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Design and Synthesis of Imine-Linked Two-Dimensional Covalent Organic Frameworks
Abstract
Two-dimensional (2D) covalent organic frameworks (COFs) are a class of crystalline polymer
networks that polymerize and crystallize into layered structures, characterized by their atomically
precise structure, permanent porosity and high modularity. Imine-linked COFs are one of the most
important and promising classes of macromolecular sheets, which form by the condensation of
polyfunctional amines with aldehydes. These materials exhibit one of the broadest structural
diversity of 2D networks and are attractive partly because of their enhanced hydrolytic and
oxidative stability compared to their boron-linked counterparts. This stability coupled with their
immense structural versatility has led to their development with desirable properties for various
applications. As such, the field has currently explored these stable frameworks by probing many
testable properties of the polycrystalline COF powders. Major developments, however, are still
needed. A key, currently unmet need that will provide morphological control as well as improved
materials quality is better mechanistic understanding of the COF formation and growth. In this
dissertation, | will discuss the design and synthesis, formation mechanisms, different
morphologies, as well as molecular adsorption and separation applications of 2D imine-linked
COFs. In chapter 1 I will discuss a broad overview of imine linkage chemistries and the 2D COFs
generated by these strategies. This chapter will start with the outline of contemporary strategies
used to successfully polymerize imine-linked macromolecular sheets and the exploration of the
chemical and structural COF variants produced through each of these methods. Next, the chapter
discusses the nano- and macroscale morphologies of COFs and molecular adsorption and
separation applications using imine COFs. Finally, Chapter 1 will end by highlighting additional

insight needed to address some of the major challenges in the field and identify opportunities for



4
continued study. Chapter 2 focuses on the design and synthesis of the amine-functionalized, 2D
imine-linked COFs for perfluorinated alkyl substances (PFAS) removal from water. Chapter 3 is
about thermal depolymerization and recrystallization of 2D imine-linked COFs, a novel
phenomenon which can be used to improve and assess COF materials quality. Finally, Chapter 4
discusses a novel synthetic strategy for preparing imine-linked 2D COF single crystals of four

different architectures.
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2D Two-dimensional

2DPs Two-dimensional polymers

3D Three-dimensional

AFFF Agqueous film-forming foams

AFM Atomic force microscopy

APPI Atmospheric Pressure Photoionization
BET Brunauer—Emmett-—Teller

C Carbon

CDCls Deuterated chloroform

COFs Covalent organic frameworks

CuAAC Cu-catalyzed azide-alkyne cycloadditions
DAPC 7-(diethylamino)-3-phenylcoumarin
DMTA 2,5-dimethoxyterephthaldehyde

ESI Electrospray ionization

FFT Fast Fourier transform

FT-IR Fourier transform infrared spectroscopy
FWHM Full width at half max

GAC Granular activated carbon

GenX ammonium perfluoro-2-propoxypropionate
H Hydrogen

He Helium

HRTEM High-resolution transmission electron microscopy
ITO Indium tin oxide

LC Liquid chromatography

Methyl 2,5-dimethylterephthaldehyde

MOFs Metal-organic frameworks

MS Mass spectrometer

N Nitrogen

Ne Neon

NMR Nuclear magnetic resonance

NR Nile red

PAC Powdered activated carbon

PDA terephthalaldehyde

PFAS Perfluorinated alkyl substances

PFAS Per and polyfluorinated alkyl substances




PFBA Perfluorobutanoic acid

PFBS Perfluorobutanesulfonic acid
PFDA Perfluorodecanoic acid

PFHpA Perfluoroheptanoic acid

PFHXA Perfluorohexanoic acid

PFHXS Perfluorohexanesulfonic acid
PENA Perfluorononanoic acid

PFOA Perfluorooctanoic acid

PFOS Perfluorooctanesulfonic acid
PFTrDA Perfluorotridecanoic acid

PFUnA Perfluoroundecanoic acid

PPh3 Triphenylphosphine

PXRD Powder X-ray diffraction

Qe Capacity at equilibrium

Qmax Capacity

SEM Scanning electron microscopy
SgET BET surface area

TAPB 1,3,5-tris(4-aminophenyl)benzene
TAPPy 1,3,5,8-tetra(4-aminophenyl)pyrene
Thiophene thieno[3,2-b]thiophene-2,5-dicarboxaldehyde
TGS Thermogravimetric analysis

VT Variable temperature

WAXS Wide angle X-ray scattering

XPS X-ray photoelectron spectroscopy
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Figure 3.4 Amounts of TAPB (blue square), Free Aldehyde (green diamond), Imines 1 and 2
(orange and purple triangles), and both aldehyde and imines combined (black circle) present in
solution during the a) first and d) second cycle of TAPB-PDA COF recrystallization. Change in
domain sizes of TAPB-PDA COF during the b) first and e) second cycle of COF
recrystallization. Domain sizes are determined from the Scherrer analysis of the (100) diffraction
peak. Representative WAXS patterns of TAPB-PDA COF, centered at its (100) diffraction
peak, upon heating (red) and cooling (blue) during the c) first and f) second cycle of
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Figure 4.2. (a) SEM and (b) AFM images, (c) PXRD and (d) N2 adsorption isotherms of 1 pm
sized TAPB-DMTA COF single crystals. (e) Lattice-resolution HRTEM images of a TAPB-
DMTA COF crystal with consistent lattice fringes extending across the entire particle. ()
Region of interest at higher magnification and (g) FFT of the boxed region in (e), showing the
predominant, color-coded fringe spacing of ~31.5 A, dioo. (n) Magnified image in (f) after
applying @ bandpass TIlLEr. .......c.iiii e 145

Figure 4.3. SEM and AFM images, and histogram size analysis for TAPB-DMTA COF crystals
synthesized under the monomer concentration of 8 mM and aniline loading of 0.8 equiv [(a), (b),
and (c)], 0.6 equiv [(d), (e), and (f)] or 0.4 equiv [(g), (h), and (i)], and monomer concentration of
12 mM [(j), (k), and (1)] or 16 mM [(m), (n), and (0)] and aniline loading of 0.8 equiv with

respect to the aldehyde fUNCLIONAl GrOUP. ......oovviiiiiee e 146

Figure 4.4. (a) Evolution of TAPB-DMTA COF crystal sizes with time and (b) final TAPB-
DMTA COF crystal sizes with respect to increasing reaction temperature under the monomer
concentration of 8 mM (red square), 12 mM (yellow square), and 16 mM (green square). For (a)
and (b) 0.8 equiv of aniline per aldehyde functional group are added for each concentration. (c)
SEM images of 20 pum sized TAPB-DMTA COF Crystals. ........ccccoviiinininiice e 147

Figure 4.5. SEM and AFM images, and histogram size analysis for TAPPy-PDA COF crystals
synthesized under the monomer concentration of 8 mM and aniline loading of 1.3 equiv [(a), (b),
and (c)], 1.2 equiv [(d), (e), and (f)] or 1.0 equiv [(g), (h), and (i)]. (j) Lattice-resolution HRTEM
images of a TAPPy-PDA COF crystal with uniform lattice fringes extending across the entire
particle. (K) FFT of the boxed region NUMDEr iN (J).....ccoveiveiiiiiieeee e 148

Figure 4.6 Low- and high-magnification SEM images and size analysis histograms of 720 nm
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() after applying a bandpass filter. FFT of the (m) larger and (0) smaller boxed region number in
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1. Design, Synthesis and Adsorptive Applications of Imine-Linked Two-Dimensional Covalent

Organic Frameworks

1.1 Preface

In this chapter, | will cover imine linkage chemistries and the two-dimensional (2D) covalent
organic frameworks (COFs) generated by these strategies. | will begin by outlining contemporary
strategies used to successfully polymerize imine-linked macromolecular sheets. | will then explore
the chemical and structural COF variants produced through each of these methods. For each of
these, | emphasize design principles, formation mechanisms and experimentally realized COF
structures through direct condensations and post-synthetic modifications. Next, | discuss the nano-
and macroscale morphologies of COFs produced with a focus on the advantages and disadvantages
of each morphology. Finally, | describe the emergent properties and potential applications of imine
COFs on molecular adsorption and separation. In all cases, | describe current limitations and
opportunities for advancement. As the field of 2D polymerization continues to mature, these
materials will find intended technological uses in society, as has already occurred for linear and

network polymers.

1.2 Abstract

Synthetic chemists have developed robust methods to synthesize discreet molecules, linear and
branched polymers, and disordered cross-linked networks. However, two-dimensional polymers
(2DPs) prepared from designed monomers have been long missing from these capabilities, both as
objects of chemical synthesis and in Nature. Recently, new polymerization strategies and

characterization methods have enabled the unambiguous realization of covalently linked
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macromolecular sheets. Here we discuss the synthesis, formation mechanisms, nanoscale and
macroscale morphologies, and molecular adsorption and separation applications of imine-linked
2D covalent organic frameworks (COFs), one of the broadest and the most important classes of
2DPs. Imine COFs are desirable because of their high structural versatility and their enhanced
hydrolytic and oxidative stability relative to their boron-linked counterpart. Throughout, we
highlight achievements in the imine COF chemistries and identify opportunities for continued
study. The continued development of COF and 2DP chemistry, along with improved
understanding of their formation and growth mechanisms, will provide a means to access their

molecularly precise structures for intended purposes.

1.3 Introduction

The irreversible bond-forming reactions established for linear polymerizations, in the absence of
molecular preorganization or templation, are largely unamenable to the production of large-area
macromolecular sheets. Largely, this restriction originates from the enormous entropic penalty
incurred by polymerizing monomers into a 2D monolayer. If these entropic penalties lead to even
a small number of intersheet defects, an amorphous network is more likely to be obtained than a
topologically planar molecular sheet. This fundamental limitation hindered the development of 2D
polymerization for many years and led some researchers to speculate that 2D polymers (2DPs)
might be a synthetic impossibility. However, developments in areas outside of traditional polymer
science, such as supramolecular chemistry,®2?° coordination networks,® 26-3 two-dimensional
materials,3%*6 and crystal engineering,* 4’4 have led to the coevolution of 2D polymerization

approaches that would have been challenging to envision from controlled linear or network
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polymerizations. As such, contemporary 2D polymerization strategies largely emerge and continue

to draw inspiration from many synthetic traditions.

In 2005, Yaghi and coworkers polymerized and subsequently characterized the formation of 2DPs
for the first time.>® The authors speculated that by using reversible condensation reactions between
aromatic boronic acids and polyfunctional catechols, structural defects were annealed during the
production of these layered, periodic, macromolecular sheets. This strategy takes clear inspiration
from the chemistries used to prepare crystalline, porous coordination polymers— often known as
metal-organic frameworks (MOFs).% The structural similarity and traditions that produced these
2DPs led researchers to name these macromolecular sheets 2D covalent organic frameworks (2D
COFs). Since these early reports, the term COF has been used widely to describe hundreds of 2DP
structures, which at the outset were speculated to require reversible bond-forming chemistries.*®
58 However, as the COF subfield has matured, irreversible reactions have provided polycrystalline,
layered 2DPs with sufficiently large domains for characterization by powder X-ray diffraction
(PXRD).* It is therefore conceivable that solution-based, irreversible- and reversible-chemistries
take advantage of self-templated formation, which blurs the distinction between 2DPs prepared

this way and those produced through strategies that rely on explicit monomer preorganization.

Imine-linked COFs are one of the most important and promising classes of macromolecular sheets.
Imine COFs, form by the condensation of polyfunctional amines with aldehydes, exhibit the
broadest structural diversity of 2D networks. These materials are attractive partly because of their
enhanced hydrolytic and oxidative stability compared to their boron-linked counterparts. This
stability coupled with their immense structural versatility has led to their development with

desirable properties for various applications. As such, the field has currently explored these stable
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frameworks by probing many testable properties of
the polycrystalline COF  powders. Major
developments, however, are still needed. Control
over morphology, including the ability to grow
oriented, highly crystalline thin films, free-standing
membranes, colloids, and single crystals with
increased crystallite size will all be needed before
these properties and rational design strategies are
fully leveraged. A key, currently unmet need that
will provide morphological control as well as
improved materials quality is better mechanistic
understanding of the COF formation and growth.
The appropriate rates of bond formation and
exchange for imine-linked COFs are still poorly
understood, their

making discovery  and

optimization empirical and predisposed to
uncontrolled nucleation. Gaining additional insight
needed to address these challenges in the field,
thereby unlocking the full potential of these
materials, represents an exciting yet challenging
undertaking at the interfaces of physical organic

chemistry, polymer science, and crystal engineering.
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1.4 Synthesis

Solvothermal COF synthesis is conducted by reacting solubilized topologically regular monomers
at elevated temperatures to produce macromolecular sheets.>” Typically, this produces insoluble
polycrystalline COF powders or films that can be characterized by powder X-ray diffraction or
grazing-incidence X-ray diffraction. Early iterations of this strategy assumed that dynamic bond-
forming events were required to effectively produce crystalline macromolecular sheets. However,
as solution-based strategies have matured, several irreversible polymerization chemistries have
been demonstrated to produce COFs.%°%2 Successful solution-based COF synthesis likely relies on
a confluence of factors including the efficiency of bond-forming reactions, topological regularity
of monomers, and the energetic landscape of particular COF systems. Regardless of these
ambiguities, solution-based COF synthesis can be fine-tuned to successfully yield macromolecular
sheets. For this reason, solution-based approaches are the most synthetically accessible in
preparing 2D COFs, with more than 500 distinct structures produced through over 20 different
polymerization chemistries, including linkages that rely on B-O, B-N, N-N, C-N, and C-C bond
formation (Figure 1.1).5558 6465 Many of these functionalities are a direct result of the reaction
between monomers, though others are more easily accessed through post-synthetic modification

of pre-polymerized COFs.%

@) Catalyst
"‘“@—NHZ + \‘_@N ‘—“—y~w‘@_|\i\_@M + HZO

Figure 1.2 Catalyzed reversible condensation of amines and aldehydes to produce imines.
Imine formation occurs by the condensation of an aldehyde and an amine (Figure 1.2) and is the
first and most well-studied Schiff-base 2D polymerization. Imine-linked systems have several

advantages that have led to their expansion into the largest and most actively investigated 2DP
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classes. First, imine linkages are highly stable in neutral water and most organic solvents, unlike
their boron-linked counterparts.'® Second, a vast array of polyfunctional amines and aldehydes are
available from commercially available sources or short synthetic routes, providing efficient access

to numerous structures. As a result, more than 200 imine-linked COFs have been reported. -8 67-

71

The first use of dynamic imine formation to prepare topologically regular polymers was the
synthesis of a 3D framework, COF-300, through the condensation of tetra-(4-anilyl)methane and
terephthaldehyde.’? Soon after this study demonstrated that dynamic imine chemistry could yield
periodic 3D networks, Wang and coworkers condensed 1,3,5-triformylbenzene and 1,4-
diaminobenzene into a crystalline COF.” This network’s high hydrolytic stability allowed for its
post-synthetic metallation with palladium acetate, which was used as a solid-state Suzuki-Miyaura
catalytic support. This preliminary report demonstrated that imine-linked COFs form under
catalyzed dynamic polymerization reaction conditions and are stable under a wide range of post-
polymerization conditions, including exposure to water. This reasonable hydrolytic stability has
driven the rapid expansion and investigation of imine-linked 2D COFs. As such, the strategy used
to prepare imine-linked 2D COFs was quickly found to be general for the polymerization of other
aromatic monomers including benzene,! 3% anthracene,®® thiadiazoline, pyrene,®® 8 triazine,®
tetrathiafulvalene,?® hexaphenylbenzene,* hexabenzocoronene,* pyridine, %9
hexaazatriphenylene,® tetraphenylethylene,®® thiophene, " %192 porphyrin, %11 and many

functionalized derivatives.

