinity for 

the polymer chain as compared to inorganic nanoparticles, improving filler dispersion.219 

Finally, MOFs are generally stable in a wide range of chemical and thermal environments, 

therefore the nanofillers would avoid decomposition after membrane heat-treatment and 

prolonged flux tests.214 

 

Figure 1.12. The introduction of a porous and anisotropic material such as PCN-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 created in the PA matrix. 
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In Chapters 2 and 4, a zirconium-based porphyrinic MOF, PCN-222, was selected as a 

nanofiller for reverse osmosis. PCN-222 is anisotropic, meaning that it has the potential to 

form nanochannels in the PA matrix as alternate water transport pathways and increasing 

water permeance.41,220 It also has 13 Å micropores and 37 Å mesopores, giving 2.8 Å water 

molecules yet another pathway and enhancing membrane flux performance. Though these 

pores are also large enough for salt ion permeance (Na+ = 7.2 Å and Cl- = 6.6 Å), the highly 

tunable nature of MOFs lends to pore functionalization capabilities, and pore sizes can be 

decreased through post-synthetic modification. The chemical environment of the pores can 

also be tuned, such as through the loading with anti-fouling 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 CO2 

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 shortages, and human 

displacement are just some of the ramifications that climate change has had all over the 

world.221,222 Humans have been the principal drivers of the climate change crisis, primarily 

through the burning of fossils fuels such as coal, petroleum, and natural gas.223,224 

Combustion or utilization of fossil fuels produces heat-trapping gases known as greenhouse 

gases, which includes carbon dioxide (76%), methane (16%), nitrous oxide (6%), and F-

gases (2%) such as hydroflurocarbons or perfluorocarbons.225 CO2 levels have steadily 

climbed from pre-industrial levels of 280 parts per million by volume (ppmv) to 404 ppmv, 
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and has been predicted to reach between 530 and 980 ppmv by 2100.226,227 CO2 is 

particularly problematic due to its high stability and its ability to adsorb and re-emit 

infrared radiation, returning reflected sunlight back to earthôs surface as heat . While 

catalytic conversion of CO2 into less harmful, 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 carbon.228 An alternate carbon 

sequestration strategy would require negative emission technology (NET) deployment to 

sequester carbon from the atmosphere in a strategy known as direct air capture (DAC).229ï

231 

As of 2021, 19 DAC plants are in operation across the globe sequestering over 0.01 Mt 

CO2/year.232 Carbon capture expansion plans include scale-ups to 85 Mt CO2/year by 2030 

and 980 Mt CO2/year by 2050, urging the scientific community to develop more efficient 

sorbent materials for DAC. Strategies for CO2 DAC include most notably solid sorbent and 

liquid solvent technologies, but also include cryogenic, moisture swing adsorption, electro-

swing adsorption, and alkaline feedstocks.229 Solid sorbents have garnered the 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 the well-understood 

adsorption mechanics of solid sorbents, which can occur either as weak physisorption from 

van der Waals interactions or strong chemisorption via the formation of a chemical bond 

between the sorbent and sorbate.233ï235 Furthermore, solid sorbents have a marked 

advantage over liquid absorbents due to superior kinetics, higher stability, lack of 

evaporation, and lower regeneration temperatures.236 Ideal solid sorbents have high 

adsorption capacity (at low CO2 concentrations, or atmospheric concentrations of 400 
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ppm), low regeneration energy, rapid sorption and desorption kinetics, recyclability and 

long-term stability, pore size and surface modifiability, and versatility under varied 

atmospheres.237,238 Materials currently used for solid-state DAC include calcium oxides, 

activated carbon, zeolites, hydrotalcites, supported amines, and lithium zirconate.234,235,239 

Currently, these technologies are limited by low CO2 uptake and selectivity in atmospheric 

conditions, prompting researchers to explore various methods of improve DAC efficiency 

of solid-state sorbents.240ï242 The emergence of metal-organic frameworks for selective gas 

separation and storage has offered a promising alternative to these more limited DAC 

materials. 

MOFs are promising DAC candidates thanks to their permanent porosity, robustness, 

surface and pore functionality, and relative stability.243 MOF DAC operates through 

physisorption via van der Waals interactions and diffusion, as well as chemisorption, a 

process in which CO2 binds to the coordinately unsaturated (or ñopenò) metal sites in the 

frameworks. Open binding sites are found in several MOFs studied for CO2 DAC, 

including UiO-66/UiO-66-NH2
244ï247, MOF-177243,248,249, Mg-MOF-74/CPO-27-Mg250ï

253, MIL-101-Cr254ï257, SIFSIX-n-M258,259, HKUST-1260,261, and ZIF-8244,262, among others. 

The materialsô microporosities and in situ or post-synthetic amine-grafting capabilities lend 

to their notable CO2 selectivity by increasing interactions between binding sites within the 

MOF and the sorbate, affording a larger Qst (heat of adsorption) at lower pressures.244,263,264 

As compared to other CO2 sorbents such as aqueous amine solutions, MOFs are less 

corrosive and more thermally stable, and have higher working capacities and lower 

regeneration energy requirements.265 Like zeolites, selective adsorption in MOFs is 

achieved through molecular sieving effects considering existing and post-synthetically 
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tuned pore sizes, offering yet another advantage to these materials.243 In addition, gas 

storage and separation in MOFs is well-studied, dating back to studies with MOF-5 in 

1999.120 

However, MOFs as CO2 DAC sorbents have some drawbacks. Scale-up is difficult due 

to material expense and occasionally high pressures or corrosive materials required for 

synthesis.229 Many MOFs also have a strong affinity for H2O, which competes with CO2 

for coordination to open metal sites.266 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 degradation.267 In Chapter 5, 

these challenges are addressed for four CO2 DAC MOFs: UiO-66, MOF-177, Mg-MOF-

74, and MIL-101-Cr, as well as the amine-appended versions of the latter two. The 

materials are synthesized considering scale-up effects and treated to avoid water 

degradation, then characterized for CO2 DAC purposes. 
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Abstract 

Nanorods of PCN-222, a large-pore, zirconium-based porphyrinic metal-organic 

framework (MOF), have been prepared through coordination modulationïcontrolled 

crystal growth through competing monodentate ligands known as modulatorsïfor 

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 distribution. The extent of MOF modification was 

characterized through Brunauer-Emmett-Teller (BET) gas sorption, as well as 1H NMR 

following digestion of the particles. TFN membranes containing PCN-222 nanoparticles 

modified with varying levels of myristic acid (MA) were fabricated via dispersion in the 

aqueous 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 PCN-222 nanorods. Up to a 95% increase in water flux was 

observed for a TFN containing a 0.01 wt% loading of PCN-222 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 pore structure and through rapid water 

transport pathways at the nanorod-polymer interface.  
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Introduction  

Access to clean water 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 

littl e access to fresh water but abundant access to sea water or brackish water sources. 

Membrane-based reverse osmosis (RO) processes account for the majority of filtration 

processes,1 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 water-scarce regions.2 

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 support ð often 

a polysulfone ultrafiltration membrane ð to perform separations. The formation and 

optimization of TFCs is well-documented in the scientific literature.3ï6 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 during the 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 nanoparticles has resulted in TFN membranes with remarkable 

improvements in flux and selectivity. However, most studies have focused on spherical or 
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near-spherical nanoparticles such as TiO2,
7,8 silica,9ï11 silver,12 and zeolites.13ï15 Inclusion 

of these nanoparticles results in the formation of pore structures, which are believed to 

offer preferential water transport pathways once embedded within the polyamide matrix. 

Recent work performed by our research group using single-walled carbon nanotubes 

(SWCNTs)16,17 and cellulose nanocrystals (CNCs) as TFN additives18 resulted in 

membrane flux 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 to the 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, the functional groups in the nanochannels are believed to facilitate 

the size exclusion of ions, leading to high membrane selectivity.  

A relatively recent class of TFNs involves the inclusion of metal-organic framework 

(MOF) nanoparticles.19ï22 These crystalline coordination polymers are composed of metal 

nodes bridged by multidentate organic ligands to form one-, two-, or three-dimensional 

structures.23 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, catalysis, and batteries.24 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 container.25 This 

methodology allows for the preparation of MOFs of varying functionalities, chemical 

environments, and crystal sizes with isoreticular topology, while the general stability of the 
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structures gives rise to post-synthetic modification capabilities.24 MOFs stand out as TFN 

additives because of their pore structures. Transport in TFC membranes is limited 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 transport pathways within the 

skin layer. Depending on the size of the pores in a given MOF, the rejection and permeation 

properties of a MOF-TFN change drastically. Previous studies have shown that marked 

increases in overall membrane permeance occur, but are usually accompanied by a loss of 

ion rejection due to pore sizes larger than both water molecules and salt ions.19,20 These 

studies were limited to near-spherical MOF particles with aspect ratios close to one and do 

not provide insight into the behavior of higher aspect ratio rod-like particles. MOF 

nanoparticles with aspect ratios above 3:1 are of interest not only due to their internal pore 

structure, but also due to the potential to form nanochannels at the polymer-nanoparticle 

interface similar to the those observed with CNCs and SWCNTs. Post-synthetic 

modification of the nanoparticles can be used to alter 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 post-synthetic modification of MOF nanoparticles 

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 fabrication 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 maintaining high selectivity. 

 

Experimental Section 

Materials 

The following chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA): 

1,3,5 benzene tricarbonyl trichloride (trimesoyl chloride, TMC, 98%), m-

phenylenediamine (MPD, 99%), and zirconium(IV) oxychloride octahydrate 

(ZrOCl2·8H2O, Ó99.5%). Hexanes (95%), sodium chloride (Ó99.0%), and N,N-

dimethylformamide (DMF, Ó99.8%) were obtained from Fisher Scientific (Hampton, NH, 

USA). Myristic acid (MA, >99.0%) was obtained from Tokyo Chemical Industry Co., LTD 

(Tokyo, Japan), meso-tetrakis(4-carboxyphenyl)porphyrin (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 (Minneapolis, MN, USA). 

Dimethyl sulfoxide-d6 (DMSO-d6, 99.9%) was purchased from Cambridge Isotope 

Laboratories (Andover, MA, USA). 

PCN-222 preparation 

Uniform 300 nm nanorods of PCN-222 were prepared through solvothermal synthesis of 

ZrOCl2·8H2O (37.7 mg, 0.117 mmol), 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 in a 6-dram scintillation vial. The 

dark violet powder was isolated via centrifugation, washed three times with DMF and 

acetone, and then air-dried overnight yielding 10 mg of PCN-222 per reaction vial. 
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Post-synthetic modification of PCN-222 

MA solutions (0.1 M and 1 M) were prepared by sonicating solid MA in DMF until 

fully dissolved. PCN-222 (33 mg) was combined with MA solutions in 10:1, 1:1, or 1:10 

stoichiometric ratios of MA to TCPP linker per unit cell and stirred at 60 °C for 24 h. The 

modified MOF (denoted as PCN-222-MA) was isolated via centrifugation, washed ×3 with 

DMF and acetone, and air-dried overnight.  

Powder X-ray diffraction (PXRD) 

The crystallinity and phase purity of PCN-222 and PCN-222-MA were determined from 

PXRD measurements on a Rigaku Miniflex diffractometer (Cu KŬ radiation ɚ = 1.5418 

Å). Powder samples were loaded on to a Rigaku Si510 sample holder disc and analyzed at 

a 0.05Á resolution and a 1.0Á/min continuous scanning mode over 2ɗ = 2ī50Á. 

Scanning electron microscopy (SEM) 

Fluorine-doped tin oxide (FTO) slides were affixed to SEM sample stages with double-

sided copper tape and carbon conductive adhesive. PCN-222 was suspended in ethanol and 

drop-cast on the slide, and the stages were spin-coated with Pt and Pd. SEM images of 

PCN-222 particles and MOF TFN membranes were collected on a LEO 1550 field-

emission scanning electron microscope (Carl Zeiss, Oberkochen, Germany) at 5.0 kV and 

a 5.3 mm working distance. 

Thermogravimetric analysis (TGA) 

Phase transitions and decomposition temperatures of PCN-222, ZrOCl2·8H2O and TCPP 

were determined with a Q500 thermal analyzer (TA Instruments, New Castle, DE, USA) 

by heating at 10 °C/min under air over a range of 25-600 °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, then heated at 

10 °C/min under air over a range of 25-600 °C. 

Brunauer-Emmett-Teller (BET) gas adsorption 

12 mm Micromeritics gas adsorption sample cells were loaded with PCN-222 and PCN-

222-MA (20-50 mg), evacuated, and backfilled with N2. The 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 PCN-222-MA were determined from BET isotherms collected under N2. 

Retained crystallinity followed gas sorption was confirmed with PXRD. 

1H NMR spectroscopy 

PCN-222-MA (5 mg) was combined with DMSO-d6 (700 ɛL), digested with 2 drops 

concentrated H2SO4, and sonicated until fully dissolved. The liquid was transferred to an 

NMR tube and heated for 30 min in a 85 °C sand bath. 1H NMR spectra were collected and 

analyzed to determine MA loading into the MOF mesopores. 

RO membrane stock solution and monomer solution preparations 

MOF nanoparticles (unmodified and modified) were weighed and used to create 1.0 

mg/mL stock solutions of each type dispersed in water. These solutions were sonicated via 

probe sonication (Fisher EB705) at an intensity of 30 for 15 min. A desired amount of each 

stock solution was added to a beaker with the m-phenylenediamine (MPD) and water to 

create an aqueous monomer solution (25 mL) of 2 wt% 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% 1,3,5-benzenetricarbonyltrichloride (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 and then removed. The resulting TFN 

membrane was heat treated at 68 °C for 10 min and then stored in DI water. Five variations 

of membranes were fabricated for analysis in this study, with various nanoparticle loading 

and post-synthetic modification information presented in Table 1. 

Table 2.1. Thin film nanocomposite membrane formulations 

 

Membrane Nanoparticle Additive 
Loading (wt% in MPD 

solution) 

MA:TCPP 

Ratio 

PA None 0 - 

MA-0 PCN-222 0.01 0 

MA-0.1 PCN-222 0.01 1:10 

MA-1 PCN-222 0.01 1:1 

MA-10 PCN-222 0.01 10:1 

 

Membrane masking 

TFN membranes fabricated via interfacial polymerization were masked between two 

layers of aluminum tape (VentureTape, 3M, Maplewood, MN, USA), sealed with epoxy 

(The Gorilla Glue Company, Cincinnati, 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 

measured via Fiji software,26 with an average membrane active area of 5.4 ± 0.3 cm2.  

RO permeation testing 

Masked membranes were placed into a cross-flow RO test system (Sterlitech 

Corporation, Kent, WA, USA) and subjected to a 2000 ppm Na+ feed solution at a flow 

rate of 2.5 liters per minute (LPM) and a pressure 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 and weighed. Flux values for each 

membrane were calculated via Equation 1. 

V
Q

A t

D
=
Ö

           (1) 

where Q is flux, ȹV is 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 g/cm3), A is the active 

area of each membrane, and t is the time over which the sample was collected. Membrane 

flux is reported in liters per square meter per hour (LMH).  

Atomic absorption spectrophotometry (Buck Scientific, Norwalk, CT, USA) was used to 

obtain salt concentrations in feed and permeate samples. Equation 2 was used to calculate 

salt rejection as a percentage from the resulting sample ion concentrations. 
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where R is rejection (as a percentage), Cp is the concentration of cations in the permeate, 

and Cf 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 sample of each membrane reported in Table 2.1. These samples 

were fixed 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 microscope (Royal Philips, Amsterdam, The 

Netherlands) was used at an acceleration voltage of 120 kV to acquire images under bright-

field conditions. Images were recorded using a CCD camera and processed via Fiji  

software to determine membrane layer thicknesses.  

For additional analysis, MA-0 and MA-10 membrane samples were analyzed in a JEOL 

2100 transmission electron microscope (JEOL, Ltd. Tokyo, Japan) operated at 200kV and 

subjected to scanning transmission electron microscope energy dispersive X-ray 

spectroscopy (STEM-EDS). Further information may be found in the Supporting 

Information.  

Atomic Force Microscopy (AFM) 

AFM was used to characterize the surface roughness for each membrane. Images were 

obtained via AC Mode on a Cypher ES AFM (Asylum Research, Santa Barbara, CA, USA) 

using AC160TS-E3 probes (k = 26, f = 300 Hz, Oxford Instruments, Tubney Woods, 

Abingdon, UK). RMS roughness values were obtained via Asylum Research image 

analysis software.  

X-Ray Photoelectron Spectroscopy (XPS) 

XPS was performed on membrane samples to characterize polyamide crosslinking 

density. Spectra were obtained using a VersaProbe III scanning XPS microscope (PHI, 
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Inc., Chanhassen, MN, USA) using monochromatic Al K-alpha X-ray source (1486.6 eV), 

and all binding energies referenced to the C-C peak at 284.8 eV.  

Contact Angle Goniometry  

Surface contact angles were obtained to evaluate the hydrophobicity of each membrane. 

Measurements were obtained via a CAM 200 goniometer (KSV Instruments, Ltd., 

Helsinki, Finland). 