Recently, Dichtel and coworkers developed a solvothermal transimination strategy to prepare

highly crystalline imine-linked COFs (Figure 1.3).° Amines protected by N-aryl benzophenones
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are generally more soluble and
oxidatively stable than their free-amine
counterparts. Additionally, because N-
imines  are

aryl  benzophenone

sometimes produced as synthetic
precursors of aryl amines, using them
directly as monomers is also desirable.
Similarly, the protection of aldehyde-
functionalized monomers as acetals
has also been explored to increase their
solubility.*? Taken together, the
nearly limitless number of amine- and
formyl-functionalized molecules, the
diverse synthetic conditions suitable
for their polymerization, and the
enhanced hydrolytic stability of the

resultant networks have enabled the

broad investigation of imine-linked 2D COFs. As mechanistic understanding of 2D imine

polymerizations improves to the point where large-domain 2D COFs can be generated as single

crystals, these materials have potential to be examined for their fundamental properties and will

find applied use.
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1.5 Post-synthetic Modifications

Post-synthetic modification represents a versatile approach to diversify the chemical structures of
2D COFs.!*3 Many studies have demonstrated that the linkages themselves play a large role in
determining the chemical and physical properties of the 2D COFs, primarily by determining the
system’s planarity, stability, and, in some cases, conjugation. While dynamic polymerization
chemistries are beneficial for obtaining high-quality 2D COFs, they do not necessarily provide the
desired combination of properties. Recently, Yaghi and coworkers showed that dynamic imine
linkages could be converted into more-stable amide linkages through a post-synthetic oxidation
performed on a prepolymerized 2D imine-linked COFs.% These 2D COFs were highly crystalline,
derived from their reversible imine-forming polymerizations, and chemically stable, due to their
amide linkages. This approach has since been expanded to realize benzoxazole- 4118
quinoline-,'*® imidazole-,*?° amine-,*?* cyclic-carbamate-,*??> and cyclic-thiocarbamate-linked 2D
COFs.17 123 These synthetic strategies result in chemically robust, functionalized structures with
emergent properties and functions challenging to access by direct polymerization. Furthermore,
Lotsch and coworkers demonstrated the topochemical conversion of an imine-linked 2D COF into
a structurally similar thiazole-linked COF through thermal treatment with elemental sulfur.*?® The
higher conjugation and larger electron density contrast of this COF allowed for its structural
characterization by electron diffraction and TEM, which was challenging with the parent imine-
linked COF. These representative examples demonstrate that post-synthetic modification enables
the preparation of 2D COFs with unique properties that would be challenging to install through

direct polymerization.!*®
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Post-synthetic linkage transformations based on monomer exchange reactions have also been
realized. Dichtel and coworkers recently transformed imine-linked 2D COFs to their
corresponding [B-ketoenamine analogues by substituting their aldehyde component with
structurally similar o-hydroxybenzaldehydes.2 Upon this exchange, irreversible tautomerization
occurs, thus generating higher-quality pB-ketoenamine-linked 2D COFs than are accessible by
direct condensation. Building off of this approach, other linkage chemistries have also been
accessed that are challenging via direct synthetic methods. For instance, Yaghi and coworkers

! demonstrated that
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COFs can serve as a traceless templating agent for preparing high quality COFs with linkages that

are challenging to attain via direct polymerization.

In addition to modifying the backbone of the COF through linkage transformations, pendant
moieties can post-synthetically be installed on the 2D COF pores. These reactions include Cu-
catalyzed azide-alkyne cycloadditions (CuAAC), thiol-ene reactions, Michael additions,
Williamson etherifications, and Staudinger reductions (Figure 1.4).}'* One of the major
advantages of these approaches is that the degree of pore functionalization can be tuned by varying
monomer feed ratios or by only partially reacting the pendant moieties. For instance, Helbling,
Dichtel and coworkers installed pendant azide moieties on a functionalized terephthalaldehyde
derivative, which was subsequently incorporated into an imine-linked 2D COF in a variety of ratios.
The pendant azide moieties were then reduced to the corresponding amines by Staudinger
reduction, and this material was used to remove anionic fluorinated alkyl substances from water.*?*
This report established that pendant moieties thought to interfere with polymerization can be
masked, and subsequently revealed in a post-synthetic fashion. Azide groups are also commonly
used as coupling partners in CUAAC reactions. For instance, Jiang and coworkers prepared a 1,4-
benzene bis(boronic acid) derivative with pendant azide moieties, which were incorporated into a
phthalocyanine-based electron-donating 2D COF. These 2D COFs were then reacted with an
ethynyl-functionalized fullerene to generate a photoelectric 2D COF with segregated donor-
acceptor segments.2? Similarly, ethynyl-functionalized monomers have been incorporated into 2D
COFs and subsequently transformed into functionalized triazines suitable for organo-catalysis.
Significant opportunities remain to develop highly functionalized structures from a small number

of strategically designed monomers. As 2D COFs increase in chemical complexity, the reactions
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used to functionalize their surfaces are likely to evolve as well. The continued diversification of
2D COFs prepared by dynamic polymerization will undoubtedly drive the continued exploration
of emergent properties and device potential in 2D COFs accessed through de novo and post-

synthetic modification approaches.

1.6 Formation Mechanisms

Polyfunctional Monomers Defective 2DP Pristine 2DP
Dynamic Polymerization Forms Reversible Bond Formation

Crosslinked Network Enables Defect Annealing
Figure 1.5 General strategy of dynamic bond-forming reactions.
The solvothermal synthesis of 2D COFs enables chemists to tune polymerization conditions (e.g.
solvent, catalysts, temperature), ultimately manifesting in a suite of chemically and structurally
diverse polymer architectures. Similarly, solution-phase polymerization has proven to be the most
synthetically general approach to prepare 2D COFs, with hundreds of chemically distinct COF
structures prepared to-date.5® 57 68 126129 nspired by the use of dynamic coordination bonds for
preparing crystalline coordination polymers, Yaghi and coworkers developed a dynamic
polymerization strategy for the solvothermal synthesis of 2D COFs.?® 30 65 130132 AJ| eqrly
solution-based synthesis for 2D COFs used reversible chemistries™® 14 17 133135 and long reaction
times that were speculated to produce COFs as the thermodynamic product (Figure 1.5). Recent

mechanistic investigations have revealed that an interplay of reversible and irreversible processes
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is likely operative in the solvothermal synthesis, which are more complex than simple defect
annealing. Using synthetic designs based off of this mechanistic understanding, several researchers
have produced large-area 2D COFs through dynamic polymerization chemistries. As solution-
based 2D polymerization has developed, researchers have found that solution-based irreversible
chemistries can also produce layered, crystalline, aggregated 2D COFs, as characterized by powder
X-ray diffraction. These materials indicate that monomer rigidity and undesigned templation
effects can also give rise to crystalline layers with lateral dimensions on the scale of tens of
nanometers. These chemistries greatly broaden the scope of solution-based 2D polymerization but

will likely require additional monomer preorganization strategies to produce larger sheets.

Early mechanistic studies of imine-
_0 & ; . ]
e sV R linked COF formation reported that
o? polymerization  of  monomer
TAPB Foh | L : species occurred rapidly to produce
4:1 fas "9 4 Sl " . e
1.4-DioxMes MeCN an initially amorphous, cross-

linked gel.®? It was then observed

() ,“' ‘ QAQU ‘ —Q@ O ‘ ( .
Precipitation Suspension 9 G090 4 ®{ that this amorphous network
polymer transiently reorganized

through reversible transimination

reactions to produce a

Figure 1.6 a) Synthe5|s of imine- I|nked COFs with a typical solvent )
mixture of 4:1 1,4-dioxane:mesitylene yields insoluble thermodynamlcally preferred
polycrystalline precipitates, whereas MeCN produces stable colloidal

suspensions. b) SEM of drop-cast as synthesized colloidal crystalline 2D COF. Several
suspensions c¢) higher magnification SEM. d) TEM of an individual
COF nanoparticle. Adapted with permission.'® Copyright 2019 The

Royal Society of Chemistry. follow-up reports also isolated
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amorphous low-surface-area networks that became more crystalline with higher surface areas after
multiday reaction times.®" & This slow transition was then expedited from days to minutes by
replacing a traditional Brensted acid catalyst with a more active Lewis acid catalyst.8: 1%
Furthermore, amorphous-to-crystalline transitions were observed in imine-linked macrocycles that
were designed as 2D COF analogues.'®” However, the irreversible precipitation of 2D COFs from
solution makes the evaluation of dynamic processes in amorphous-to-crystalline transitions
challenging. Recently, it was found that imine-linked 2D COFs could be prepared as stable
colloidal suspensions in acetonitrile (Figure 1.6).! By studying the COF formation via in situ
small- and wide-angle X-ray scattering, the polymerization of COFs was observed to proceed by
a slightly faster rate than the crystallization.! These differential rates led the authors to conclude
that amorphous particles formed initially would crystallize slowly over the course of the reaction.
This conclusion was in agreement with other observations of transient amorphous phases in
nitrogen-based 2D COFs.82 138145 Recently, Marder,'*® Bein,® and their coworkers have found that
workup protocols used widely in 2DP syntheses can damage the isolated polymer structure,
including the 2D COFs that have been studied extensively for their formation mechanisms (Figure
1.7). Both studies noted that by avoiding damaging workup conditions, high-quality 2D COFs
could be isolated more rapidly than initially reported. A subsequent report found that 2D imine-
linked TAPB-PDA COF, previously reported to proceed through an amorphous-to-crystalline
mechanism initially polymerized as disorganized few-layer 2D sheets, when activated using
gentler conditions. These species then slowly reorganized to produce well-layered stacks of 2D
COF sheets, which were more robust to conventional activation procedures.*” 14¢ These results

demonstrate that careful isolation of these early species may be critical to the preparation and
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exfoliation of few-layer 2D COFs, which remain as important frontiers in 2D polymerization.
These reports demonstrate the enormous value of in situ characterization techniques and that great
care must be taken when generating mechanistic conclusions by analysis of isolated products,
especially those subjected to extensive workup protocols. Further development of in situ 2D
polymerization monitoring techniques are likely to provide additional mechanistic insight and

improved synthetic control. Likely, a combination of mechanisms is active in all dynamic 2D
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Figure 1.7 Chemical structure of the 2D COFs known as a) BDT TAPB COF and b) BDT-OMe TAPB COF.
¢) Transient reorganization of the COF layers during isolation and activation. X-ray diffraction patterns of
either d) BDT TAPB COF or ) BDT-OMe TAPB COF that was immersed in a variety of solvents and then
vacuum activated.® Adapted with permission. Copyright 2019 American Chemical Society.
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polymerizations, the extent of which depends greatly on the synthetic conditions and COF system
studied. As an array of monomer systems and synthetic conditions has not been routinely studied
for their mechanistic behavior, broad conclusions about the polymerization mechanism remain

elusive.>68

1.7 Morphological Control

Two-dimensional COFs have been obtained in a variety of forms including single crystals,
polycrystalline powders, exfoliated sheets, colloidal nanoplatelets, films, and composited
materials. Moving forward, each of these morphologies is likely to contribute important
understanding for 2D COF syntheses, properties, and potential applications. Currently, the vast
majority of 2D COFs are obtained as polycrystalline powders due to the inherent insolubility of
rigid, cross-linked polymer networks. This represents a fundamental challenge in the field, as
poorly defined polycrystalline aggregates are generally not well suited for property measurements
or integration into many promising devices, such as membranes, organo-electronics, or solid-state
electrolytes. This realization has inspired many researchers to pursue a variety of strategies to
process 2D COFs into more useful forms. Ultimately, it is desirable to develop methods to prepare
2D COFs as any morphology and sheet size, which has yet to be achieved. As such, there exists
substantial opportunity to overcome synthetic and fabrication limitations that currently restrict 2D
COF property measurements and subsequent device integration. Here, we survey the 2D COF

morphologies obtained to date, including their synthesis, characterization, and uses.
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1.7.1 Polycrystalline Powder

Solution-based 2D polymerizations are most often associated with the production of
polycrystalline powders, which arise as a function of aggregation processes operative in the
production of densely cross-linked 2D COFs.%%%¢ Aggregated 2D COFs are evaluated by PXRD
and through finite-crystal size line-broadening analysis are proposed to have approximately 50 nm
lateral domain sizes. 5 4% 10 |n many cases, these findings are supported by other ensemble
measurements such as infrared spectroscopy, N2 porosimetry, or solid-state NMR, which can also
indirectly evaluate the quality of these materials. As one early example, Lavigne and coworkers
polymerized boron-linked 2D COFs as polycrystalline powders.™® In this report, all of the
ensemble techniques described above were used to confirm the COF structure. Moreover, these
techniques were applied after the COFs were exposed to water, which revealed that the COFs
functionalized with alkyl chains retained their original structure to a greater extent than those that
were unfunctionalized. In some cases, polycrystalline 2D COF powders exhibit features such as
broad diffraction signals, less than ideal BET surface areas, or convoluted infrared spectra, which
suggests that these 2D COFs are either defective, have interlayer arrangements that are not well-
defined, or that they are contaminated by other chemical species. Due to challenges in
characterizing insoluble polycrystalline powders, however, these nonideal features are often not
characterized. For this reason, it is difficult to distinguish between 2D polymerizations that
produce small-domain-sized crystallites with weak diffraction patterns, and those that yield large-
area, defect-free, few-layered 2D sheets. As mechanistic insight and the characterization toolkit

coevolve, resolving this uncertainty will be of major interest.
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The random particle size, domain orientations, grain boundaries, and defects present in
polycrystalline 2D COFs also makes characterizing their intrinsic thermomechanical or
optoelectronic properties challenging. Likewise, polycrystalline powders are notoriously
challenging to fabricate into devices that may benefit from the incorporation of COFs, such as
electronic circuits or nanofiltration membranes.’® However, several proof-of-principle
applications of 2D COFs have been explored using polycrystalline powders including
adsorbents,*>31%° chemical indicators,*® 7 photocatalysts,'®® *° gas separation media,6%-162
optical emitters,'%® 16 and energy storage devices.'®> 1% Going forward, polycrystalline 2DP
powders are likely to find continued use in proof-of-principle applications due to their relative
synthetic accessibility. Though studies of polycrystalline 2DPs expedite the exploration and rapid
assessment of 2DP properties and applications, we note that these findings may suffer from

convoluting factors due to the structural ambiguities of this form.