 

Results and Discussion 

Zirconium-based porphyrin MOF PCN-222, which has large mesopores and a tunable 

aspect ratio, was selected for incorporation into the TFN RO membranes.27 PCN-222 (or 

Zr6(ɛ3-O)8(OH)8(TCPP)2, where TCPP = meso-tetrakis(4-carboxyphenyl)porphyrin) is 

composed of 8-connected Zr6 oxo clusters linked by TCPP ligands, which stack to form 

one-dimensional, 37 Å channels along the c-axis flanked by 13 Å micropores (Figure 

2.1).28,29 PCN-222 was prepared via a solvothermal synthesis.29  The crystallinity and phase 

purity of PCN-222 was determined from comparison of PXRD experimental patterns with 

those of a predicted pattern from single crystal data28 (Figure 2.2a). The PXRD pattern 

showed sharp low-angle peaks indicative of a highly crystalline MOF powder. SEM was 

used to determine PCN-222 particle size and morphology and revealed uniform rice-like 

nanorods 301 ± 17 nm in length and 96 ± 9 nm in diameter (Figure 2.2b). The c-axis runs 

along the length of the PCN-222 nanorod, providing a direct channel for species migration.  
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Figure 2.1. The metal node of PCN-222 (top left), composed of six Zr4+(cyan) links to the TCPP 

ligand (nitrogen = blue, carbon = gray, oxygen = red, bottom left) via carboxylate groups in an 8-

connected fashion to form a three-dimensional framework with channels aligned along the c-axis. 

 

 

Figure 2.2. (a) PXRD patterns of predicted, experimental, and modified PCN-222 (MA:TCPP 

loading = 10:1). (b) SEM image of PCN-222 powder. 

 

In considering water purification, the 13 and 37 Å pores of PCN-222 are large enough to 

allow water (2.8 Å) to pass through. However, ionic species in the feed solution such as 

Na+ (7.16 Å) and Cl- (6.64 Å) are also small enough to pass.30 Four positions of the Zr6 

cluster in PCN-222 are occupied by terminal hydroxy groups that are capable of 

substitution by exogenous phosphonate or carboxylate-terminated molecules.31 Using this 

b 
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strategy, PCN-222 was modified with myristic acid via solvent-assisted ligand 

incorporation (SALI), heretofore termed PCN-222-MA.32 We hypothesized that myristic 

acid functionalization would increase the hydrophobicity of the pores, while also 

decreasing the pore volume. In 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 confirmed that PCN-

222-MA retained crystallinity after SALI was performed, even at high MA loadings 

(Figure 2.2). The loading ratios were confirmed with 1H NMR spectroscopy on the 

degraded material, with actual MA:TCPP ratios determined by Equation 3. 

    
# ( )

# ( )

MAMA H TCPP

TCPP H MA TCPP
= ³
ñ

ñ
           (3) 

An example 1H 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 distinguish the samples moving forward, we 

refer to the MOFs as PCN-222-MA-0, PCN-222-MA-0.1, PCN-222-MA-1, and PCN-222-

MA-10, where the number after MA indicates the myristic acid loading. 

To further confirm that myristic acid loading modified pore volume, the surface area and 

porosity of PCN-222-MA-0 and PCN-222-MA-(0.1, 1, 10) were determined via N2 gas 

sorption (Figure 2.3). PCN-222-MA-0 resulted in a calculated BET surface area of 1045 

m2/g and a total pore volume up to 0.94 cm2/g, comparable to literature.28 Gas adsorption 

isotherms confirmed that N2 adsorption decreased with increasing MA loading, indicating 
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that the channels had decreased in volume. The two overlapping Type II isotherms feature 

two plateaus, with the plateaus at lower relative pressures corresponding to the 13 Å 

micropores and the plateaus between 0.3-0.95 p/po corresponding to the 37 Å 

mesopores.33,34 Incremental pore volumes of PCN-222-MA-0 and PCN-222-MA-(0.1, 1, 

10) indicated that as MA loading was increased, the N2 accessible pore volume decreased, 

confirming a greater degree of MA functionalized pores. 

 

 

Figure 2.3. (a) Gas adsorption isotherms and (b) incremental pore volumes of PCN-222 and PCN-

222-MA with 10:1 and 1:1 MA:TCPP loadings. PCN-222-MA with 1:10 MA:TCPP loadings 

showed almost complete overlap with neat PCN-222. 

 

Monomer solutions of m-phenylenediamine (MPD)/PCN-222 and 1,3,5-

benzenetricarbonyltrichloride (TMC) were combined to form a crosslinked network 

interfacially polymerized with the polyethersulfone (PES) support membrane. Because 

PCN-222 contacts DI water, hexanes, and HCl during the interfacial polymerization that 

forms each membrane active layer, stability screening was performed in different chemical 

environments by soaking 10 mg of PCN-222 powder in solvent for 24 h and collecting 

PXRD patterns of washed and dried MOF. PCN-222 retained stability and crystallinity in 
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1 M HCl, hexanes, and boiling water, among others (Figure 2.4a). Because the TFN 

membrane is heat treated, TGA was used to determine crystalline-to-amorphous phase 

transitions and decomposition temperatures of PCN-222, as well as of the ZrOCl2·8H2O 

and TCPP precursors, under air (Figure 2.4b). Weight loss for ZrOCl2·8H2O between 100 

°C and 145 °C accounts for multiple steps of dehydration, followed by chloride counterion 

loss. Because the nodes in PCN-222 are composed of Zr6 oxo clusters rather than hydrated 

Zr(IV) species, the losses between ZrOCl2·8H2O and PCN-222 cannot be connected. 

Weight loss for PCN-222 below 100 °C is attributed to acetone in the pores, followed by 

dehydroxylation of the Zr6 nodes between 100 °C and 450 °C.35 A 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, respectively.35,36 Decomposition of TCPP ligands in the PCN-222 

curve is attributed to the loss beyond 420 °C, leaving behind ZrO2. Due to the high thermal 

stability of PCN-222, membrane fabrication processing at 68 °C causes no decomposition 

of the nanoparticles. 

   

Figure 2.4. (a) PXRD patterns of PCN-222 collected after soaking MOF powder in the given 

solvent, washing, and drying. (b) Thermogravimetric analysis for PCN-222 (blue) after washing 

with DMF and acetone, then air-drying. TGA curves for ZrOCl2·8H2O (black) and TCPP (red) are 

also included. 
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TEM images of membrane cross sections are presented in Figure 2.5. The typical 

structure of a polyamide thin film composite membrane is observed in Figure 2.5a, where 

the interfacially polymerized skin layer is visible above a porous polysulfone support layer. 

The large loops of the ridge-and-valley structure commonly observed in interfacially 

polymerized polyamide membranes are present, and the average polyamide skin layer 

thickness is approximately 300 nm. No significant changes in the structure of the skin layer 

are evident upon the addition of PCN-222 nanoparticles (Figures 2.5b-d).  

 

Figure 2.5. Transmission Electron Microscopy (TEM) images of (a) PA membrane, (b) MA-0, (c) 

MA-0.1, and (d) MA-1 membranes. 

 

Figure 2.6 confirms the incorporation of nanorods into the interfacially polymerized 

polyamide layer of the membranes. Figures 2.6a and 2.6b are TEM images of microtomed 

MA-0 membranes where small (<100 nm) particles can be observed. These may be 

individual nanorods that were bisected during microtoming, or aggregates of a few 
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nanorods. The MOF nanorods are completely enveloped by the polyamide layer.  Figures 

2.6c and 2.6d are TEM images of microtomed MA-10 membranes and exhibit a large, 

approximately 500 nm MOF aggregate that is also fully embedded in the polyamide film. 

Energy-dispersive X-ray spectroscopy (EDS) on the aggregate confirms the presence of Zr 

atoms (see Supporting Information), indicating that the aggregates contain PCN-222 

MOFs. The presence of smaller particles in the MA-0 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 cross-sections of an MA-0 membrane (a and b) and an 

MA-10 membrane (c and d). PCN-222 nanorods and aggregates are indicated by yellow dotted 

lines.  

A key concern for TFN additives is whether the presence of the nanoparticles has 

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 this study are presented 

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 structure are observed upon the addition of PCN-222 nanoparticles with 

increasing MA loading due to the presence of MOF aggregates within the polyamide film 
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(Figures 2.7b-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 Figure 2.7c, d, and e where the polyamide appears 

thicker or exhibits differences in surface texture. This agrees with the TEM results (Figure 

2.6) and suggests that aggregation increases with MA loading due to the increasing 

hydrophobicity of the MA-coated PCN-222 nanoparticle surface. At higher magnifications 

(Figure 2.8b), the rod structure of the ~300 nm long PCN-222 nanoparticle can be seen 

within the large aggregate, confirming that the PCN-222 nanoparticles retain their 

morphology during membrane fabrication. 

 

Figure 2.7. SEM images of (a) PA control membrane, (b) MA-0, (c) MA-0.1, (d) MA-1, and (e) 

MA-10. 