1.7.2 Colloidal Nanoparticles

Colloidal 2D COF nanoparticles are one of the few forms through which COF single crystals can
be obtained. Recently, nitrile-containing cosolvents were found to prevent polycrystalline
aggregation in boron-based 2D COFs.? 67 By preventing aggregation, nucleation and elongation
processes were temporally resolved and micron-sized 2D boron COF single crystals were obtained
through continued monomer addition (Figure 1.8).1%% 1% |n addition to enhanced reactivity
control, colloidal 2D COFs are compatible with many solution-based characterization techniques
that require homogeneous suspensions of material, which inherently limits the use of
polycrystalline powders, including in situ X-ray diffraction,*2 1¢7- 168 [iquid-cell TEM, ¢’ transient

170

absorption spectroscopy,t’® solution fluorescence spectroscopy,? and dynamic light scattering.t >
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results revealed that nucleation was
suppressed in the presence of
monofunctional modulators, due to
oligomer sizes insufficient for
nucleation, which allowed higher
steady-state monomer concentrations
to be used for growth.!’* Dichtel and
coworkers exploited these findings to
expedite a previously multi-week
polymerization to under two days of
reaction time, which was possible due
to suppressed nucleation. Under these
conditions, anisotropic out-of-plane

Figure 1.8 a) c) e) and g) Four different 2D COF structures elongation of 2D COF nanoparticles

polymerized through different covalent bond-forming chemistries. .

b) d) f) and h) Transmission electron micrographs of these =~ Was observed via TEM. These results
colloidal nanoparticles. Adapted with permission.:® Copyright

2018 American Association for the Advancement of Science.  reveal that monofunctional additives
Copyright 2019 The Royal Society of Chemistry. Copyright 2019

American Chemical Society. can be used to control 2D COF
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formation, which is an exciting frontier in 2D polymerization. Furthermore, exploring the
properties of 2D COF colloids of various sizes and shapes is likely to produce a deeper
understanding of their fundamental properties and application potential, as has already been

realized in other nanomaterials.1’2

Unlike boronate-ester-linked colloids, which exhibit a hexagonally layered structure, imine-linked
colloids are typically irregularly shaped.! One possible explanation for this difference is that the
lower interlayer interactions in imine-linked 2D COFs lead to mesoscale structural deformation
that precludes faceted crystals. Another hypothesis is that imine-linked 2D COFs first produce an
amorphous cross-linked polymer that then transiently reorganizes to yield polycrystalline particles
with irregularly shaped domains (Figure 1.89).%? So far, it has been unclear how strategies used to
successfully synthesize boronate-ester-linked 2D COF nanocrystals can be generalized to
synthetize high-quality 2D COFs with other dynamic covalent linkages.'”® 1™* Regardless, we
expect that the lessons learned from boron-based COF systems will inform the long-standing goal

of synthesizing large-area single-crystalline COF sheets of virtually any chemical composition.

1.7.3 Nanosheets and Films

The preparation of 2D COFs into few- or single-layer sheets is of immense interest.!7>8
Generally, there are two routes to obtain 2D COF as nanosheets: 1) A top-down approach where
multilayer 2D COFs are exfoliated and 2) a bottom-up approach where few-layer macromolecular
sheets are synthesized directly. The most common method to prepare 2D COF films is by direct
polymerization onto a solid support. This approach was first conducted as conventional solution-

phase 2D polymerization in the presence of a graphene-coated substrate.!® Direct growth
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frequently produces 2D COF films with their layers oriented parallel to the substrate.’®! This
approach has been found to be largely general, with many 2D COFs prepared as films on graphene
substrates. 8118 However, the use of bulk reaction conditions to produce 2D COF films results in
significant contamination by insoluble powder aggregates that are also produced during the
polymerization. Historically, the films produced by this method are composed of COF sheets of
limited sizes, with crystallographic dimensions similar to those produced by bulk powder

syntheses (approximately 50 nm lateral domain size).

Medina and coworkers recently optimized bulk imine-linked 2D COF synthesis conditions to
reduce the amount of powder contamination, which generated 2D COF films suitable for
optoelectronic characterization, on a variety of substrates including silicon and indium tin oxide
(ITO).18418 Similarly, Dichtel and coworkers found that 2D COFs could be grown in flow
conditions, which enabled the formation of smooth, oriented, thickness-controlled COF films. &
By growing the films in flow under low steady-state monomer conditions, bulk COF nucleation
and precipitation were suppressed, both of which were identified as critical for the formation of
smooth films. Interestingly, film crystallinity is detected only at longer monomer residence times,
which suggests that oligomeric and polymeric species may play a role in the boronate ester-linked
COF film formation and growth. Collectively, these studies also suggest that the heterogeneous

nucleation barrier is lower than the homogenous nucleation barrier, in some cases.

More recently, 2D COF films were grown under colloidal synthetic conditions that restricted
powder precipitation altogether. This approach allows for trivial separation of COF films and
nanoparticles, which are formed simultaneously. The films prepared by this approach had

practically no powder contamination, which enabled their detailed optoelectronic and
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thermomechanical characterization as well as their direct imaging via TEM. These recent
developments indicate that the conditions that prevent bulk 2D COF formation and precipitation
are likely also optimal for the synthesis of high-quality films via direct growth approaches. Taken
together, direct growth is routinely used to prepare well-oriented 2D COF films but has obvious
limitations in scale-up and substrate compatibility. However, its relative simplicity and
compatibility with developed bulk-reaction chemistry will drive the prevalence of direct growth

methods for producing 2D COF films at the lab scale.
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Figure 1.9 Acid exfoliation of 2D COF powders to produce suspensions of COFs and partially hydrolyzed
oligomers that are then reconstituted into COF films. Adapted with permission.®> Copyright 2020 John Wiley &
Sons.

Another strategy to prepare 2D COF films is to exfoliate bulk COF materials and reconstitute them
as films. For example, Banerjee and coworkers have shown how 2D COFs prepared in solvo and
then cast as suspended particles can generate large-area freestanding COF films.18 Because the
catalyst is not removed in this case it is likely that as the solvent is evaporated, crosslinks evolve
between the COF sheets, which can impart mechanical strength to the millimeter thick 2D COF
membranes. Dichtel and coworkers exfoliated 2D COFs by protonating the imine linkages with
trifluoroacetic acids, which yielded stable suspensions (Figure 1.9).° These suspensions could then

be solvent cast to produce crystalline large-area thin films. Similar to the example above, the
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trifluoroacetic acid was not removed during this procedure, which was shown by NMR
spectroscopy to partially depolymerize the COF structure into soluble monomers and oligomers.
Presumably, the depolymerization-repolymerization aspect of this strategy is partly responsible
for the homogeneity of films obtained by this method. This strategy is particularly appealing for a
broad class of 2D COFs linked through imines, which could be protonated to drive exfoliation and

subsequently reconstituted as homogenous films.

1.8 Molecular Adsorption and Separation Applications

Two-dimensional COFs have a unique combination of properties including permanent porosity,
mechanical strength, chemical stability, low density, and atomic scale precision which, when
coupled with their vast synthetic modularity, make them ideal materials platforms for a host of

applications. So far, challenges related to device integration and processability have limited COF
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Figure 1.10 A representative sampling of 2D COF applications and some of their defining characteristics shown
within the polymer structure.
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device-fabrication efforts and therefore, their real-world deployment. Despite these complications,
numerous reports suggest that 2D COFs hold considerable promise to exhibit many properties that
would be valuable in a suite of applications. Here, we will discuss the emergent properties and

application potential of 2D COFs.

1.8.1 Gas Storage and Separation

Since their earliest syntheses, researchers have speculated that 2D COFs might be promising gas
storage and separation materials due to their immense permanent porosities and low gravimetric
densities.>® Moreover, the structural regularity of COFs yields homogeneous binding sites with
high tunability and selectivity, compared to conventional porous polymers.*®-2% This structural
regularity also enables the investigation and screening of 2D COFs by computational methods,
which is far more challenging in amorphous polymers systems.?®* As such, many theoretical
investigations have suggested that pristine COF materials will have high selectivities and
capacities, characteristics that support the promise of 2D COFs as gas storage and separation
materials. 85 79 127,128, 189, 191, 193, 194, 196, 198-200, 202-246 Eing|ly, these applications are some of the most
experimentally studied because they can be investigated using polycrystalline powders, which is

the most commonly isolated 2DP morphology.

1.8.2 Membranes

Atomically thin COF membranes linked entirely through stable covalent bonds with precisely
engineered pore chemistries and sizes have potential provide near-ideal membrane performance.
This realization has spurred researchers to explore 2D COFs for a wide array of separations and

membrane-based applications. However, to date, membrane applications have been restricted by
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the challenge of synthesizing precisely aligned, mechanically robust 2D sheets. Despite this
synthetic challenge, several researchers have performed preliminary investigations into 2D COFs
as nanofiltration membranes and have obtained promising separation performances.?*’?4° This
area is an important and fast-moving frontier in the field, and many leading reviews highlight the
success of rationally designed 2D COF nanofiltration membranes.?4’?4° While 2D COFs are
undoubtedly promising as liquid-phase membranes, caution is warranted that membranes derived
from these materials have not yet unambiguously demonstrated size-selective behavior that is
clearly distinguishable from removal by other mechanisms. In fact, a recent study indicates that
polycrystalline COF films act more as adsorbents than size-sieving membranes in which the
authors ask for a careful reexamination of the COF membrane literature, as separations based on

differential transport through 2D COF pores is an important yet unrealized frontier.?*

1.8.3 Adsorbents

The synthetic modularity, structural regularity, and permanent porosity of 2D COFs endow them
with high adsorption selectivity and capacity for various adsorbate species. This realization has
inspired 2D COFs to be developed for a host of molecular capture and delivery applications. In
regard to molecular capture, 2D COFs have been studied extensively in the removal of heavy metal
ions from water.?®* For example, high-sulfur-containing 2D COFs, such as those functionalized
with sulfides,?* thiols,!! and thioethers,?? have been shown to be highly selective for Hg?* capture
and removal.'t 252257 |n addition to their pollutant removal capabilities, the fluorescence of a 2D
COF sorbent was quenched upon binding mercury ions, providing a simple means to detect its
presence (Figure 1.11).} Fluorescence “turn-on” sensors for radioactive elements were also

reported based on the binding to Eu** within the pores of the COFs.?*® These results show that 2D
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Figure 1.11 a) Synthesis a sulfur-functionalized 2D COF under solvothermal conditions. The COF exhibited
strong fluorescence upon excitation at 390 nm. b) Upon the addition of Hg?*, the fluorescence of the COF was
effectively quenched. c) Photographs of COF-LZUS8 under a UV lamp (lex = 365 nm) visualize the significant
change in the fluorescence emission before (left) and after (right) the adsorption of Hg?* and a chart showing the

selectivity of Hg?* in fluorescence quenching versus other materials. Adapted with permission.** Copyright 2016
American Chemical Society.

COFs are a compelling platform for the simultaneous detection and removal of inorganic
contaminants. This may be particularly valuable for identifying and removing persistent, low
levels of contamination. In another recent study, Ma and coworkers developed amidoxime-based
2D COFs that were capable of removing valuable inorganics from water, such as uranium,2%% 260
Due to the high porosity and amidoxime functionality in these networks, these materials reported
high capacities (127 mg g) and rapid kinetics of removal for uranium (<10 min equilibration
time). Similarly, Yu and coworkers showed how 2D COFs functionalized with thioether pendant
side chains can remove Au metal (560 mg g*) from water at micromolar concentrations.?®! These

reports show that COF adsorbents are promising candidates for materials that capture valuable
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species from low-concentration sources. We expect this area will garner greater interest as primary

sources of valuable metals become scarce.

Similar to the removal of inorganic contaminants, 2D COFs can be engineered to remove organic
micropollutants from water. For example, researchers have shown that 2D COFs functionalized
with ionic bonding, hydrogen bonding, or hydrophobic motifs can capture ionic dyes,
nanoparticles, polymers, or other species of interest from water,10% 212 214,230, 255, 262:275 Typjcaly,
these adsorbents are used as microcrystalline powders with high surface areas. The high porosity
and small crystallite sizes make these materials efficient platforms for the rapid removal of organic
pollutants. Similarly, their immense surface areas allow them to have notable gravimetric
capacities. In one example, Dichtel and coworkers reported amine-functionalized 2D COFs that
effectively bind anionic perfluorinated alkyl substances (PFAS).'?* This is an exciting
development as it showed how monomers that included chemistries incompatible with the COF

formation could be post-synthetically installed for the efficient removal of PFAS.*?*

Outside of pollutant remediation, the uniform pore size and high surface area of 2D COFs have
attracted interest for the selective removal of endogenous peptides from biosamples.?’® The
presence of these endogenous peptides, such as neuropeptides and peptide hormones, albeit in low
quantities, greatly interferes with the analysis of the biosamples. Liang, Li, and coworkers reported
an imine-linked 2D COF that facilitated the extraction and identification of 416 peptides from
human serum, and demonstrated the exclusion of larger proteins, presumably due to the limited
pore size (2.5 nm) of the COF.2’” This demonstrated the utility of 2D COFs as selective adsorbents
in peptidomics research, and further tuning of the COF properties can potentially increase their

selectivity for specific peptide residues. While the cost of these COF adsorbents is considerably
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larger than that of the conventional adsorbents, their large capacities and rapid removal efficiencies

make them highly attractive as point-of-use adsorbents. Taken together, these results demonstrate

that 2D COFs can be synthetically engineered to remove target analytes from water in laboratory

settings. Immediate next steps should be taken to establish the utility of these materials as

adsorbents, such as studying their long-term stability and efficacy in complex, environmentally

relevant matrices.

1.8.4 Chiral Separation

Chiral separations are driven by the differential interaction energies of enantiomers with a chiral
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Figure 1.12 a) Chiral resolution of
racemic mixtures using a 2D COF
clysozyme and b) a representative chiral
resolution chromatogram separating D-
and L-tryptophan. Adapted with
permission.* Copyright 2018 John Wiley
& Sons.

stationary phase.?’® Chiral 2D COFs have been formed by
covalently immobilizing chiral species (amino acids,
peptides, enzymes) onto achiral COF network.* 247 27°
Inheriting the specific chiral interactions of these
immobilized  biomolecules, the  afforded 2D
COFchiomolecules serve as versatile and highly efficient
chiral stationary phases toward various racemates in both
the normal and reverse phase of high-performance liquid
chromatography.* 8% For example, Ma and coworkers
showed that racemic mixtures of amino acids could be
separated by immobilizing lysozymes onto 2D COF
scaffolds (Figure 1.12).* The different interactions
between enzyme secondary structure and racemates were

revealed by surface-enhanced Raman scattering studies,
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and were speculated to be the origin of the observed stereoselectivity. Presumably, as
morphological control of 2D COFs improves, these materials will be more promising for real-
world chiral separation applications. A promising avenue of research will be to leverage the well-
defined structural aspects of 2D COFs for adsorbent applications. It is, for instance, feasible that
ultrahigh selectivity for a particular analyte could be designed within a 2D COF pore structure.
We expect that these studies will be on the cutting edge of COF adsorbent research in the coming

years.