 

Figure 2.8. SEM images of PCN-222 aggregates on the surface of an MA-1 membrane. 
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Reverse osmosis permeation results for the plain PA and PA/PCN-222 membranes are 

presented in Figure 2.9. The addition of PCN-222 nanoparticles uniformly resulted in 

increased water flux compared to the control PA membranes. This behavior is attributed to 

the creation of new transport pathways for water permeation through the polyamide skin 

layer. In the case of TFN membranes with unmodified PCN-222 nanoparticles, flux 

improved to 5.8 ± 1.5 LMH compared to 4.1 ± 0.7 LMH for the PA control membrane, 

where error is attributed to the standard deviation between multiple samples collected for 

3 membranes. The 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 membrane. A reduction in salt 

rejection was expected, as all ionic and molecular species present in the feed solution are 

smaller than the diameters of both the major (37 Å) and minor (13 Å) pores present in the 

PCN-222 nanoparticles. Given that the ions should be able to pass easily through the PCN-

222 pores, it was surprising that the decrease in rejection was not larger. We hypothesize 

that aqueous MPD solution infiltrates the PCN-222 pores when the nanoparticles are in 

suspension. Subsequently, the pores become partially blocked by polyamide during the 

interfacial polymerization step of TFN fabrication, as depicted in Figure 2.10. This results 

in higher-than-expected salt rejection values and lower than expected water flux values.   
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Figure 2.9. Water flux (LMH) and salt rejection results for (left to right): PA, MA-0, MA-0.1, MA-

1, and MA-10 membranes with 2000 ppm NaCl feed and transmembrane pressure of 250 psi.  

 

Figure 2.10. Schematic depicting water transport through PCN-222 pores with increasing 

myristic acid loading.  
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Further evidence for this phenomenon is provided by the permeation results for 

membranes containing MA-loaded PCN-222 nanoparticles. The MA-0.1 membranes 

exhibit rejection similar to the control membrane (96.7 ± 1.7%), while flux increases to 7.3 

± 1.1 LMH. Addition of MA to the PCN-222 nanoparticles results in a decrease in available 

pore volume, as demonstrated by the results of BET gas adsorption (Figure 2.3). We 

hypothesize that the hydrophobic myristic acid chains prevent infiltration of MPD into the 

pores of the PCN-222 nanoparticles in suspension, resulting in a decrease in pore 

penetration by the polyamide (Figure 2.10). This results in increased pore volume for 

transport, increased flux, and decreased salt rejection compared to the control membrane.  

A further decrease in rejection to 92.0 ± 0.3% is observed for the MA-1 membrane, 

accompanied by an increase in flux to 8.4 ± 1.1 LMH. However, for the MA-10 membrane, 

salt rejection recovers to 96.0 ± 2.4%, while flux declines slightly to 8.0 ± 1.0 LMH. We 

hypothesize that the dense layer of myristic acid groups within the PCN-222 pores now act 

as gatekeepers, allowing passage of water molecules but inhibiting transport of Na+ ions, 

as depicted in Figure 2.10.  

Other possible mechanisms for increased flux in the PA/PCN-222 membranes are 

interfacial transport at the surface of the MOF nanorods or aggregates as well as transport 

in interstitial channels of the MOF aggregates. Our group has previously reported on 

interfacial transport in TFN membranes containing non-porous, high-aspect ratio cellulose 

nanocrystals.18 In this mechanism, the introduction of high-aspect ratio nanoparticles 

results in the formation of nanochannels at the interface between the MOF nanoparticles 

and the polyamide matrix through which water can permeate more rapidly. The addition of 

myristic acid to the PCN-222 nanoparticles results in a more hydrophobic outer surface 
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that decreases the strength of 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 density of 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 interstitial gaps between MA-coated 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 at the highest 

MA loading level. 

 

Conclusion 

PCN-222 MOFs have been successfully synthesized as rod-like nanoparticles for 

incorporation into thin film nanocomposite reverse osmosis membranes. Additionally, 

post-synthetic modification of PCN-222 nanoparticles with myristic acid offers the ability 

to tune MOF pore size. Membranes formed using modified and unmodified PCN-222 

nanoparticles exhibited increased water flux with small decreases in selectivity compared 

to the control PA membranes. In the case of the MA-10 membranes, 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 myristic 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. PCN-222 

nanoparticles warrant further study as TFN additives due to their ability to control ion 
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transport and selectivity for membrane-based 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 performance for specific, selective separations. 
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I) Contact angle measurements 

Contact angle goniometry was used to characterize the hydrophilicity of each membrane. 

Deionized water droplets of approximately 25 µL were dropped onto each membrane 

surface and images were acquired via 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 least three locations across each membrane to obtain the final values. 

Contact angle values may be seen in Figure 2.S1.  

 

Figure 2.S1. Contact angle measurements for PCN-222 TFN membranes, a control polyamide 

membrane, and a commercial RO membrane. 

 

II)  Myristic acid loading 1H NMR and calculation 

 

Figure 2.S2. 1H NMR spectrum of digested PCN-222-MA with a 1:1 MA:TCPP loading. 

The experimental loading of MA:TCPP was determined from Equation S1: 
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 (S1)   
# ( )

# ( )

MAMA H TCPP

TCPP H MA TCPP
= ³
ñ

ñ
           

where ᷿ ὓὃ is the integration of the myristic acid methyl triplet at 0.81 ppm, Π( -! is 

the number of protons corresponding to the triplet, Π( 4#00 is the number of protons 

corresponding with the selected TCPP peaks, and Ὕ᷿ὅὖὖ is the combined integration of 

all TCPP peaks. The carboxy peak at 11.1 ppm was not selected for TCPP integration due 

to overlap with MAôs carboxylic acid. From Figure 2.S2, the experimental MA:TCPP ratio 

was determined with 3 protons for MAôs methyl group and 26 protons for all of those 

present in TCPP, excluding carboxy protons: 

 

 

 

III)  BET surface area calculation 

 

Figure 2.S3. BET plot of PCN-222 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 Figure 2.S3, where 

x is the N2 weight adsorbed at a given relative pressure. The monolayer capacity, Xm, is 

determined from Equation S2: 

      ὢ          (S2) 

where m is the slope and b is the y-intercept of the BET plot. Surface area is then calculated 

from Equation S3: 

      Ὓ          (S3) 

where NA is Avogadroôs number, Am is the cross-sectional area of N2 (0.162 nm2), and Mv 

is the molar volume (22414 mL). 

 

IV)  Thermogravimetric analysis 

 
Figure 2.S4. TGA and DTG curves for unmodified PCN-222. 
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Figure 2.S5. TGA and DTG curves for a) ZrOCl2·8H2O, and b) TCPP. 

Decompositions of PCN-222 were identified via 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 total Zr6 node 

dehydroxylation and degradation of the TCPP ligand, respectively.1,2 In addition, controls 

were run of the ZrClO2·8H2O and TCPP precursors (Figure 2.S5). The ZrClO2·8H2O DTG 

shows peak decompositions at 100-145 °C and 350-500 °C, which are attributed to 

dehydration and to chloride counter ions, respectively. The TCPP DTG has a sharp loss of 

about 21% at 390 °C, which is attributed to loss of carboxy groups. Phenyl group loss is 

associated with decomposition between 400-600 °C in the TCPP TGA. 

 

V) XPS analysis results 

X-ray photoelectron spectroscopy (XPS) was performed to obtain the elemental analysis 

of each PCN-222 membrane as well as a control polyamide membrane (PHI VersaProbe 

II I Scanning XPS Microscope, Chanhassen, MN, USA). No zirconium was detected in any 

of the samples, which evidences that any PCN-222 nanorods in the detection area were 

completely covered by the polyamide skin layer. The obtained values of oxygen and 
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nitrogen for each sample were used to calculate an approximate crosslink density for the 

polyamide via an established method, where the ratio of oxygen to nitrogen should give a 

value of 1.0 for a perfectly crosslinked polymer.3 The results are reported in Table 2.S1.  

Table 2.S1. Results from XPS elemental analysis and calculated crosslinking density for 

polyamide. 

 
Element 

Crosslinking Density of 

Polyamide (O/N) 

Sample C N O Zr  

MA-0 76.8 10.6 12.4 0 1.17 

MA-0.1 75.3 9.2 13.4 0 1.46 

MA-1 76.3 10.6 13 0 1.31 

MA-10 77.3 10.8 11.7 0 1.08 

PA 72.5 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) scans were performed on all membrane samples to 

determine if the addition of nanoparticles impacted surface roughness. The results of RMS 

roughness calculations for 20 m˃ scans of each membrane are provided in Figure 2.S6:  
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Figure 2.S6. RMS roughness 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, the RMS values are similar to those of the control 

PA membrane with the exception of that for MA-1, which is lower. This is consistent with 

the SEM imaging in Figure 2.8, as a visible structure change in the polyamide is noted. We 

can conclude that the addition of PCN-222 nanorods to the membranes will have little 

impact on membrane roughness, and therefore be unlikely to have a negative effect on 

membrane fouling.  