1.8.5 Molecular Recognition

The tailored, persistent pore sizes of 2D COFs make them ideal candidates for molecular
recognition if suitable binding pockets can be installed into the network. In addition, the periodicity
of 2D COFs along their 1D channels allows for cooperative molecular recognition to minimize the
loss of crystalline registry between the 2D sheets. These opportunities were realized by Jiang and
coworkers when they prepared an imine-linked 2D COF containing triangular pores (Figure
1.13).7 In this work, structurally similar molecules (Nile red (NR), 7-(diethylamino)-3-
phenylcoumarin (DAPC), and Coumarin 6) were shown to dock into the notches at the vertices of
the triangular pore. This binding process of Nile red was characterized by ultraviolet-visible
spectroscopy and shown to be cooperative, which resulted in its rapid removal from solution
(Figure 1.13c). This cooperativity allowed for the authors to rapidly separate mixtures of these

molecules, differing only by a single atom.

MacLeod, Rosei, and coworkers studied the adsorption of trichlorobenzene to 2D COFs

synthesized on-surface (Figure 1.13d-f).}? Scanning tunneling microscopy used in this study
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Figure 1.13 a) Assembled tubule of Nile red (NR) dye molecules within the triangular pore of a multilayer 2D
COF. b) Chemical structures of NR and DAPC ((7-diethylamino)-3-phenylcoumarin). ¢) Absorbance traces of a
mixture of NR and DAPC in the presence of a 2D COF, where only the signals associated with the NR diminish
over time. Adapted with permission.” Copyright 2019 John Wiley & Sons. ad) Scanning tunneling micrograph
(image dimensions 2.1 nm x 2.1 nm) of a 2D COF with an associated trichlorobenzene molecule. e-f) 3D rendering
and chemical structure of this association complex. Adapted with permission.'? Copyright 2017 The Royal Society
of Chemistry.

showed the precise binding location, which yielded important information about the highly
selective adsorption of trichlorobenzene to the COF pore.'? This example reveals that direct
imaging techniques, such as STM, can provide unambiguous evidence for particular binding
geometries and mechanisms. While this is an underexplored area of research for COFs, this report
highlights opportunities to leverage cooperative binding mechanisms in structurally regular
networks for precise molecular recognition and separations. Importantly, combinations of
computational and experimental approaches will be valuable to the design and iterative testing of

cooperative phenomena in 2D COFs.
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1.8.6 Molecular Delivery

In addition to molecular capture and storage, 2D COFs can be engineered to adsorb and transport
chemical species. In one example of this, the tunable hydrolysis rate of imine linkage allowed the
degradation of the COF, along with release of its molecular cargo, to be controlled.t? 155 252254, 257
This behavior has enabled further exploration of 2D COFs that can carry common pharmaceuticals,
such as ibuprofen and captopril, at high loadings in vitro.?8! When the 2D COFs were endocytosed
and hydrolyzed by cancer cells, these analytes were effectively released inside the cells. In that
report, the drug loading capacity and release profiles were tuned based on their different pore sizes,
highlighting the design potential of 2D COFs for drug delivery. In another report of COF drug
carriers, a mechanically exfoliated
2D COF effectively delivered 5-

fluorouracil to breast cancer cells.

Given the operationally simple
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cis-trans isomerizations.® Upon the  spectroscopy upon irradiation of the 2D COF with UV light.
Adapted with permission.® Copyright 2019 American Chemical
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irradiation, the adsorbed rhodamine-B molecules were released into solution (Figure 1.14).
Presumably, future designs could take advantage of photoinduced structural transformation for
many molecular capture and release applications. As with many 2D COF applications, however,
other classes of materials are also promising for the controlled transport and release of molecular
compounds. Likely the success of 2D COFs in this space will require more thorough investigation
of additional properties related to device performance across a wide swath of 2D COFs, which is

yet to be demonstrated.

1.9 Outlook on Current Challenges and Future Opportunities

The long-standing goal of polymerizing macromolecular sheets has recently been realized. The
emergence of this new branch of polymer chemistry has been enabled by scientific contributions
from many fields including supramolecular chemistry, framework chemistry, and crystal
engineering. To date, solution-based 2D polymerization strategies using dynamic bond-forming
reactions have emerged as one of the most common approaches to the synthesis of macromolecular
sheets. The ingenuity of polymer chemists has expanded these strategies immensely, which has
resulted in the polymerization of more than 500 discrete 2D COF structures. Despite major
advances in 2D polymerization over the last two decades, however, methods to prepare large-area,
defect-free macromolecular sheets of arbitrary composition are by no means mature. Many
challenges in 2D polymerization can be traced to a lack of foundational mechanistic understanding.
Therefore, the continued investigation of COF formation and growth mechanisms is paramount
for the continued development of this field. Polymer chemists have also not yet developed the
vernacular to discuss 2DPs at the same depth as other polymer architectures. For example, terms

such as dispersity and molecular weight are not currently well defined for 2DPs, nor are they
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routinely measured or reported. These limitations make discussion and characterization of 2D
COFs and their emergent properties challenging. As the synthesis and characterization toolkits
become more refined for 2DPs, it will be important that the language used to describe them also
evolves. Ultimately, as the scientific understanding and descriptive vocabulary surrounding 2D

polymerization coevolve, so too will the quality and complexity of 2DPs.

The synthesis of chemically diverse, high-quality 2D COFs will likely produce materials with
unique combinations of properties not available in other materials. However, due to the synthetic
challenges outlined above, many of these properties have yet to be studied or rationally
manipulated. This challenge predominantly arises as a consequence of the relatively uncontrolled
polymerization strategies used to prepare many 2D COFs. As these synthetic obstacles are
overcome, it will become commonplace to unambiguously characterize the COF structure, leading
to meaningful structure-property relationships in these materials. For instance, as large-area
macromolecular sheets are reliably produced it will become possible to examine the intrinsic
thermomechanical and optoelectronic properties of these materials, with confidence that
measurements are not confounded by limited domain size or defects. Additionally, many
properties of 2D COFs are likely determined by their thickness. Therefore, as methods to prepare
large-area mono- and few-layer COFs using bottom-up and top-down approaches are developed,
we expect that explorations of layer-dependent phenomena in 2D COFs will be a fruitful area of
study. These findings will certainly guide further development of 2D COFs for real-world

applications.

Toward this end, examples of molecular adsorption and separation applications for 2D COFs are

provided, many of which show promise. Care is needed when characterizing 2D COFs integrated
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into membranes or device-relevant platforms, since many of these COF materials have been
prepared using less-than-ideal polymerization strategies that introduce molecular defects and
significant edge and surface sites not found in the bulk materials. It is also frequently unclear
whether the COF structure and properties are maintained within a device environment. Though
just as linear polymers were improved through decades of study and are now incorporated into our
everyday lives, we anticipate that 2DPs will do so as well. We foresee a promising future in 2D
polymerization. In the near term, the constantly accelerating rate of research into 2D COFs and
their properties is certain to continue. This expansion of interest will drive innovations regarding
their synthesis, properties, and eventual applications. Ultimately, particular applications are likely
to emerge as promising for real-world deployment. This will mark the beginning of the next
generation of COF and 2DP science. In 1993, Roald Hoffman described synthetic 2D chemistry
as an uncharted wasteland.?®? Here, we hope to have convinced the reader that the grounds of 2D
organic chemistry have now been cultivated, are beginning to blossom, and will soon be ripe for

harvesting.
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2. Synthesis of Amine-Functionalized Covalent Organic Frameworks to Remove Perfluorinated

Alkyl Substances from Water

2.1 Preface

In this chapter, | discuss the design and synthesis of the amine-functionalized, two-dimensional
(2D) imine-linked covalent organic frameworks (COFs) for perfluorinated alkyl substances
(PFAS) removal from water. | will briefly highlight current PFAS contamination and limitations
of current PFAS removal technologies. | will then outline the advantages of covalent organic
frameworks over conventional activated carbon-based adsorbents. COFs are relatively unexplored
but hold promise as adsorbents due to their high surface area and tunable pore sizes. Herein, we
present our design and synthesis of 2D imine-linked COFs functionalized with primary amines

that remove GenX and 12 other PFAS at environmentally relevant concentrations.

This work was done in collaboration with Dr. Yuhan Ling, Casey Ching and Prof. Damian Helbling
from the School of Civil and Environmental Engineering at Cornell University, and Dr. Leilei Xiao,
Dr. Michio Matsumoto, and Dr. Ryan P. Bisbey Chemistry from the Chemistry Department at Cornell
University. This work is reprinted with permission from Ji, W.; Xiao, L.; Ling, Y.; Ching, C.;
Matsumoto, M.; Bisbey, R. P.; Helbling, D. E.; Dichtel, W. R., J. Am. Chem. Soc. 2018, 140, 12677-

12681. Copyright (2018) American Chemical Society.
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2.2 Abstract

Per- and polyfluorinated alkyl substances (PFAS), such as perfluorooctanoic acid (PFOA),
perfluorooctane sulfonate (PFOS), and ammonium perfluoro-2-propoxypropionate (GenX),
contaminate ground and surface waters throughout the world. The cost and performance
limitations of current PFAS removal technologies motivate efforts to develop selective and high
affinity adsorbents. Covalent organic frameworks (COFs) are unexplored yet promising
adsorbents because of their high surface area and tunable pore sizes. He we show that imine-linked
two-dimensional (2D) COFs bearing primary amines adsorb GenX rapidly at environmentally
relevant concentrations. COFs with partial amine incorporation showed the highest capacity and
fastest removal, suggesting that the synergistic combination of the polar group and hydrophobic
surfaces are responsible for GenX binding. A COF with 28% amine loading also removed more
than 90% of 12 out of 13 PFAS. These results demonstrate the promise of COFs for PFAS removal

and suggest design criteria for maximizing adsorbent performance.

2.3 Introduction

Covalent organic frameworks (COFs) are crystalline, porous polymers whose monomers are
organized using directional bonding principles.??!: #3285 Several features of COFs enable them to
function as adsorbents with fast uptake and high capacity: their crystallinity positions functional

groups into precise arrangements and their few-nanometer 1D channels are readily accessible.?8

288 COFs have been demonstrated for binding technologically relevant gases, such as CHa,?®’

H,, 2% 20 NH;3,2! and CO,,2%% 2°2 and heavy metals,?®”> 2°* 2% but they are unexplored for

sequestering organic micropollutants. Here we reduce azide-functionalized COFs to the
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corresponding amine-functionalized networks and demonstrate their promise as adsorbents for

per- and polyfluorinated alkyl substances (PFAS).

The contamination of ground and surface water by PFAS affects hundreds of millions of people
world-wide.?>?°7 PFAS are used in the production of fluoropolymers, water and stain repellents,
and as components of aqueous film-forming foams (AFFF) used to suppress fires.>’® Thousands

F,299

of airports and military installations are contaminated by PFAS found in AFF and several

communities in the US declared states of emergency for PFOA and PFOS in 2016. Concerns about

300-303 and health effects prompted its phase-out

PFOA’s ecological persistence, bioaccumulation,
in the United States, but it was replaced by other PFAS, such as GenX, that are also emerging
contaminants.’**3% GenX was found in the Cape Fear River in North Carolina,?®> 3%7 and its
removal by conventional and advanced treatment processes was negligible.?”> Therefore,
developing effective treatment and remediation strategies is essential. Granular activated carbon
is presently used by affected communities, but its modest affinity and effectiveness against short-
chain PFAS compounds?®> 3% 3% have motivated studies of alternatives. The COFs studied here
present amine groups that interact with the anionic head group of PFAS, along with ample

hydrophobic surface area that further support adsorption. The optimized materials, with amine

loadings of 20-28%, bind 13 PFAS with high affinity and rapid kinetics.

We targeted a hexagonal imine-linked 2D COF bearing amine functionalities to provide high
affinity for anionic PFAS. The loading of amine functional groups into the final COF was
controlled by condensing 1,3,5-tris(4-aminophenyl)benzene (1, Scheme 2.1) with a mixture of
terephthalaldehyde (3) and a dialdehyde bearing azide-functionalized ethylene glycol side chains

(2). 2 and 3 were polymerized in various molar ratios to synthesize COFs (X% [N3]-COFs) that
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average 6, 4.5, 3, 1.5, 1, 0.5, and 0.06 azides, respectively, per layer within each hexagonal pore.

X% |[N3]-COFs were prepared in a 4:1 20
u\/\ /\/\J
N /\/( *
mixture of 1,4-dioxane and mesitylene j gg
HoN NH,

‘ . 2 (X%) 3 (100-X%)
with 6M CH3CO,H at 90 °C for 72 hours. P
Dioﬂxane:Mesiterne
The resulting precipitates were collected e N,
and purified by Soxhlet extraction with O o VQA O O
. .. N
CH30H and activated by supercritical ‘N X9%[N;]-COF /@I}
; o _ R X=0 R\
CO2 drying. X%|[N3]-COFs were xS n 1% R B o
) O X=8 R:10%0™~O~"N 9, s
reduced to the corresponding X% [NHz2]- o B A e T
N [y X=25 R:28%0 ’ N ’
COFs by PPh; in CH30H. The amine- N g B0 RHRE T, ¢R
X =75 R:i75%0"~">"N
T 25X = 100 R: 100% 0O~ L
functionalized imine COFs (X% |[NH:z]- N o .
_ OOy
COFs) were washed with 4% (v/v) H,O A
N A
) ; . PPhy/ CHsOH /25 °C
in acetone followed by CH3;OH, and F Pl M (e
subsequently activated by supercritical X%[NH,]-COF
X=1-100 R: X% 0™~O~"NH,
COz drying. Scheme 2.1

2.4 Results and Discussion

2.4.1 Amine-functionalized Covalent Organic Frameworks Synthesis and
Characterization. The complete reduction of azides to amines was charact erized by
spectroscopy. Fourier-transform infrared spectroscopy (FT-IR) revealed that the azides in
X% [N3]-COFs were reduced, based on the disappearance of the azide stretch at 2098 cm™!
(Figure S.1a) and the appearance of a broad amine N—H stretch at 3356 cm™! (Figure 2.S3-2.S5).

The incorporation ratios of the COFs with lower azide and amine loadings were slightly higher
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than the feed ratios, as judged from the quantitative IR analysis (Table 2.S8), indicating that 2 is

slightly more reactive than 3. X-ray photoelectron spectroscopy (XPS) also indicated the

conversion of azides to amines (Figure 2.1b, Figure 2.S6). The spectrum of the 100% [N3]-COF

shows characteristic azide N 1s peaks at 400.0 and 403.7 eV with an area ratio of 2:1.>!%3!! The

spectrum of the 100% [NH2]-COF instead shows a new N 1s peak at 398.6 eV, which was fit to a

1:1 combination of imines and aliphatic amines.?!% *!! Zeta potentials of 100%|N3]-COF and

100%[NH2]-COF at pH 7 were -7 mV and +13 mV (Table 2.S4), whose change in sign is

attributed to protonation of the amines. Collectively, these measurements and elemental analysis
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8 8 / \
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Figure 2.1 (a) FT-IR spectra (2300-1900 cm*) of X%[Ns]-
COFs (bottom spectra) and X%[NH;]-COFs (top spectra),
corresponding to the concentration of azides or amines (X) of
100% (red), 75% (orange), 50% (yellow), 28% (green), 20%
(blue), 10% (indigo), and 1% (purple). (b) XPS of N 1s core
level (392-408 eV) (c) PXRD patterns normalized at the
(100) peak at 2.8 and (d) N adsorption isotherm of
100%[N3]-COF (pink) and 100%[NH2]-COF (blue). For (d),
solid and open circles indicate adsorption and desorption,
respectively. Surface areas are reported as + 1 standard
deviation of 14 independently prepared samples of
100%[Ns]-COF, and 3 independently prepared samples of
100%[NH]-COF.