 

VII)  STEM-EDS results 

Energy-dispersive X-ray spectroscopy (EDS) measurements were performed on a 

microtomed section of the MA-10 membrane, where a large nanorod aggregate was 
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discovered (see Figure 2.7C). For chemical identification of the observed particles as Zr-

containing MOFs and not potential contamination, scanning transmission electron 

microscope energy dispersive X-ray spectroscopy (STEM-EDS) was conducted on the 

regions of interest.  The spectra in Figure 2.S7 corresponds to the region of interest 

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

characteristic X-ray energies of ~2, 16, and 18 keV, corresponding to the LŬ, KŬ, and Kɓ 

respectively. It may therefore be asserted that the synthesized MA-10 sample contains 

subsurface agglomerations of MOF nanoparticles.  

 

Figure 2.S7. EDS spectra of PCN-222 nanoparticle aggregate. Characteristic Zr peaks 

are indicated by arrows.  
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Abstract 

The porphyrinic metal-organic framework, PCN-222, exhibits anisotropic growth 

behavior to form nanorods and microrods with aspect ratios 3 < x < 94. Control of microrod 

aspect ratios has been demonstrated through the identification of several factors that dictate 

crystal growth, particularly concentrations of ligand, modulator, and exogeneous base. An 

increase in the local concentration of deprotonated ligand, which is proportional to 

nucleation rate, is associated with smaller crystals, while increased modulator 

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 acid-base co-modulation methods with difluoroacetic acid and 

triethylamine to effectively tune PCN-222 aspect ratios. A series of mechanisms is 

identified for the growth of PCN-222: 1) Ligand deprotonation, 2) nucleation, 3) oriented 

attachment, 4) Ostwald ripening, and 5) dissolution-recrystallization. Time trials of co-

modulated samples revealed three separate ripening growth events, with each resulting in 

larger and more monodisperse crystals. With understanding of these crystal growth factors 

and mechanisms, the highest aspect ratio, non-templated metal-organic frameworks were 

synthesized (94 ± 9). 

 

Keywords: Metal-organic frameworks, aspect ratio, nanoparticles, microparticles, crystal 

growth, nucleation, oriented attachment, Ostwald ripening, dissolution-recrystallization 
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Introduction 

Controlled growth of nanoparticles and microparticles has been of interest in several 

research fields due to their applications in polymer composites,1ï7 medicine,8ï11 

catalysis,12,13 water purification,14ï16 and energy.17,18 Particle size critically affects the 

functionality of these applied materials, including composite reinforcement,19ï22 drug-

delivery efficacy and toxicity,23ï25 catalytic activities,12,26ï29 reverse osmosis membrane 

performance,30 and chromophore optical properties.31ï34 Recently, a class of crystalline and 

porous coordination polymers, metal-organic frameworks (MOFs), have received 

considerable attention for nanoscale and microscale applications.35ï39 These 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 research.40ï42 Depending on framework connectivity and composition, 

MOFs can show either isotropic or anisotropic growth.43 Understanding 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 number of caveats that must be considered, including 

temperature, reaction vessel pressure, unpredictable induction, monomer concentration, 

and pH.44,45 
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Figure 3.1. The LaMer model describing (I) prenucleation/deprotonation, (II) burst nucleation, and 

(III) crystal growth.46 

 

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 described across three 

separate thermodynamically driven steps, which include prenucleation, nucleation, and 

growth (Figure 3.1).46ï49 For MOFs that exhibit LaMer-like behavior, prenucleation is 

equated with linker deprotonation. The concentration of deprotonated ligand and its local 

supersaturation, S ï typically defined as (C-C0)/C0, where C is the solute concentration and 

C0 is the equilibrium concentration or solubility47 ï increases over time until deprotonated 

ligands reach a critical minimum nucleation concentration (Ccrit). Metal nodes and ligands 

then undergo rapid complexation in an event known as LaMer burst nucleation. The 

supersaturation level drops, and a low concentration of available precursors halts 

nucleation. Diffusion-controlled crystal growth occurs until the solute concentration drops 

to CÐ, or the particle solubility concentration. The LaMer model can be applied to explain 

MOF-5, which exhibits very distinct nucleation and growth behaviors.50 However, the 
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model fails to accommodate MOFs such as ZIF-8 and HKUST-1,51ï53 where nucleation 

and growth phases overlap, yet their syntheses yield in highly uniform particles.54ï57 Such 

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

secondary growth phase event (e.g. Ostwald ripening,58ï62 dissolution-recrystallization63) 

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

kinetic trapping by excess ligand as the greatest contributor to the crystal size outcome.64 

Indeed, several studies have demonstrated the effect of ligand concentration and 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 a faster nucleation 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 two-dimensional ñbirth-and-spreadò 

mechanism to a three-dimensional ñspiral growthò mechanism.60 The shift in mechanisms 

was observed with HKUST-1 by Shöâeè et al. in 2008, where an initially moderate level 

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

supersaturation and domination of spiral growth.65 Supersaturation effects are also 

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

size with increased ligand concentration.51ï53 That said, linker concentration plays a dual 

role in governing MOF crystal size via 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 termination, as multidentate linkers are unable to be 

fully deprotonated and thus, act as surface-capping ligands. 



80 

 

Apart from ligand concentration, other investigations into MOF growth have revealed 

the role that coordination modulation plays in MOF crystal growth, in which a modulator, 

or monodentate capping agent, competes with multidentate ligands for coordination to the 

metal nodes.37,66,67 The kinetically-controlled process slows down the growth rate of the 

particle, allowing the formation of highly crystalline material that can possess different 

growth rates on various crystal facets. The concentration of the modulator plays a role in 

selective crystal growth, where the pKa of the modulator is inversely proportional to MOF 

particle size.68,69 In 2009, Kitagawa et al. reported the anisotropic growth of 

[{Cu2(ndc)2(dabco)}n] (ndc = 1,4-naphthalene dicarboxylate; dabco = 1,4-

diazabicyclo[2.2.2]octane) using an acetic acid modulator to inhibit fusion of nanocubes to 

the [100] and [010] surfaces.70 Therefore, [{Cu2(ndc)2(dabco)}n] nanocubes grew 

preferentially on the [001] facet via oriented attachment. The process resulted in 

nanoparticles with aspect ratios (AR) up to ~10. NH2-MIL -53(Al) was also reported to 

exhibit [001] preferential growth with acetic acid modulated synthesis by Xu et al. in 

2013.71 In 2017, Maji et al. reported that transformation of 

{Zn2(H2dht)(dht)0.5(azpy)0.5(H2O)]·4H2O}n (H4dht = 2,5-dihydroxyterephthalic acid; azpy 

= 4,4ᾳ-azobipyridine) from 0D hexagonal nanoparticles to 1D nanorods to 2D mesosheets 

could be achieved by varying modulator concentration.66 

A majority of the studies on MOF nucleation and crystal growth have focused on 

isotropic growth. Controlled growth of anisotropic MOFs has been explored,70,72,73 but the 

growth mechanisms are not yet fully understood. Herein, we seek to connect the separate 

ideas of MOF crystal growth ï deprotonation, nucleation, oriented attachment, Ostwald 

ripening, and dissolution-recrystallization ï into a single cohesive mechanism via a 
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systematic study of the anisotropic MOF, PCN-222 (Zr6(ɛ3-O)8(OH)8(TCPP)2, where 

TCPP = meso-tetrakis(4-carboxyphenyl)porphyrin)). 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 promote nucleation, resulting in low-aspect ratio 

particles, whereas high aspect ratio particles were grown via a mechanism more in line 

with dissolution-recrystallization ripening. It was also observed that particle size was 

proportional to modulator concentration and inversely proportional to ligand concentration. 

Through acid/base co-modulation to promote rapid nucleation, slow crystal growth, and 

multiple ripening events, we have synthesized the highest aspect ratio, non-templated MOF 

particles, to the best of our knowledge. 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(IV) oxychloride octahydrate (ZrOCl2·8H2O, җ99.5%) and 

triethylamine (TEA, җ99.5%) were purchased from Sigma-Aldrich (St. Louis, MO, USA), 

meso-tetra(4-carboxyphenyl)porphyrin (TCPP, >97%) was purchased from Frontier 

Scientific (Logan, UT, USA), N,N-dimethylformamide (DMF, җ99.8%) was purchased 

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

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

PCN-222 nanorods and microrods were prepared through solvothermal synthesis of 

ZrOCl2·8H2O, TCPP, and DFA via previously published procedures.74 Precursors were 

combined in a 6-dram scintillation vial with DMF, sonicated until dissolved, and heated at 

120 °C for 18 h. Reagent amounts for samples are presented in Table 3.1. The resulting 

violet powder was isolated via centrifugation, washed ×3 with DMF and acetone, and air-

dried overnight. 

 

Table 3.1. Reagent amounts for PCN-222 samples. 