(Table 2.S1-S2) indicate the quantitative

conversion of azides to amines.

The crystallinity and porosity of
X%[NH2]-COFs were retained after the
reduction, as confirmed by powder X-ray
diffraction (PXRD, Figure 2.1c, Figure
2.S8) and N, adsorption isotherms (Figure
2.1d, Figure 2.S9, Table 2.S3). The
PXRD pattern of 100%][N3]-COF
exhibited an intense (100) diffraction peak
at 2.8°, along with the (110), (200), and
(001) diffraction peaks at 4.8°, 5.6°, and

25.2°, respectively, which is consistent

with the reported eclipsed pattern for
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imine-linked COFs containing dimethoxy side groups.*'? 100%|[NH2]-COF exhibited an identical
PXRD pattern to that of 100%|[N3]-COF, indicating that the 2D hexagonal structure of
100%][N3]-COF was retained upon reduction. Each X% |[NH2]-COF also exhibited the same
PXRD pattern to that of the corresponding X% [N3]-COF (Figure 2.S8). The permanent porosity
of X%|[N3]-COFs and X%|[NH2]-COFs was measured by N> adsorption isotherms at 77 K
(Figure 2.1d, Figure 2.S9). The Brunauer—Emmett—Teller (BET) surface area of 100% [N3]-COF
was 1100 £ 150 m?/g, and that of 100% [NH2]-COF was 1000 + 70 m*/g. The BET surface areas
of other X%|[NH2]-COFs were also retained upon reduction (Table 2.S3). Nonlocal density
functional theory analysis of each isotherm provided narrow pore size distributions centered
around 2.6 nm (Figure 2.S10). As the concentration of azides and amines (X) decreased, the BET
surface areas and average pore sizes of X%[N3]-COFs and X% |[NH2]—COFs increased (Table
2.83). These results confirm the formation of a broad range of 2D imine-linked COFs with pendant

amine loadings ranging from 1 to 100% of the terephthaldehyde monomers.

2.4.2 GenX and Perfluorinated Alkyl Substances Removal. Each of the X%[NH2]-
COFs exhibited superior equilibrium removal of GenX compared to both 100%[N3s]-COF
and 09%[Ns]-COF. The equilibrium Gen-X removal by X%[NH2]-COFs, 100%[Nz3]-
COF and 0%[N3]—-COF was first evaluated in a batch experiment using [GenX]o of 200
ug L1, and [COF] of 100 mg L (Figure 2.2a). GenX removal was inversely correlated to
amine loading for 100%[NH2]-COF (56%) through 20%[NH2]-COF (97%). At lower
amine loadings, GenX adsorption decreased slightly for 109%[NH2]-COF (94%) and
1%[NH2]-COF (73%). The trend of increasing GenX removal from 0% to 20% amine

loading and the poor removal by 100%[N3]-COF and 0%][N3]-COF indicate that the
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amines are essential for GenX binding. The trend of decreasing GenX removal from 20%

to 100% amine loading suggests that dispersing the amines in the network is essential for

maximum affinity, either to allow for (a)
100
sufficient space within the pores or <
‘?; F FF F F CF3
adsorption of the hydrophobic tails to o 801  enx
1<
the pore walls. 8 60l
@
®
The GenX binding capacity as a function é 404
[}
of amine loading was probed further at i 20-
c
higher [GenX]o (50 mg L), still with a ) o | 1 O IO I
00°.100° 75 ' 50 28 20 ' 10 0%
COF loading of 100 mg L™! (Figure 2.2b). INg Y ' (N3]
—COF  X%[NH,]-COF ~COF
20%[NH2]-COF again exhibited the b)
highest capacity for GenX of 240 mg g! 2507
(Figure 2.2b), and 0%][N3]-COF 200
=)
-1 =
adsorbed the least GenX (3 mg g ). The E 1501
molar ratio of GenX to amines in 8
1001
X%|[NH2]-COFs  ([GenX]/[NHa]) is
50-
approximately 2:1 from 1% to
0_
20%[NH2]-COFs and 1:1 for 100075 50 28 20 1 [Oh‘l’/o]
T 3
-COF
28% NH2]-COF (Figure 2.S17). The X%[NH,]-COF

Figure 2.2 (a) Equilibrium GenX removal percentage at
[GenX]o = 200 ug Lt and (b) equilibrium adsorption density
at [GenX]o = 50 mg L by equal mass concentrations (100
the amine loading is increased from 28%  mg L) of 100%[Ns]-COF (pink), X%[NH]-COFs (blue),
and 0%[N3]-COF (black) after the contact time of 22 hours.

to 100%, indicating that not every amine Qe (Mg g™) is the equilibrium adsorption density. Error bars:
standard deviation of 3 experiments.

GenX:amine ratio then drops below 1:1 as



can interact with GenX at these higher loadings.
These results suggest that the amines in the network
create a microenvironment that is conducive for
GenX binding and that each amine can bind a
maximum of two GenX molecules when

distributed sparsely in the network.

To better understand the removal of GenX by
X% |[NH2]-COFs, we constructed a GenX binding
isotherm for 28% [NH2]-COF (Figure 2.S19) and
100%[NH2]-COF (Figure 2.S20) using [COF] =
100 mg L' and [GenX]o ranging from 0.2 to 100
mg L!. The isotherm was best fit by the Langmuir
model, which provided an affinity coefficient, K,
of 6.3-10* M and the estimated maximum
capacity, Om, of 200 mg g ! for 28%[NH2]-COF
and K of 7.2:10* M™! and Om of 130 mg g ! for
100%[NH2]-COF (Table 2.S6). The high affinity
coefficients and capacities of 28%[NH2]-COF and
100% [NH:2]-COF explain their remarkable

removal of GenX from water.

Based on the GenX removal experiments, the 28%,

1%, and 100% amine-loaded COFs were evaluated
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Figure 2.3 (a) Kinetics of PFAS adsorption by
28%[NH,]-COF ([PFAS]o=1 ug L}, [COF] =10
mg L) at 23 °C. (b) PFAS equilibrium removal
percentage on 28%[NH.]-COF after 30 min.
PFCAs: perfluoroalkyl carboxylic acids; PFSAs:
perfluoroalkyl sulfonic acids. (c) GenX adsorption
after 30 min by GAC, PAC, and 28%[NH,]-COF
using [GenX]o= 1 ug L%; [Adsorbent] = 10 mg L~
1. Error bars: standard deviation of 3 experiments.
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for their ability to remove a mixture of thirte en PFAS (Figure 2.S18) with different chain lengths
and functional groups at environmentally relevant concentrations (Figure 2.3, Figure 2.S21—
2.822). Following exposure of nanopure water solutions containing 1 ug L™! (1 ppb) of each PFAS
to 10 mg L™! of each COF, equilibrium binding was observed within 30 minutes, and each COF
exhibited broad spectrum removal and high affinity for nearly all of the PFAS. Among the three
COFs, 28%|NH2]-COF performed the best and removed more than 90% of 12 PFAS and 63% of
perfluorobutanoic acid (PFBA). These observations suggest that 28%[NH2]-COF has the highest
affinity for 13 PFAS compared to 1% |[NH2]-COF and 100%[NH:]-COF, consistent with the
GenX studies performed at higher concentration. We also observed that the 1% [NH2]-COF and
100% [NH2]—-COF exhibited partial desorption of the bound PFAS between the 1- and the 24- hour
time points. This effect was less pronounced for 28% [NH2]-COF (Table 2.S7). Partial desorption
was also observed in experiments conducted only with GenX (Figure 2.S15), ruling out
competitive adsorption as an explanation. We are currently investigating the nature of these effects,
which indicate a slow, dynamic change to these COFs that is not observed in the 28%[NH2]-COF
adsorbent. Finally, we benchmarked the GenX adsorption by 28% [NH2]-COF against a granular
activated carbon (GAC, particle size >1000 um) and a powdered activated carbon (PAC, particle
size 10-75 um) at environmentally relevant concentrations (Figure 2.3c). 28%|NH:]-COF
outperformed both GAC and PAC in these experiments, in which GAC removed 0%, PAC removed
72%, and 28%[NH2]-COF removed 91% of GenX after 30 min. These combined observations
indicate that amine-functionalized 2D COFs are outstanding candidates for GenX and broad-

spectrum PFAS removal.
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2.5 Conclusion

In conclusion, we incorporated a varying density of amine functionalities into the pores of imine-
linked COFs while maintaining high surface areas (>1000 m?/g). The amine-functionalized COFs
show rapid uptake and high affinity for adsorbing GenX and other PFAS that is strongly influenced
by the amine loading. Among the amine-functionalized imine COFs, 20%[NH2]-COF showed
the highest uptake of GenX at high concentrations ([GenX]o = 0.2 and 50 mg L!) and 28%[NHz]—-
COF showed the most rapid and the highest uptake of GenX and twelve other PFAS at
environmentally relevant concentrations, suggesting that the ideal composition of amines for
removing PFAS is in this range. The well-defined COF structure and relationships between amine
loading and PFAS binding also suggest general design criteria to improve the performance of other

adsorbent classes.
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2.7 Chapter 2 Appendix

2.7.1 Materials and Instrumentation

Materials. Reagents were purchased in reagent grade from commercial suppliers and used
without further purification, unless otherwise described. Anhydrous solvents (CH2Clz, DMF,
THF, CH3CN, toluene, and CH3OH) were obtained from a solvent purification system (JC Myer
System). 2-(2-Azido-ethoxy)-ethanol (S2),%® 2-(2-azido-ethoxy)-ethyl 4-
methylbenzenesulfonate (S3),34 and 2,5-hydroxy-1,4-dibenzaldehyde (S5)3'* were prepared

using literature procedures.

Instrumentation. Infrared spectra were recorded using a Nicolet iS10 FT-IR spectrometer

equipped with a ZnSe ATR.

Sonication was performed with a Branson 3510 ultrasonic cleaner with a power output of 100W

and a frequency of 42 kHz.

Proton nuclear magnetic resonance (*H NMR) spectra and carbon nuclear magnetic resonance
(*3C NMR) spectra were recorded at 25 °C on Bruker Avancelll-500 MHz. The spectra were
calibrated using residual solvent as internal reference (CDCls: 7.26 ppm for *H NMR, 77.00 for

13C NMR).

High-resolution mass spectra were acquired on Agilent 6210A LC-TOF mass spectrometer, with
Atmospheric Pressure Photoionization (APPI) as an ionization source. The instrument is
equipped with an Agilent Series 1200 HPLC binary pump, and autosampler, using Mass Hunter

software. The samples were run using direct injection.
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Elemental analyses were performed on an Elementar Vario Cube EL CHNS elemental analyzer
by Integrated Molecular Structure Education and Research Center (IMSERC) at Northwestern

University.

The supercritical CO drying was performed in Tousimis Samdri-795 critical point dryer. Prior to
the supercritical drying process, all samples were placed in tea bags (ETS Drawstring Tea Filters,
sold by English Tea Store) while wet. The tea bags containing the samples were then placed in
the drying chamber. The drying chamber was first sealed, cooled, and filled with liquid CO2, and
after 2 min, the samples were vented quickly. This fill-vent cycle was repeated 20 times after
which the CO2 source was turned off and the temperature was raised to 30 °C resulting in a
chamber pressure of around 1300 psi, which is well above the critical point of CO,. The chamber

was held above the critical point for 5 min, and the pressure was released over a period of 5 min.

Powder X-ray diffraction (PXRD) patterns were obtained at room temperature on a STOE-
STADI MP powder diffractometer equipped with an asymmetric curved Germanium
monochromator (CuKa radiation, A = 1.54056 A) and one-dimensional silicon strip detector
(MYTHEN2 1K from DECTRIS). The line focused Cu X-ray tube was operated at 40 kV and 40
mA. The as-obtained powder samples were sandwiched between two acetate foils (polymer
sample with neither Bragg reflections nor broad peaks above 10° 20) mounted in flat plates with
a disc opening diameter of 8 mm and measured in transmission geometry in a rotating holder.
The patterns were recorded in the 20 range of 0-32° for an overall exposure time of 24 min. The

instrument was calibrated against a NIST Silicon standard (640d) prior to the measurement.
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Gas adsorption isotherms were conducted on a Micromeritics ASAP 2420 Accelerated Surface
Area and Porosity Analyzer using 15-50 mg samples in dried and tared analysis tubes equipped
with filler rods and capped with a Transeal. Two different degassing procedures were performed
for X%|[N3]-COFs and X%[NH2]-COFs. For X%][N3z]-COFs, samples were heated to 40 °C at
a rate of 1 °C/min and evacuated at 40 °C for 20 min, then heated to 100 °C at a rate of 1 °C/min
heat and evacuated at 100 °C for 5 h. For X%[NH2]-COFs, samples were evacuated at 25 °C for
15 h. After degassing, each tube was weighed again to determine the mass of the activated
sample and transferred to the analysis port of the instrument. UHP-grade (99.999% purity) N2
was used for all adsorption measurements. N2 isotherms were generated by incremental exposure
to nitrogen up to 760 mmHg (1 atm) in a liquid nitrogen (77 K) bath. Oil-free vacuum pumps
and oil-free pressure regulators were used for all measurements. Brunauer-Emmett-Teller (BET)
surface areas were calculated from the linear region of the N2 isotherm at 77 K within the

pressure range P/Po of 0.05-0.20.

X-ray photoelectron spectroscopy (XPS) was performed on an ESCALAB 250Xi (ThermoFisher
Scientific). COF powder samples were prepared on a carbon tape. A 500 um spot size was used
to illuminate the sample with monochromatic Al Ka radiation (1486.6 eV) and an electron flood
gun was used for charge compensation. Survey and high-resolutions scans were performed at
150 and 50 eV pass energies respectively. Spectra were processed and analyzed using the native
Advantage Software. All peaks were referred to with the C 1s peak binding energy (284.8 eV). A

SMART background was subtracted before peak deconvolution and integration.

Thermogravimetric analysis (TGA) was performed on a Mettler Toledo SDTA 851

Thermogravimetric Analysis System using 10—15 mg of sample. The samples were heated to
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designated temperature at a rate of 10 °C/min and held at that temperature for 10 min under a

nitrogen atmosphere.

Scanning electron microscopy (SEM) images of the osmium-coated 100%[N3]-COF and

100%[NH2]-COF samples were taken on a Hitachi S4800 cFEG SEM.

Zeta potential measurements were performed at 25 °C on a Nano Zetasizer (Malvern Instruments
Ltd.) with a He-Ne laser (633 nm, Max 5 mW). 10 mg of a COF sample was added into a
polypropylene vial with 1 mL 0.1 M phosphate buffer and 9 mL Milli-Q water to yielda 1 g L
suspension. The suspension was sonicated for 1 minute and then stirred on a multi-position
stirrer for 2 h at 500 rpm to disperse small aggregates. The suspension was then diluted by
putting 1 mL of the 1 g L ™! stock into a polypropylene vial with 0.9 mL 0.1 M phosphate buffer

and 8.1 mL Milli-Q water to yield a 0.1 g L1 suspension.

GenX removal experiments were performed at 25 °C on a stir plate with a 500 rpm stirring rate.
Aqueous samples from high concentration GenX adsorption experiments (200 ug L to 100 mg
L) were filtered with a 0.2 um inorganic syringe filter (Whatman). Low concentration (1 pg L~
1Y PFAS kinetic and equilibrium experiments were performed at 23 °C on a stir plate with a 460
rpm stirring rate. Aqueous samples from low concentration adsorption experiments were filtered
with a 0.45 um cellulose acetate filter (Restek). Control experiments were performed in the exact

same procedure with the absence of COF. All experiments were performed in triplicate.

Quantification of GenX (200 ug L to 100 mg L) from the adsorption studies (kinetic
experiments at [GenX]o = 200 pug L and isotherm experiments) was conducted using Agilent

1200 Series high performance liquid chromatography (LC) coupled with an ESI-ion trap mass
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spectrometer (MS) Bruker Amazon X (USA). The mobile phase consisted of (A) Milli-Q water
and (B) HPLC-grade methanol: water = 85:15 (Sigma Aldrich, USA), each amended with 10
mM ammonium acetate (Sigma Aldrich, USA). Samples were injected at 5 uL volumes and were
loaded onto a ZORBAX Eclipse Plus (Agilent, Santa Clara, CA) C18 column (2.1mm x 50 mm,
particle size 3.5 um) with a loading pump delivering 400 pL min~* of a mobile phase consisting
of 85% B. The column temperature was held constant at 40 °C. The HPLC-MS was operated
with electrospray ionization in negative polarity mode. Matrix-matched calibration standards (n
= 7) were prepared with concentrations ranging between 10 pg L to 200 pug L for external
calibration. Analytes were quantified from calibration standards based on the GenX responses by
S-3 linear least-squares regression. Calibration curves were run at the beginning of the analytical
run. Instrument blanks were run before and after the calibration curve and each batch of triplicate

samples.

Quantification of PFAS from the adsorption studies at [PFAS]o = 1 ug L was conducted using
large volume injection and high performance liquid chromatography (LC) coupled with a
quadrupole-orbitrap mass spectrometer (QExactive, ThermoFisher Scientific) according to EPA
Method 537. Briefly, the mobile phase consisted of (A) Milli-Q water amended with 20 mM
ammonium acetate and (B) HPLC-grade methanol. Samples were injected at 5 mL volumes onto
a Hypersil Gold C18 12um 2.1 x 20mm trap column (ThermoFisher Scientific) and were eluted
onto an Atlantis C18 5um 2.1 x 150mm analytical column (Waters) with a gradient pump
delivering 300 uL min of a mobile phase gradient starting at 40% B. The column temperature
was held constant at 25 °C. The HPLC-MS was operated with electrospray ionization in negative

polarity mode. Matrix-matched calibration standards (n = 9) were prepared with concentrations
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ranging between 1 ng L™ to 1000 ng L for external calibration. Analytes were quantified from
calibration standards based on the PFAS responses by linear least-squares regression. Calibration
curves were run at the beginning of the analytical run. Instrument blanks were run before and

after the calibration curve and each batch of triplicate samples.
2.7.2 Synthetic Procedures
Brief Guidelines for the Safe Handling of Azides

Organic azides are potentially explosive and shock sensitive under external energy sources, such
as light, heat, friction, and pressure. Therefore, azides require precaution during preparation,

storage, handling and disposal.
Stability of Organic Azides
Carbon to Nitrogen Ratio

e With few exceptions, the number of nitrogen atoms should not exceed the number of

carbon atoms in an organic azide (C/N > 3).
Rule of Six

e “Rule of Six” is another method of assessing the stability of an organic azide, which states
that there should be no less than six carbons (or other atoms about the same size) per
energetic functional group (azide, diazo, nitro, ...).3*® Less than six carbons per functional

group can result in the material being explosive.

Preparation and Handling
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Acidic and Aqueous Materials

e Azides should never be mixed with acidic and aqueous materials. The mixture can lead to

the formation of hydrazoic acid, which is highly toxic and explosive.

Metals

e Azides should never be mixed with metals. The mixtures can lead to the formation of

Halogenated Solvents

e Halogenated solvents, such as dichloromethane and chloroform, should never be used for
reactions or workup procedures in the presence of azides as their mixing can result in the

formation of di- and tri- azidomethane, which are explosive.

Storage

e Azides should be stored separately from bromine, carbon disulfide, chromyl chloride,

dimethyl sulfate, acids, and heavy metals and their salts.

e Azides should be stored in plastic amber containers and away from light.

Disposal

e Azide-containing waste must be collected separately and labelled cleared detailing the
specific azide and any additional compatible chemical substituents.
e Organic azides should be converted to a stable derivative, such as amines, prior to the

disposal.
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e All azide-containing materials should be disposed through university or corporate chemical

waste system.

e DO NOT combine azide and acidic wastes — this can produce highly toxic and explosive

hydrazoic acid.

More resources:

ACS C&E News safety portal: http://pubs.acs.org/cen/safety/

Kolb, H. C.; Finn, M. G.; Sharpless, K. B., Click Chemistry: Diverse Chemical Function from a

Few Good Reactions. Angew. Chem. Int. Ed. 2001, 40, 2004-2021.3%°
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Scheme 2.S1
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Synthesis of 2-(2-azido-ethoxy)-ethanol (S2): To a 500 mL flame-dried round bottom flask, a
solution of 2-(2-chloro-ethoxy)-ethanol (S1, 35.4 g, 284 mmol) in deionized H.O (180 mL) and
NaNs3 (46.2 g, 710 mmol, 2.5 equiv) were added. The reaction mixture was stirred at 80 °C under
a nitrogen atmosphere for 18 h then poured into a NaOH solution (5% (w/v), 300 mL) and extracted
with diethyl ether (5 x 300 mL). The organic layer was dried over MgSQO4 and evaporated to
dryness to afford S2 as a colorless oil (27.7 g, 75%). NMR data was consistent with those

previously reported.3*

Scheme 2.S2

p-TsCl / NEt,
N3\/\O/\/OH > N3 \/\O/\/OTS
CH,Cl, /N, /0°C
S2 S3
72%

Synthesis of 2-(2-azido-ethoxy)-ethyl4-methylbenzenesulfonate (S3): To a 1000 mL flame-
dried round bottom flask, a solution of 2-(2-azido-ethoxy)-ethanol (S2, 20.0 g, 153 mmol) in dry
CH2Cl> (600 mL) and EtsN (27 mL, 184 mmol, 1.5 equiv) were added. The reaction mixture was
cooled to 0 °C and p-TsClI (34.8 g, 184 mmol, 1.2 equiv) was added. The solution was stirred at O

°C for 1 h, allowed to warm to room temperature and stirred for another 17 h under a nitrogen
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atmosphere. The solution was washed with NaHCO3 (3 x 800 mL), H20 (3 x 800 mL), and brine
(3x 800 mL), dried over MgSOs, and evaporated to dryness to afford S3 as a colorless oil (31.3 g,

72%). NMR data was consistent with those previously reported.*3

Scheme 2.S3
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Synthesis of 2,5-hydroxy-1,4-dibenzaldehyde (S5): To a flame-dried 250 mL round bottom
flask, a solution of 2,5-dimethoxy-1,4-dibenzaldehyde (S4, 3.0 g, 15 mmol) in dry CH.CI, (100
mL) was added. The reaction mixture was cooled to 0 °C and BBr3 (1.0 M in CH2Cly, 42 mL) was
added dropwise. The solution was stirred at 0 °C for 3 h and diluted with H20 (150 mL), and the
organic layer was separated. The aqueous layer was extracted with hot EtOAc (3 x 120 mL) and
the combined organic layer was dried over MgSOa, filtered, and evaporated to dryness.
Recrystallization from boiling EtOAc afforded S5 as an orange crystal (2.2 g, 84%). NMR data

was consistent with those previously reported.3'4
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Scheme 2.54
20 S3 _0
OH K2COs . O~ ANs
o DMF /N, /80 °C N~Oo
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Synthesis of 2: As per a similar literature procedure,®'* to a flame-dried 1000 mL round bottom
flask, a solution of 2,5-hydroxy-1,4-dibenzaldehyde (S5, 4.0 g, 24 mmol) and 2-(2-azido-ethoxy)-
ethyl4-methylbenzenesulfonate (S3, 16.4 g, 57 mmol, 2.4 equiv) in dry DMF (400 mL) was added,
followed by K>COs (26.0 g, 193 mmol). The reaction mixture was stirred at 80 °C for 18 h, diluted
with water (1000 mL), and extracted with hot EtOAc (5 x 600 mL). The combined organic layer
was dried over MgSOs, filtered and evaporated to dryness. Silica gel column chromatography
(hexane/EtOAc = 3/2) afforded 2 as a yellow crystal (8.2 g, 88%). 2: *H NMR (500 MHz, CDCls)
§10.51 (s, 2H), 7.46 (s, 2H), 4.28-4.26 (m, 4H), 3.90-3.88 (m, 4H), 3.73-3.71 (t, J = 4.9 Hz, 4H),
3.40-3.38 (t, J = 5.0Hz, 4H) 3C NMR (126 MHz, CHCl3) 5 189.11, 155.10, 129.48, 112.17, 70.34,
69.45, 68.76, 50.65 ppm. IR (solid, ATR) 3347, 2934, 2881, 2858, 2137, 2115, 2081, 1678, 1485,
1445, 1427, 1399, 1386, 1358, 1339, 1278, 1244, 1237, 1213, 1122, 1091, 1071, 1058, 990, 954,
942, 878, 857, 830, 703 cm™. HRMS calculated for [CisH20NaNsOsNa*] 415.1337, found:

415.1348.

Synthesis of X%][Ns3]-COFs: A 20 mL scintillation vial was charged with 1,3,5-tris(4-
aminophenyl)benzene (1, 105 mg, 0.3 mmol) and 2/3(total of 0.45 mmol) at different molar ratios

of 100/0, 75/25, 50/50, 25/75, 17/83, 8/92, 1/99, and 0/100. A 1,4-dioxane / mesitylene solution
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(4:1 viv, 12 mL) was added, and the resulting suspension was sonicated at room temperature until
the monomers were fully dissolved. Glacial CH3CO2H (3.6 mL) and H20O (2.4 mL) were added,
and the resulting solution was heated at 90 °C for 72 h. The reaction mixture was transferred to a
tea bag and washed with methanol in a Soxhlet extractor for 18 h. The material was then activated
by supercritical CO followed by drying under vacuum at room temperature for 5 h that afforded
X%[N3]-COFs as a yellow solid in isolated yields of 100%%[N3]-COF (200 mg, 75%), 75%[Ns]-
COF (142 mg, 60%), 50%[Ns]-COF (117 mg, 56%), 28%[Ns]-COF (87 mg, 48%), 20%[Ns]-
COF (81 mg, 48%), 109%[N3]-COF (71 mg, 45%), 1%[Ns]-COF (56 mg, 37%), and 0%[Ns]-

COF (51 mg, 34%).

Synthesis of X%[NH2]-COFs: To a flame-dried 25 mL round bottom flask, a suspension of
X%|[N3]-COF (100 mg, 0.34 mmol by imine) in dry CH30OH (10 mL) was added, followed by
PPhs (1.3 g, 5.1 mmol, 15 equiv). After 24 h at 25 °C, the suspension was filtered in a tea bag and
immersed in 4% (v/v) H20 in acetone for 18 h and in methanol for 3 h. The material was subjected
to the supercritical CO> drying followed by the vacuum drying at room temperature for 5 h that
afforded X%[NH2]-COFs as a yellow solid in isolated yields of 100%%[NH2]-COF (89 mg, 97%),
75%[NH2]-COF (91 mg, 98%), 50%[NH2]-COF (83 mg, 88%), 28%[NH:]-COF (95 mg,
98%), 20%[NH2]-COF (93 mg, 95%), 10%[NH2]-COF (89 mg, 90%), and 1%[NH2]-COF (87

mg, 87%).



76

2.7.3 Batch Adsorption Studies of GenX and Regeneration

I. Batch adsorption studies

The batch adsorption experiments at 200 ug L™ and 50 mg L™ of GenX (Figure 2.2) were
performed in 20 mL polypropylene scintillation vials with magnetic stir bars. The experiments
were conducted at 23-24 °C on a stirring hot plate with the stirring rate at 500 revolutions per
minute (rpm). The adsorbent dose was 100 mg L! and GenX stock solution was spiked to generate

an initial concentration of 200 ug Lt or 50 mg L.

Prior to GenX adsorption experiments, vacuum-dried adsorbents were rehydrated. 20 mg of
adsorbent was added to a polypropylene vial with 20 mL Milli-Q water to yield a 1 g L™
suspension. The suspensions were sonicated for 1 min and stirred on a multi-position stirrer for 1
h at 500 rpm to disperse small aggregates. Following this procedure, adsorbent solution (2 mL, 1
g L), GenX solution (4 mL, 1 mg L) and Milli-Q water (14 mL) were added to a 20 mL
polypropylene scintillation vial to generate an initial GenX concentration of 200 ug Lt and
adsorbent concentration of 100 mg L1. To generate an initial GenX concentration of 50 mg L
and adsorbent concentration of 100 mg L™, adsorbent solution (2 mL, 1 g L), GenX solution (0.5
mL, 2 g L) and Milli-Q water (17.5 mL) were added to a 20 mL polypropylene scintillation vial.
Samples were collected in 1 mL volumes after 22 h and filtered with a 0.2 pm inorganic syringe
filter (Whatman). Control experiments to account for GenX losses were performed in the same
condition except for the addition of adsorbents, and samples were collected after 22 h. All batch

experiments were performed with triplicates.

The efficiency of GenX removal by adsorbents was determined by Eq. 2.S1:



7

Equation 2.S1:

GenX Removal = % * 100
0

where Co (ug L) and C; (ug L) are the initial and residual concentration of GenX in the stock

solution and filtrate, respectively.
The amount of pollutant bound to the sorbent was determined by Eq. 2.52:

Equation 2.S2:

Co—Ce
Ca

q: =

where g: (mg g ) is the amount of GenX adsorbed on the solid phase at any time t(h); Co (ng L)
is the average concentration of GenX in the samples of the control experiments; Ct (ug L™?) is the
concentration of GenX in the liquid phase at any sample time t(h); and Ca (mg L) is the
concentration of adsorbent. The batch kinetics can be described with Ho and McKay’s pseudo-

second-order adsorption model in a linearized form by Eq. 2.S3:

Equation 2.S3:

t t 1

qt qe kobsqg

where ge (mg g1) is the amount of GenX adsorbed on the solid phase at equilibrium; and Kops

(g/(mg*h)) is the rate constant of adsorption.
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I1. Kinetic adsorption studies

The batch kinetic experiments at 200 pg L™ of GenX (Figure 2.515) were performed in 20 mL
polypropylene scintillation vials with magnetic stir bars. The experiments were conducted at 23-
24 °C on a stirring hot plate with the stirring rate at 500 revolutions per minute (rpm). The
adsorbent dose was 400 mg L™ and GenX stock solution was spiked to generate an initial

concentration of 0.2 mg L.