 

PCN-222 

sample 

ZrOCl 2·8H2O 

(mg, mmol) 

TCPP (mg, 

mmol) 

DFA (mL, 

mmol) 

DMF 

(mL) 

Metal:ligand:modulator 

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, 14.36 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 X-ray diffraction (PXRD) 

A Rigaku Miniflex diffractometer (Cu KŬ radiation ɚ = 1.5418 ¡) was used to collect 

PXRD measurements of PCN-222 powder to determine crystallinity and phase purity. 
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Samples were analyzed at a 0.05° resolution and a 1.0°/min continuous scanning mode 

over 2ɗ = 2ī50Á on a Rigaku Si510 sample holder disc. 

Thermogravimetric analysis (TGA) 

Decomposition temperatures of PCN-222 were determined using a Discovery TGA 5500 

(TA Instruments, New Castle, DE, USA), which was held at 100 °C for 1 h to eliminate 

solvent before heating over a range of 25ī600 ÁC at 10 °C/min under air. A Q500 thermal 

analyzer (TA Instruments, New Castle, DE, USA) was also used to further characterize 

PCN-222, as well as ZrOCl2·8H2O and TCPP. 

BET gas adsorption 

PCN-222 (20-50 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 area and pore size of PCN-222 under 

N2. PXRD following gas sorption confirmed retained crystallinity of the MOF. 

Scanning electron microscopy (SEM) 

SEM images of PCN-222 nanoparticles were collected on a LEO 1550 field-emission 

scanning electron microscope (Carl Zeiss, Oberkochen, Germany) at 5.0 kV with a 5.0 to 

7.7 mm working distance. Samples were prepared by drop-casting MOF suspended in 

ethanol on to cut fluorine-doped tin oxide (FTO) slides, which were affixed to SEM stages 

with double-sided copper tape. The stages were then painted with carbon-conductive 

adhesive and spin-coated with 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. 

 

Results 

Due to its facile synthesis and anisotropic growth behavior, a zirconium-based 

porphyrinic MOF, PCN-222, was selected for investigations into crystal growth 

mechanisms of high aspect ratio particles.75,76 PCN-222 is characterized by 37 Å channels 

surrounded by 13 Å micropores and TCPP ligands bridging 8-connected Zr6 oxo clusters 

(Figure 3.2).77 The MOF grows preferentially along the c-axis, with aligned channels down 

the length of the particle. Solvothermal synthesis with ZrOCl2·8H2O, TCPP, and a DFA 

modulator was used to prepare PCN-222 with varying ARs (Table 1).76 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 low-angle peaks (Figure 3.3a).77  

 

Figure 3.2. PCN-222 three-dimensional frameworks are formed from six Zr4+ nodes (top left, cyan) 

that are linked in an 8-connected fashion by TCPP (nitrogen = blue, carbon = gray, oxygen = red, 

bottom left) carboxylate groups. Channels composed of 37 Å mesopores are aligned along the c-

axis. 
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Figure 3.3. (a) PXRD patterns of predicted (black) and experimental (red) PCN-222. (b) TGA 

weight % curve (red) and derivative weight (black) of PCN-222. (c) Adsorption/desorption Type 

II  isotherm of PCN-222. (d) Incremental pore volume of PCN-222, with the majority of pore 

incidences occurring at 37 Å. 

The thermal phase transitions and stability of PCN-222, ZrOCl2·8H2O, and TCPP were 

determined through TGA under air (Figure 3.3b and Figure 3.S1). For PCN-222, initial 

weight loss below 100 °C is due to acetone evaporation from the pores, with further gradual 

loss associated with DMF. Dehydroxylation of the Zr6O8 node occurs at 327 °C.78,79 At 

470 °C, the TCPP ligands decompose with only ZrO2 remaining. N2 gas sorption was used 

to verify the porosity of the synthesized PCN-222 (Figure 3.3c). BET surface area from 

gas sorption isotherms was calculated to be 1045 m2/g, with a total pore volume of up to 

0.94 cm2/g, comparable to literature.77 The two pore environments within the MOF resulted 

in two overlapping Type II isotherms, with plateaus between 0.3-0.95 P/Po corresponding 

to the 37 Å mesopores and plateaus between 0-0.3 P/Po corresponding to the 13 Å 
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micropores (Figure 3.3d).80,81 The presence of hysteresis loops further confirms the 

presence of mesopores.82  

 

 
Figure 3.4. SEM images of PCN-222 samples corresponding to Table 3.1. Samples 1-3 correspond 

to a reagent magnitude series, samples 4-6 correspond to a ligand concentration series, and samples 

7-9 correspond to a modulator concentration series. See Section II of the Supporting Information 

for more images. 

 

 

 

 



87 

 

Table 3.2. Lengths and aspect ratios of PCN-222 samples in Figure 3.4.a 

 

PCN-222 

sample 

Series Length ( m˃) Aspect ratio Dispersity 

1 

Reagent 

magnitude 

0.33 ± 0.02 3.4 ± 0.2 0.03 

2 1.4 ± 0.2 8 ± 1 0.3 

3 12 ± 1 25 ± 5 0.4 

4 

[TCPP] 

60 ± 8 75 ± 9 0.5 

5 45 ± 7 44 ± 5 0.2 

6 15 ± 4 25 ± 11 0.6 

7 

[Mod] 

0.9 ± 0.1 4.7 ± 0.4 0.3 

8 11 ± 1 16 ± 0.8 0.2 

9 20 ± 6 47 ± 9 0.5 

a Refer to Table 3.1 for the actual concentrations of each component. 

 

Particle sizes of PCN-222 microrods were determined from analysis of SEM images by 

ImageJ software, whereas dispersity (ņ) was determined from DLS (Table 3.2). To 

calculate aspect ratios, the length and width of particles was measured in ImageJ in respect 

to the SEM scale bar and averaged over ~15 measurements. Small nanorods (PCN-222-1) 

with measured ARs of 3.4 ± 0.2 were obtained via solvothermal synthesis as described in 

our previous work (Figure 3.4-1).74 These nanorods exhibited high uniformity, as 

evidenced by the very low measured dispersity. Upon a precursor scale-up of a magnitude 

of 4, the average length and AR of the particles quadrupled (PCN-222-2, Figure 3.4-2). 

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

by a factor of 8 and an AR increase by a factor of 3 (PCN-222-3, Figure 3.4-3). The larger 
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particles also predictably featured higher ņ due breakage of the brittle crystals. Highly 

broken particles were excluded as outliers from aspect ratio measurements. 

In order to explore local supersaturation effects on PCN-222 aspect ratios, a ligand 

concentration series was prepared (Figure 3.4-4,5,6). Metal and modulator ratios remained 

constant throughout the series while the ligand concentration was increased. Crystalline 

material was obtained with ligand concentrations between 1.25 mM and 4.38 mM. 

Microrods with high AR (AR å 70) were obtained at low ligand concentration and decrease 

to an AR of 20 at [TCPP] of 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 TCPP (ņ = 0.2). 

To further investigate reagent scale effects on PCN-222 aspect ratio, a modulator 

concentration series was synthesized (Figure 3.4-7,8,9). 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 modulator concentration resulted 

in higher microrod ARs and sizes, consistent with literature.39,83ï85 Dispersity was lower at 

low-to-moderate DFA concentrations (ņ å 0.2), but increased sharply upon further addition 

of modulator. 
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Figure 3.5. SEM images of PCN-222-T samples, from 1-5: T1, T3, T6, T9, and T12. PCN-222-T 

samples are prepared in the same method as PCN-222-4, but TEA is added as a co-modulator. 

The number following the sample is the concentration of TEA in mM. 

 

Table 3.3. Lengths and aspect ratios of PCN-222-T samples in Figure 3.5. 

 

PCN-222 sample Length (ɛm) 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 72 ± 6 73 ± 4 0.09 

 

To examine the impact of acid-base co-modulation on anisotropic growth, a series termed 

PCN-222-T was prepared (Figure 3.5).86,87 Samples consisting of constant metal, TCPP, 

and modulator concentrations (metal:ligand:modulator = 23.5:1:1642) from the highest AR 

sample of the series in Figure 3.4, PCN-222-4, were combined with TEA in a range of 1-

12 mM. In addition, reaction time was increased to 2 days, as crystalline samples could not 

be obtained after only 18 h of solvothermal synthesis. The experimental results reveal two 

interesting observations: (1) PCN-222-T1 is larger than PCN-222-4, and (2) at TEA 

concentrations >7 mM, the particles increase in size (Table 3.3). Small quantities of TEA 
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produced very high aspect ratio microrods, with 1 mM added TEA generating particles 

with the highest AR, non-templated MOF reported in literature (94 ± 9). Upon increasing 

initial base concentration, the rate of complexation increases and smaller particles are 

obtained, consistent with literature.86 However, upon further addition of TEA, particle 

lengths and ARs increase to 72 Ñ 6 ɛm and 73  Ñ 4, respectively. 