Prior to GenX adsorption experiments, vacuum-dried adsorbents were rehydrated. 8 mg of
adsorbent was added into a polypropylene vial with 16 mL Milli-Q water to yield a 500 mg L
suspension. The suspensions were sonicated for 1 minute and stirred on a multi-position stirrer for
2 h at 500 rpm to disperse small aggregates. Following this procedure, GenX solution (4 mL, 1 mg
L!) was added to each suspension. Samples were collected in 1 mL volumes at predetermined
sampling times (0, 0.5, 1, 5, 10 min and 22 h) and filtered with a 0.2 um inorganic syringe filter
(Whatman). Control experiments to account for GenX losses were performed in the same condition
except for the addition of adsorbents, and samples were collected after 22 h. All batch experiments

were performed with triplicates.

I11. Isotherm adsorption studies.

The batch isotherm experiments (Figure 2.519-2.520) were performed in 20 mL polypropylene
vials with magnetic stir bars. The experiments were conducted at 23-24 °C on a stirring hot plate
with the stirring rate at 500 revolutions per minute (rpm). The adsorbent dose was 100 mg L~* and
GenX stock solution was spiked to generate initial concentrations of 0.2, 1, 10, 20, 30, 50, 100 mg

Lt The suspensions were stirred for 22 h to reach the equilibrium, then filtered by 0.2 pm
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inorganic syringe filters (Whatman) to remove any remaining solid. Control experiments to
account for GenX losses were performed in the same condition except for the addition of
adsorbents, and samples were collected at 22 h. All batch experiments were performed with

triplicates.

Langmuir adsorption and Freundlich isotherm fits were generated by Non-linear Least Square

Regression in Eq. 2.54 and 2.S5:

Equation 2.54:

1 1 1

S
qe dm CeXQmXKL

where ge (mg g?) is the amount of GenX adsorbed at equilibrium. gm (mg g2) is the maximum
adsorption capacity of adsorbent at equilibrium. Ce (mg L) is the residual GenX concentration at

equilibrium. K¢ (L mg™) is the equilibrium constant.

Equation 2.S5:

1
e = KFCG?
where ge (Mg g 1) is the amount of GenX adsorbed at equilibrium. Ce (mg L™?) is the residual GenX
concentration at equilibrium. Ke (mg g)(L mg™)*" is the Freundlich constant. n is an indicator

of the intensity of the adsorption.
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IV. Low concentration kinetics and equilibrium studies

The batch experiments at 1 ug L™ of PFAS (Figure 2.3) were performed in 125 mL polypropylene
flasks with magnetic stir bars. The experiments were conducted at 23 °C on a stirring hot plate
with the stirring rate at 460 revolutions per minute (rpm). The adsorbent dose was 10 mg L~ and

PFAS stock solution was spiked to generate an initial concentration of 1 ug L.

Prior to experiments, vacuum-dried adsorbents were rehydrated as described in the preceding.
Samples were collected in 8 mL volumes at predetermined sampling times (0, 0.5, 1, 5, 10, 30, 60
min and 24 h) and filtered with a 0.45 um cellulose acetate filter (Restek). Control experiments to
account for PFAS losses were performed in the same condition except for the addition of
adsorbents, and samples were collected at each time point. All batch experiments were performed

with triplicates.

V. Regeneration Studies

Adsorption Experiments: 20 mg of adsorbent (28%[NH2]-COF) was added to a polypropylene
vial with 20 mL Milli-Q water to yield a 1 g L suspension. The suspensions were sonicated for
1 min and stirred on a multi-position stirrer for 1 h at 500 rpm to disperse small aggregates.
Following this procedure, adsorbent solution (2 mL, 1 g L) was passed through a 10 mL syringe
fitted with a 0.2 um hydrophilic PTFE filter (Chromafil) to pack the adsorbent into the filter. A
GenX solution (2 mL, 10 mg L™) was then passed through the syringe for 10 seconds and the

GenX concentration of the filtrate was measured by LC-MS.
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Desorption Experiments: GenX-loaded adsorbent in the syringe filter was regenerated by
washing the adsorbent in the filter with 2 mL of Milli-Q water and by passing 10 mL of CH3OH
through the filter for 10 seconds. The CH3OH filtrate was concentrated under vacuum, and the

residual solid was dissolved in Milli-Q water and measured by LC-MS to determine the

concentration of recovered GenX.

2.7.4 Additional Characterization

Table 2.1 The C, H, and N elemental analysis of X%[N3z]-COFs

COF (Type) C [%] N [%] H [%]
100%([Ns]-COF Theoretical 65.07 18.97 5.12
Experimental 64.10+0.07 17.9+0.2 5.33+0.01
75%][Ns]-COF Theoretical 68.49 17.31 491
Experimental  67.6+ 0.2 16.4+0.2 5.26 + 0.06
50%[Ns]-COF Theoretical 72.81 15.17 5.02
Experimental  70.38+0.03 14.7+0.2 5.22 +0.06
28%][Ns]-COF Theoretical 77.87 12.74 4.96
Experimental  74.4+ 0.4 1190+ 0.2 52+0.1
20%][Ns]-COF Theoretical 80.06 11.67 4.93
Experimental  78.6 + 0.2 112+ 04 52+04
10%[Ns]-COF Theoretical 83.15 10.17 4.90
Experimental 79.310.1 9.7+0.1 52+0.1
1%[N3]-COF Theoretical 86.34 8.61 4.86
Experimental 82.9x0.4 85+0.1 51+0.1




Table 2.52 The C, H, and N elemental analysis of X%[NH2]-COFs

COF (Type) C [%] N [%] H [%]
100%[NH2]-COFs Theoretical 71.35 10.40 6.36
Experimental  70.3+ 0.4 9.35+0.04 6.56 + 0.05
75%][NH2]-COFs Theoretical 73.89 10.06 6.10
Experimental  71.84+0.06 9.20 £ 0.09 6.5+£0.1
50%][NH2]-COFs Theoretical 77.22 9.65 5.79
Experimental  74.4+0.2 9.12+0.08 5.97 £ 0.04
28%[NH2]-COFs Theoretical 80.78 9.19 5.44
Experimental 78.22+0.06 9.1+0.1 5.53+0.03
209%[NH2]-COFs Theoretical 82.29 9.00 5.29
Experimental  79.8+ 0.2 8.86 + 0.04 54+0.1
10%[NH2]-COFs Theoretical 84.38 8.73 5.08
Experimental 81.44+0.04 88+0.1 5.11+0.06
1%[NH2]-COFs Theoretical 86.47 8.46 4.88
Experimental  83.0+ 0.2 85+0.2 5.01+0.06
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Table 2.S3 Surface areas and pore sizes of X%][N3]-COFs and X%[NH2]-COFs. The errors in
the BET surface areas were determined from the standard deviation of independently prepared

samples.

COF (Type) Seet (M?/g) Pore Size Pore Volume Number of
(nm) (cm®/g) Samples

100%[N3]-COF 1100 + 150 2.6 0.66 14
75%|[N3]-COF 1200 £ 200 2.7 0.75 3
5096[N3s]-COF 1450 + 30 2.7 0.90 3
28%|[N3]-COF 1600 £ 100 3.0 0.95 2
20%[N3]-COF 1600 + 80 3.0 1.03 3
10%[N3]—-COF 1900 + 100 3.1 1.08 2
1%[N3]-COF 2000 * 400 3.2 1.69 2
0%][N3]-COF 2000 = 20 34 1.44 2
100%[NH:]—-COF 1000 £ 70 2.6 0.59 3
75%[NH2]-COF 1500 £ 100 2.6 0.87 3
50%[NH2]-COF 1600 £ 100 3.0 0.93 3
28%[NH2]-COF 1900 £ 200 3.0 1.06 3
20%[NH2]-COF 1800 £ 50 3.0 1.22 2
10%[NH2]-COF 1900 + 20 3.2 1.25 2
1%][NH2]-COF 2033 3.2 1.44 1




84

Table 2.54 Zeta potential measurements

COF (Type) Zeta Potential (mV)
100%[N3]-COF -7+3
0%][N3]-COF -6t4
1009%6[NH:]-COF 13+5
75%[NH2]-COF 6+3
50%[NH2]-COF 2+7
289%[NH2]-COF 5+3

Table 2.S5 Langmuir and Freundlich Parameters Derived from Plots of the GenX Binding

Isotherm.
COF Langmuir Fit Freundlich Fit
Ki M')  Qm(mg/g) R?> Kr(mg/g)(L/mg)/™ n R?
100%[NH:]-COF  7.2-10* 130 0.96 40 3.7 0.87

28%[NH:2]-COF 6.3-10* 200 0.99 64 3.6 0.97
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Table 2.S6 Comparison of GenX kinetic and thermodynamic adsorption parameters by other

adsorbents in literature. For this paper, the kinetic and adsorption parameters were determined at

23 °C.
Kinetic Langmuir Isotherm
Reference Adsorbent Matrix | [Adsorbent] | [PFAS]o Kobs Qnm KL
(mgL™® | (mgL?) | (@mg* | (mgg™) | (L mmol™)
h)

Milli-Q 10 [GenX]o 8530 130 72

This Paper 100%[NH]-COF =0.001
Milli-Q 10 [PFHpA]o | 9710 N/A N/A

=0.001
Milli-Q 10 [GenX]o | 16400 200 63

28%|[NH,]-COF =0.001
Milli-Q 10 [PFHpA]o | 6300 N/A N/A

=0.001
Milli-Q 10 [GenX]o | 1300 N/A N/A

1%[NH2]-COF =0.001
Milli-Q 10 [PFHpAJo | 3300 N/A N/A

=0.001
Water Sci. GAC Milli-Q 1000 [PFHpA]o | 0.457 N/A N/A

Technol. 2011, 63, =5
2106-2113.3%6
Chemosphere GAC Milli-Q 200 [PFHpA]o | 5.10 41.3 15
2016, 144, 2336- =10
2342 3%

The rates of adsorption were best described by Ho and McKay’s pseudo second-order adsorption

model,®*® which provides a figure-of-merit for how quickly an adsorbent reaches equilibrium,

Kobs. Since there are no reported kinetics of GenX adsorption by other adsorbents, we compared

the Kinetics of perfluoroheptanoic acid (PFHpA) adsorption, which was the most similar to GenX

among our chosen PFAS in terms of removal Kinetics and equilibrium removal, with those by

granular activated carbon (GAC) in literature. The Qm of 28%[NH2]-COF is more than 2.7
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times higher and Ky is more than 7.2 times greater than those of granular activated carbon (GAC)

for PFHpA.3Y

Table 2.S7 Desorption observed between the 60-minute and the 24-hour time points using

[PFAS]o of 1 pg L* and [COF] of 10 mg L.

COF PFAS Removal % Removal % Desorption %
at 60 min at24 h
PFBA 47 35 12
100%[NH]-COF PFDoA 97 92 5
PFTrDA 97 90 7
PFBS 85 81 4
PFBA 23 0 23
PFHXA 63 0 63
GenX 57 0 57
PFHpA 81 28 53
196[NHz]-COF PFOA 90 51 39
PFNA 93 69 24
PFDA 95 73 22
PFDoA 96 68 28
PFBS 70 19 51
PFHXS 93 65 28

PFOS 96 89 7
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Table 2.S8 Incorporation ratios estimated from quantitative IR analysis. Normalized azide
absorbance at 2098 cm™ to the imine at 1618 cm™ was used for estimation. Errors show the

standard deviation of three independent measurements.

Feed Calculated
Ratios (%) Incorporation Ratios (%)

75 75+ 2

50 50+3

25 28+ 2

17 20+ 2

8 102

1 1+1
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Figure 2.S1 PXRD patterns of 100%[Ns]-COF using 6M CHsCOzH (pink) or Sc(OTf)3

(purple)®®® as a catalyst. The patterns are normalized at the (100) peak at 2.8°.
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Figure 2.S2 Nz adsorption isotherm of 100%[Ns]-COF using 6M CH3CO2H (pink) or Sc(OTf)3
(purple)®™® as a catalyst. Solid and open circles represent the adsorption and desorption branches,

respectively.
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Figure 2.S3 Fourier transform-infrared (FT-IR) spectra of 100%][Ns3]-COF (red) and
100%][NH2]-COF after the Staudinger reaction in CH3OH (orange), CH2Cl, (yellow), DMF
(green), THF (blue), CH3CN (indigo), and toluene (purple). The traces of the colors are being

described from top-to-bottom.

The extent of reduction in X%[NH2]-COFs was highly solvent-dependent. The reduction
performed in CH2Cl>, DMF, THF, CH3CN, and toluene did not go to completion after 24 hours,
as evidenced by the small azide stretch (Figure 2.S3). Quantitative conversion of azides to amines

was achieved only in CH3OH, consistent with previous reports.320 321
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Figure 2.54 Fourier transform-infrared (FT-IR) spectra of X%[N3]-COFs corresponding to the

concentration of azides or amines (X) of 75% (orange), 50% (yellow), 28% (green), 20% (blue),

10% (indigo), 1% (purple). The traces of the colors are being described from bottom-to-top.
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Figure 2.S5 Fourier transform-infrared (FT-IR) spectra of X%[NH2]-COFs corresponding to the

concentration of azides or amines (X) of 75% (orange), 50% (yellow), 28% (green), 20% (blue),

10% (indigo), 1% (purple). The traces of the colors are being described from bottom-to-top.
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Figure 2.56 X-ray photoelectron spectra of 100%[Ns]-COF (pink) and 100%[NH2]-COF (blue).

Left shows X-ray photoelectron spectra of P 2p core level.