 

Discussion 

PCN-222 forms as a result of 8-connected Zr6O8 nodes with tetradentate ligands, and is 

marked by its csq topology and rod-like structure.89 Interestingly, other 8-connected Zr-

node MOFs with tetratopic ligands such as NU-1000 and PCN-608 also exhibit csq 

topology and anisotropic growth.90,91 The c-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 using Zr6O8 nodes and TCPP found that 12-connected ftw  MOF-

525 and 6-connected she PCN-224 were the kinetic products and 8-connected csq PCN-

222 was the thermodynamic product.88 MOF-525 and PCN-224 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, effects of H+ activity, and Ostwald ripening would in turn increase the 

aspect ratio as a result of a- and b-direction capping. In the following discussion, we will 

explain these effects on the crystal size and aspect ratio of MOF particles, as well as how 

selective nucleation can affect final particle size. 

Supersaturation of deprotonated ligand plays an important role in determining the rate of 

nanoparticle nucleation along with other factors such as reaction temperature (T) and 
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surface free energy of the particle (ɔ).59 The nucleation of particles over time (dN/dt) can 

be described using these three experimental parameters via Equation 159, where A is a pre-

exponential factor and S is supersaturation. 

Ὠὔ
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ρφ“‎ὺ
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 (1) 

For particle nucleation to occur, supersaturation must be > 0. Local supersaturation has 

been shown to have the largest effect on nucleation rate out of the aforementioned 

experimental parameters and serves a critical role throughout the course of crystal 

growth.92 As local supersaturation drops, the nucleation rate diminishes and a kinetic shift 

from ñbirth-and-spreadò growth to spiral growth occurs. PCN-222-1 exhibits nucleation 

within the ñbirth-and-spreadò kinetic regime, indicating that the concentration of 

deprotonated TCPP is supersaturated initially.48 As growth continues, a lack of available 

fully deprotonated ligands leads to particle termination, resulting in small nanorods with 

ARs of 3.4 ± 0.2 and uncoordinated, dissolved TCPP in the supernatant. Indeed, the 

reaction conditions result in a relatively low MOF yield (~5-10 mg per vial) when 

compared to the visibly dissolved TCPP.  

Interestingly, a proportional scale-up in reactant concentrations resulted in higher aspect 

ratio microrods, rather than an increased yield of the 3.4-AR nanorods. To better 

understand why this occurs, we must consider two competing effects that take place at 

higher concentrations of starting material. First, an increased ligand concentration leads to 

the above-mentioned supersaturation that produces small particles, as a result of faster 

nucleation.51ï53 In addition, higher [TCPP] should deplete local metal ion concentrations, 

leading to the kinetic trapping of smaller particles.64 Contrary, the increased modulator 

concentration slows crystal growth by inhibiting nanocrystal fusion to the [100] and [010] 
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crystal faces. In turn, preferential oriented attachment to the [001] plane results in high AR 

anisotropic MOF particles, consistent with anisotropic growth studies on other MOFs in 

the literature.70,72,73 Therefore, it was necessary to study the impact of ligand and modulator 

separately (Figure 3.6). 

 

Figure 3.6. Aspect ratios and lengths of PCN-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 growth studies.51ï53 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 ion concentrations and production of small crystals as a 

result of the kinetic trapping of particle growth.64 Indeed, the highest aspect ratio microrods 

(AR = 75 ± 9) were obtained for the lowest TCPP concentration, PCN-222-4 (Figure 3.6a). 

To fully understand each step of the crystal growth process for PCN-22-4, time trials were 

conducted, in which aliquots were collected from the reaction vessel hourly and drop-cast 

onto SEM stages. At 1 h, small anisotropic crystals are observed growing from bulk 

material, indicating an early nucleation event (Figure 3.7a). At longer times (8 h), crystal 

growth proceeds, and nucleation slows but does not cease, as evidenced by the appearance 

of both long microrods and small nanorods concurrently (Figure 3.7b). This indicates that 
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particles are not nucleating in accordance with the LaMer model, as a burst nucleation 

event would deplete deprotonated linker below the critical concentration and prevent 

secondary nucleation events. After 10 h, the small particles disappear with only large, high 

aspect ratio crystals remaining (Figure 3.7c). The disappearance of small particles and 

reemergence of large crystals demonstrates a dissolution-recrystallization 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 attachment to the large crystals. Ostwald ripening is typically observed 

by in-situ microscopy and is difficult to be confirmed via ex-situ SEM. If the smaller 

particles are amorphous aggregates rather than crystalline MOF, their disappearance and 

the reemergence of large particles may be indicative of Ostwald ripening events, as seen in 

studies with HKUST-1.61 

 

Figure 3.7. SEM images of PCN-222-4 after 1 h (a), 8h (b), and 10 h (c). 

As pointed out in the introduction, modulators 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 modulatorôs pKa value,68,69 given that the strength of the bond 

between the Zr6O8 node and the modulator increases as the modulator pKa decreases.93 We 

surmised that increasing modulator concentration would have a similar effect to increasing 

modulator pKa, 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 this effect, a modulator 

concentration variation series was prepared (Figure 3.6b). Under these conditions, DFA 

produced only csq PCN-222 rather than other polymorphs with different connectivities. 

Indeed, previous studies on the synthesis of zirconium-based porphyrinic MOFs have 

revealed adjusting the concentration of an acetic acid modulator results in either 12-

connected MOF-525 or PCN-223 with ftw  and shp topologies respectively.76 Modulator 

selection for porphyrinic Zr-MOFs can also result in sqc PCN-225, scu NU-902, or she 

PCN-224.89As predicted, increasing modulator concentration resulted in larger crystals. 

DFA inhibits growth on the [100] and [010] facets by capping the surface exposed Zr6O8 

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 surfaces.53,94 

 
Figure 3.8. Deprotonation mechanisms of DMA (top) and TEA (bottom) with carboxylic acids, 

and their calculated pKa values in DMF (Supporting Information).95 

 

In addition to the ligand concentration and modulator, there is another, often neglected, 

factor that contributes to the crystal growth ï H+ 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 DMF-solvent.78,86 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, whereas insufficient deprotonation will terminate 

the particles before growth can take place. To probe the effect of H+ activity, we performed 

a series of syntheses of PCN-222 microrods in the presence of an exogeneous base, 

triethylamine (TEA). TEA deprotonates the ligand and modulator in an identical 

mechanism to that of DMA (Figure 3.8) without the required induction period involving 

thermal degradation.86 The role of H+ activity, induced by the addition of TEA, plays into 

at least three competing phenomenon in the experiments ï (1) faster/increased nucleation 

due to deprotonation of the TCPP, (2) loss of preferential growth due to modulator 

deprotonation and its inability to cap the [100] and [010] surfaces selectively, and (3) 

sustained growth due to the inability for TCPP to act as a terminating capping agent.  

Each of these phenomena manifests itself in the PCN-222-T series as described further. 

(1) As the TEA concentration is increased from 1 mM to 6 mM (samples PCN-222-T1 

through T6, Figure 3.9) both the length and AR of 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 occurs faster at higher concentrations of base (Figure 3.10). 

Specifically, nucleation was observed at 4 h for T1 and 2 h for T12.  (2) The loss of 

preferential growth upon addition of the base is evident for samples T1 and T12. Namely, 

the particles obtained under T1 and T12 conditions have comparable lengths (62 ± 6 and 

72 Ñ 6 ɛm for T1 and T12, respectively), but T12 exhibits a disproportionately lower AR 
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(94 ± 9 and 73 ± 4 for T1 and T12, respectively). At higher TEA concentrations, more 

modulator is being deprotonated and now it serves as a capping agent for all available sites 

on the metal node, and not exclusively for [100] and [010] crystal faces. Indeed, 1H NMR 

analysis of the acid-digested samples shows that 4.5 times more modulator was present in 

sample T12 than T1 (see Section VII in Supporting Information).  (3) Comparison of the 

samples synthesized under identical conditions, save for the addition of TEA, i.e., sample 

PCN-222-4 and PCN-222-T1, indicate that added base leads to increased AR and lower 

dispersity (PCN-222-4 - 75 ± 9 AR, ņ of 0.5 vs. PCN-222-T1 - 94 ± 9 AR, ņ 0.07). The 

growth timelines of the two samples provides insight into the differences (Figures 3.7 and 

3.10). Specifically, PCN-222-4 exhibits slow nucleation that overlaps with its growth 

phase. A single ripening event sacrifices the smallest of the particles to further increase the 

size of the larger rods. However, upon addition of 1 mM TEA (PCN-222-T1), there are 

two major differences observed: (a) a fast, distinct nucleation phase that is markedly 

separate from its growth phase, and (b) multiple dissolution-recrystallization ripening 

events that sacrifice smaller particles are observed at 8 h, 12-13 h, and 15-17 h. Each 

dissolution-recrystallization ripening event occurs over a longer period ï 1 h, 2 h, 3 h, 

respectively. Due to the presence of an exogeneous base, the surface capping is inhibited 

which leads to the dissolution-recrystallization ripening, where higher surface energy 

particles dissolve in solution and recrystallize into more thermodynamically stable 

products.63 
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Figure 3.9. Aspect ratios and lengths of PCN-222 with varying concentrations of TEA added to 

the reaction vial. 

 

Figure 3.10. A timeline of PCN-222-T1 (top) and PCN-222-T12 (bottom) growth mechanisms. 

Nucleation took place at 4 h and 2 h for T1 and T12 respectively. While both samples underwent 

three dissolution-recrystallization ripening (DRR) stages, the time from nucleation to the beginning 

of undisturbed growth was shorter for T1 by 4 h. 

 

That said, the simple analysis provided above overlooks one surprising trend: the 

dependence on TEA concentrations. Namely, one would expect a different dependence on 

the TEA concentration ï similar to the modulator effect in Figure 3.6b, considering that 
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the aqueous pKa values indicate that DFA (pKa in H2O
96 = 1.3) is much more readily 

deprotonated compared to TCPP (pKa in H2O
97 = 4.2). The observed dependence, however, 

suggests the presence of a competitive binding between ligand and modulator, which is 

dominated by the deprotonated ligand at [TEA] < 6 mM and by deprotonated DFA at 

[TEA] > 6 mM. We speculate that this behavior is due to TCPP being more acidic in DMF 

than the modulator. Indeed, a previous report on the TEA-assisted UiO-66 synthesis, where 

pKa of the terephthalic acid linker is significantly lower than the acetic acid modulator (pKa 

= 8.598 for the linker vs. pKa = 13.699 for the modulator), showed a similar crystal decrease 

in size upon addition of the base.86  

To support our hypothesis, we calculated the pKa values of all participating species in 

DMF-solvent using density functional theory (DFT). The calculated pKa values indicate 

that the linker and modulator display substantially similar acidities in DMF (pKa = 8.1 for 

TCPP and pKa = 7.5 for DFA), unlike in aqueous media where the difference is more 

pronounced. Such discrepancy in pKa values can be reasoned by the lack of hydrogen-

bonding in DMF solvent, which is a large contributor to the acidity of DFA in water.100 

Since the calculated pKa values are within the computational error (see Supporting 

Information for more details on computational method), the distinct dependence on 

deprotonating agent (Figure 3.9) can be reasoned as following: 1) 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 

Figure 3.6a; 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 TCPP. Such an assumption becomes obvious at higher [TEA] (> 6mM), where the 

increase in the deprotonating agent yields larger particles, analogously to the increasing 

modulator concentrations in Figure 3.6b. The results highlight the importance of using pKas 

in the reaction solvent, as opposed to extrapolating linearly from aqueous pKas. In our case, 

the relative effects of hydrogen bonding and resonance leads to conditions where the pKas 

of the linker and the modulator are nearly equivalent. As the ligand library for MOFs 

expands, consideration of pKa(DMF) may reveal the ideal conditions to prepare crystallites 

of desired morphology.  

 

 

Conclusion 

The preparation of anisotropic PCN-222 was investigated as a function of ligand, 

modulator, and co-modulator concentration. Small crystallites with moderate aspect ratios 

(AR = 3.4) were formed at high concentrations of the linker, TCPP, due to rapid nucleation 

under supersaturated conditions. The mechanism of growth for these small particles were 

consistent with LaMer-like growth, but the presence of multiple nucleation events and 

overlapping nucleation/growth phases indicates deviation from the LaMer model. 

Consistent with the literature, higher concentrations of modulator and lower linker 

concentrations resulted in high aspect ratio microrods (AR = 75, length = 20 ɛm). Under 

these conditions, dissolution-recrystallization and Ostwald ripening were identified as a 

secondary 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 ratio, 
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reaching the highest value for a non-templated 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 dissolution-recrystallization ripening 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 co-modulation with TEA highlights the importance of H+ 

activity in crystal growth and the need to understand relative acidities in DMF solvent. If 

aqueous pKas 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. Calculation of pKas for all species involved in a DMF 

environment reveals that 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 conditions. A meticulous choice of factors that influence H+ activity and thorough 

understanding of their interplay in the growth mechanism will help navigate a production 

of crystals with desired properties. 
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I)  TGA of ZrOCl 2·8H2O and TCPP 

 
Figure 3.S1. TGA (red) and DTG (black) curves for a) ZrOCl2·8H2O, and b) TCPP. 

In addition to PCN-222, thermogravimetric analysis (TGA) was performed on 

ZrClO2·8H2O and TCPP controls. Decompositions of ZrClO2·8H2O (Figure 3.S1a) at 100-

145 °C are related to dehydration, whereas those at 350-500 °C can be attributed to loss of 
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chloride counter ions. TCPP (Figure 3.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. 

 

II)  Addition al SEM of PCN-222 1-9 

 

 

 
Figure 3.S2. Additional SEM images of PCN-222 samples 1-3 (top), 4-6 (middle) and 7-9 

(bottom). 

 

Additional SEM images of PCN 222 1-9 are provided in Figure 3.S2. Identical scale bars 

for each series are given to illustration the overall trends in particle size. 
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III)  PXRD of PCN-222 1-9 

 
Figure 3.S3. PXRD patterns of PCN-222 samples 1-9. 

 

The crystallinity of PCN-222 samples 1-9 was characterized via PXRD (Figure 3.S3). 

Peak positions matched those of the predicted pattern, though intensity of the peak at 5° 

varied. 
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IV)  PXRD of T1-T12 

 
Figure 3.S4. PXRD patterns of PCN-222-T samples 1-12. 

 

PXRD was performed to determine crystallinity of the PCN-222-T samples 1-12 (Figure 

3.S4). Experimental patterns agreed well with the predicted pattern. 

 

V) SEM of T6 time trials  

 
Figure 3.S5. SEM of T6 time trials at 1) 0 h, 2) 1 h, 3) 4 h, and 4) 8 h. 
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Time trials of PCN-222 T6 were conducted between 0-8 h and analyzed via SEM. At 0 

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 present, which begin 

to grow anisotropically at 8 h. 

 

VI)  DFT analysis 

All calculations were performed using Gaussian 091 with the resources available at the 

Advance Research Computing at Virginia Tech. The geometries were optimized with the 

ɤB97X-D functional2 and the 6-311G(d) basis set.3 The frequency calculations were 

performed at the same level of theory to confirm the absence of imaginary frequencies and 

to obtain the thermal corrections to free energies at 298 K. Structures optimized at the 

ɤB97X-D/6-311G(d) level were then used for single-point energy calculations at the 

ɤB97X-D/6-311+G(d,p) level. Solvation effects of DMF were simulated using an implicit 

polarized continuum solvation model (CPCM).4,5 Note: To save computation time, 

coordinates of the porphyrin core were frozen due to the fact that the free-base porphyrin 

ring remains planar. 

Acidity constants were estimated from the Gibbs free energies (ɝὋ) for the following 

equations, according to the work of Schlegel:6 

Ὑ Ὄ O  Ὑ    Ὄ  (S1) 

ɝὋ  Ὃ  Ὃ  Ὃ  (S2) 

ὴὑ  
ɝὋ

ςȢσπσ ὙὝ
 (S3) 

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

from the experimentally determined pKa values (Table 3.S1). Acids used as standards were 
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chosen according to the availability in literature7 and structurally resemblance to the 

studied acids, DFA and TCPP. Plotting the Ὃ  Ὃ  for standard acids vs. the pKa 

values reported in the literature (Figure 3.S6) gave the free energy of the DMF-solvated 

proton of -260.82 kcal/mol (Ὃ  = - intercept/slope). The mean absolute deviation between 

the experimental and calculated values is 1.48 pKa units. 

 

Table 3.S1. Acids used as standards for the pKa calculations.  

Acid 
Reported pKa 

value7 

Calculated pKa 

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 

acid 
8.8 

9.6 

2,4-Dinitrobenzoic 

acid 
8.2 

7.8 

Dichloroacetic acid 8.1 7.9 

Methanesulfonic acid 3.0 1.3 

Benzenesulfonic acid 2.2 0.3 
  *Calculated from equations 1-3. 
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Figure 3.S6. A scaling approach used to calculate pKa values of species in our experiments (red 

stars). The plot shows Ὃ   Ὃ  calculated at the ɤB97X-D/6-311+G(d,p) level of theory 

versus experimentally obtained pKa values. pKa values of target compounds were obtained using 

equations 1-3. 

 

VII)  1H NMR of  T1 and T12 

 

Figure 3.S7. 1H NMR spectrum of acid-digested PCN-222-T1 in DMSO-d6.  
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