Figure 2.S7 Scanning electron microscopy (SEM) images of of 100%][N3]-COF (pink) and

100%[NH2]-COF (blue).
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Figure 2.S8 Representative PXRD patterns of X%][N3]-COFs and X%][NH2]-COFs
corresponding to the concentration of azides or amines (X) of 100% (red), 75% (orange), 50%
(yellow), 28% (green), 20% (blue), 10%o (indigo), and 1% (purple) normalized at the (100) peak

at2.8".
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Figure 2.S9 Representative N adsorption isotherms of X%][N3]-COFs and X%[NH2]-COFs
corresponding to the concentration of azides or amines (X) of 100% (red), 75% (orange), 50%
(yellow), 28% (green), 20% (blue), 10% (indigo), and 1% (purple). Solid and open circles

represent the adsorption and desorption processes, respectively.
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Figure 2.S10 Representative pore size distributions (determined from nonlocal density functional
theory analysis of each nitrogen adsorption isotherm) of X%[N3s]-COFs and X%[NH2]-COFs
corresponding to the concentration of azides or amines (X) of 100% (red), 75% (orange), 50%

(yellow), 28% (green), 20% (blue), 10% (indigo), and 1% (purple).
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Figure 2.511 PXRD pattern of 0%[N3]-COF.
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Figure 2.S12 N adsorption isotherm of 0%[Ns]-COF. Solid and open circles represent the

adsorption and desorption processes, respectively.
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Figure 2.S13 Thermogravimetric Analysis (TGA) of 2 (yellow), 100%[Ns]-COF (pink) and

100%[NH2]-COF (blue).
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Figure 2.514 GenX removal percentage ([GenX]Jo = 200 ug L) by equal mass concentrations
(400 mg L) of 100%[N3]-COF (pink), 100%[NH2]-COF (blue) and 0%[N3]-COF (black)
after the contact time of 22 h. Figures show average GenX removal percentages, and error bars

show the standard deviation of three experiments.
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Figure 2.S15 Kinetics of GenX adsorption by 100%][N3]-COF (pink) and 100%[NH2]-COF
(blue) ([GenX]o = 200 ug LY [COF] = 400 mg L™). Figures show average GenX removal

percentages, and error bars show the standard deviation of three experiments.
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Figure 2.516 Kinetics of GenX adsorption by X%[NH2]-COF ([GenX]o = 200 pg L; [COF] =
100 mg L1). Figures show average GenX removal percentages, and error bars show the standard

deviation of three experiments.
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Figure 2.517 The molar ratio of GenX to amines in X%[NH2]-COFs ([GenX]/[NH:]) calculated

from Figure 2(b) at [GenX]o = 50 mg L~ by equal mass concentrations (100 mg L) of X%[NH2]-

COFs after the contact time of 22 h.
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Figure 2.518 A list of GenX and 12 perfluorinated alkyl substances (PFAS) tested in an adsorption
experiment ([PFAS]o=1 ug L%, [COF] =10 mg L?).
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Figure 2.519 GenX adsorption isotherm of 28%[NH2]-COF ([GenX]o = 0.2-100 mg L*; [COF]
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Figure 2.520 GenX adsorption isotherm of 100%[NH2]-COF ([GenX]o = 0.2-100 mg L*; [COF]

=100 mg L™). Dotted lines show fits to Langmuir (blue) and Freundlich (orange) models. Error

bars show the standard deviation of three experiments.
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Figure 2.521 Kinetics of GenX and PFAS adsorption by 100%[NH2]-COF (Each [PFAS]o = 1

ug LY [COF] = 10 mg LY). Figure shows average PFAS removal percentages, and error bars

show the standard deviation of three experiments.
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Figure 2.522 Kinetics of GenX and PFAS adsorption by 1%[NH2]-COF (Each [PFAS]o =1 pg
L-%; [COF] = 10 mg LY. Figure shows average PFAS removal percentages, and error bars show

the standard deviation of three experiments.
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experiments: [GenX]o = 10 mg L%, [COF] = 2 mg, 10 sec. Desorption: COF was washed with

CH3OH for 10 sec. Error bars: standard deviation of 3 experiments.



2.7.5 Representative BET Plots for N2 Isotherm
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Figure 2.524 BET plot for 100%[N3]-COF using Sc(OTf)3 as a catalyst.
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Figure 2.525 BET plot for 100%%[N3]-COF using 6M CH3COH as a catalyst.
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Figure 2.526 BET plot for 75%][N3]-COF.
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Figure 2.527 BET plot for 50%[N3]-COF.
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Figure 2.528 BET plot for 28%[N3]-COF.
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Figure 2.529 BET plot for 20%6[N3]-COF.
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Figure 2.S30 BET plot for 10%%[N3]-COF.
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Figure 2.531 BET plot for 19%[N3s]-COF.
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Figure 2.532 BET plot for 09%[N3]-COF.
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Figure 2.533 BET plot for 100%[NH2]-COF.
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Figure 2.535 BET plot for 50%[NH2]-COF.



P/(Q (Py-P)) (g/cm?)

0.00040 -

0.00035 -

0.00030 -

0.00025 A

0.00020 A

28%[NH,]-COF :
SBET = 1655 m2/g
Coefficient Values
(v=ax+Db)
a =0.0026

b = 0.00005
R2 = 0.9992

006 0.8 0.10 0.12
P/P,

Figure 2.S36. BET plot for 28%[NH2]-COF.
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2.7.6 'H and *C NMR Spectra
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Figure 2.540 *H NMR spectrum of 2 in CDCls.
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Figure 2.541 Zoomed—in *H NMR spectrum (4.45-3.30 ppm) of 2 in CDCla.
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3. Thermal Depolymerization and Recrystallization of Imine-Linked Two-Dimensional Covalent

Organic Frameworks

3.1 Preface

In this chapter, | discuss thermal depolymerization and recrystallization of imine-linked two-
dimensional (2D) covalent organic frameworks (COFs) that can be employed to improve and
assess COF materials quality. I will briefly outline previous COF mechanistic works reported in
the literature and highlight the need for further studies on the formation and growth of imine COFs
for better understanding of the processes and ultimately improving their qualities. | will then
discuss the advantages of depolymerizing and recrystallizing defective COF networks using
temperature and solubility effects, which draws on inspiration from the thermal dissociation of
molecular imines. This novel synthetic strategy imine COFs results in COF materials of higher
crystallinity and porosity and sheds light on the relationship between the COF crystallinity and

stability.

This work was performed in collaboration with Dr. Leslie Hamachi, Rebecca Li, Nathan Flanders

and Anushree Natraj in the Dichtel group.

3.2 Abstract

A more robust and better mechanistic insight into the formation and growth of imine-linked two-
dimensional (2D) covalent organic frameworks (COFs) is needed to improve their materials
quality and small crystallite sizes, both of which limit the promise of 2D COFs and 2D

polymerization in general. Here we identify the temperature-dependent depolymerization and
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recrystallization of colloidal imine-linked 2D COFs, offering a new means to improve their
crystallinity and overall materials quality. 2D COF colloids prepared at room temperature
depolymerize when their polymerization mixtures are heated to 90 °C. As the solutions are cooled
back to room temperature, the 2D COFs repolymerize and crystallize with improved crystallinity
and porosity, as characterized by XRD, FT-IR and N adsorption isotherms. The evolution of COF
crystallinity during thermal depolymerization and repolymerization processes was characterized
by in situ wide angle X-ray scattering (WAXS), and the concentrations of free COF monomers as
a function of temperature were quantified by variable temperature (VT) H! NMR spectroscopy.
The ability of a 2D COF to depolymerize under these conditions depends on both the identity of
the COF itself and its overall materials quality. For one network formed at room temperature
(TAPB-PDA COF), a first depolymerization process is nearly complete, and the repolymerization
yields materials with dramatically enhanced crystallinity and surface area. These recrystallized
materials only partially depolymerize upon heating the solution a second time. A related 2D COF
(TAPB-DMTA COF) forms initially with improved crystallinity compared to TAPB-PDA COF
and does not depolymerize fully upon heating. These results suggest that crystallinity and network-
dependent properties (e.g., interlayer interaction strength) allow some 2D COFs to resist
depolymerization. These findings offer a new means to recrystallize or solvent anneal 2D COFs
and may ultimately inspire improved methods for forming large imine-linked two-dimensional

polymers from solution.

3.3 Introduction

Two-dimensional (2D) covalent organic frameworks (COFs) are crystalline and permanently

porous polymer networks that polymerize and crystallize into layered structures.?®* 322324 COFs
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325, 326

are highly modular in their topology, pore sizes, composition and functionality, which can

be selected to produce materials with properties of interest for gas storage and separation,?® 327

328 329-332 333-336 337-340 155, 293

catalysis, sensing, membranes, adsorbents and organic electronic
devices.>*!3% Despite this promise, many of the above potential applications for COFs remain
limited by the quality of synthetically accessible crystals.*** To date, isolation of large, single-
crystalline COF crystallites remains rare, with isolated reports of boron-linked 2D COFs,** imine-
linked 3D COFs,**¢ and more exotic 3D COFs based on the dimerization of polyfunctional nitroso
compounds.**’” Improving the quality of imine-linked 2D COFs remains one of the most important
frontiers in 2D polymerization. Conventionally, imine-linked COFs are synthesized
solvothermally at an elevated temperature (90-120 °C) in sealed reaction vials.>**: 3* During
synthesis, heterogeneous COF mixtures are rapidly produced, whose precipitates are unable to
fully participate in reversible bond formation reactions. To address this shortcoming and access

COF materials of higher quality, a deeper mechanistic understanding of 2D polymerization is

needed.

Previous mechanistic studies on the synthesis and activation of imine-linked 2D COFs produced
notable advances in COF materials quality.3 34349 Feriante et al. demonstrated that imine COFs
form more rapidly than previously thought, and that the previously common practice of isolating
and desolvating the COF product via vacuum activation often negatively impacts its bulk
crystallinity and porosity.®*® 30 Improved imine-linked 2D COF polymerizations, remain an
important frontier, as nucleation and growth processes remain difficult to control and poorly
understood. Under typical solvothermal reaction conditions, imine-linked COFs precipitate

rapidly,®*® and this fast rate of formation is suspected to yield COF materials with numerous
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defects. Indeed, in situ mechanistic studies on imine-linked COF formation showed that the imine
COFs first proceed through an amorphous polymer intermediate instead of a direct crystallization
process such as the boron-based COF systems.3*® 35! |t remains an open question whether
development of different reaction conditions could lead to the direct crystallization of imine-linked
COFs, or if the crystallization mechanism of these two materials is inherently different. Various
additional strategies that rely on slowing down COF polymerization rates have been successfully
implemented towards improved COF synthesis, such as the slow addition of monomers,3*® nitrile
solvents®® 3! and the inclusion of monofunctional modulators, which are usually aniline in imine-
linked COF systems.346: 252353 Upon exploring the role of modulators and nitrile solvents in the
synthesis of 2D COF colloids, we unexpectedly found that the COFs underwent temperature-
dependent depolymerization. These results led us to explore thermal depolymerization and
repolymerization of COFs under similar conditions as a potential means to better control COF
formation and improve materials quality.

Here, we report a novel synthetic condition in which defective 2D imine COFs thermally
depolymerize and recrystallize into COF materials of higher crystallinity and porosity. Analogous
to the temperature-dependent hydrolysis of an imine model compound (1) under similar
conditions, colloidal TAPB-PDA COF prepared at room temperature depolymerizes when heated
to 90 °C. Upon cooling the solution, soluble monomers and oligomers repolymerize to provide the
COF material with improved crystallinity and increased surface area, both common markers of
materials quality. These thermal depolymerization and recrystallization process result in the
formation of larger and highly ordered COF crystallites, which is reminiscent of small molecule
recrystallization. The COF depolymerization and recrystallization processes are characterized by

in situ wide-angle X-ray scattering (WAXS) and variable temperature (VT) NMR experiments,
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while COF qualities before and after recrystallization are assessed by powder X-ray diffraction

(PXRD), Fourier-transform infrared spectroscopy (FTIR), and N> adsorption isotherms.

3.4 Results and Discussion
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Figure 3.1 a) Amounts of Free Aldehyde (green diamond) and Imine 1 (orange triangle) present in solution when
Imine 1 was subjected to the heating and cooling cycle, condition that mimic COF recrystallization. b)
Representative VT-NMR spectra and the equilibrium between the monomers (PDA and aniline) and Imine 1.
Concentration of each species was estimated via peak area integration using 1,4-dinitrobenzene was as an internal
standard.

The position of the equilibrium that interconverts the diimine 1 and H>O with terephthaldehyde
(PDA) and two equivalents of aniline is highly temperature dependent. A pure sample of 1 was
dissolved in a mixture of deuterated solvents (benzonitrile-d5:D>0O; 16:1 v/v) along with aniline-
d5 (1 equiv with respect to 1) and benzoic acid-d5 (76 equiv with respect to 1) and heated to 90 C
in an NMR spectrometer for 17h and then cooled to room temperature, with spectra obtained at
various reaction times (Figure 3.1). In the NMR spectra, aldehyde functional groups show up as
singlets at 5(CH) = 9.8 ppm and imines as a singlet at 5(CH) = 8.25 ppm (Figure 3.1b). The overall

concentrations of aldehydes (from PDA and its single condensation with aniline 2) and imines
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(from 1 and 2) were quantified as a function of temperature and reaction time (Figure 3.1a). Prior
to heating, 42% of the imines of 1 dissociated to provide a 1:1.2 ratio of aldehydes (10 uM) and
imines (12 uM). Upon heating to 90 °C, the aldehyde concentration increased to 16.5 uM and the
imine concentration decreased to 7.5 uM, a 2.2:1 ratio (Figure 3.1a). This new equilibrium was
established rapidly relative to the rate of thermal equilibration in the spectrometer, and the
concentrations of imine and aldehydes did not change significantly when held at 90 °C for 17
hours. Subsequently, upon cooling back to 25 °C, the equilibrium shifts towards imine formation,
as the aldehyde concentration decreased to 14 pM and the imine concentration increased to 10 uM,
which are close to those established at the beginning of the experiment. These findings demonstrate
that the equilibrium of imine condensation and hydrolysis is highly temperature dependent under
conditions similar to those used for 2D COF formation (see below ). It is also important to note
that equilibration is rapid at all temperatures studied, as evidenced by the rapid partial hydrolysis
of 1 prior to heating. These studies on PDA, a monomer used often in 2D COFs, suggest that the

driving force for COF formation might be similarly temperature dependent.

NH, TAPB-PDA COF Colloids Monomers Recrystallized COFs
C
TAPB . . B Repolymerization &
O benzoic acid / aniline / HQO Depolymerization Recrystalhzatron
—_—

25 ‘C/18hrs

O O benzonitrile /25 °C /3 hrs 90 "C/ 3hrs
HoN NH,
H._.0O

Figure 3.2 Schematic of TAPB-PDA COF recrystallization
To investigate how the temperature-dependent nature of imine formation under these conditions

might influence the 2D polymerization process, it was first necessary to polymerize TAPB-PDA
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COF at room temperature, where the driving force for imine-formation is relatively high. TAPB-
PDA COF was first synthesized at room temperature by condensing 1,3,5-tris(4-
aminophenyl)benzene (TAPB) and PDA in the presence of aniline and benzoic acid in a mixture
of solvents (benzonitrile:H,O; 16:1 v/v) (Figure 3.2; see Supporting Information for detailed
procedures). Within 3 hours, a yellow colloidal suspension formed, which was comprised of 2 um-
sized spheres, as determined by scanning electron microscopy (SEM) images of the drop-casted
solution (Figure 3.S5). The colloids were precipitated from solution by adding saturated aqueous
NaCl and methanol, washed by Soxhlet extraction using methanol, and activated by supercritical
COz drying. The resulting powder product was characterized as a crystalline sample of the imine-
linked TAPB-PDA COF, as confirmed by PXRD, N, adsorption isotherms and FT-IR spectrum
of the isolated colloids (Figure 3.2, 5a and b). The PXRD pattern of the COF exhibited sharp
<100>, <110>, <200>, and <210> Bragg diffraction peaks, consistent with an eclipsed model of
the COF and reported powder patterns.>!” FT-IR spectroscopy showed the characteristic imine
stretch at 1624 cm™!, along with the absence of both the PDA aldehyde stretch at 1687 cm™! and
the TAPB amine stretches at the range of 3300—3500 cm ™! (Figure 3.S1). Analysis of the N;
adsorption isotherm provided a Brunauer-Emmett-Teller (BET) surface area of 1740 m? g!, from
which nonlocal density functional theory analysis provided a narrow pore width distribution
centered at 3.4 nm (Figure 3.5b and S2). In considering the BET surface area as a metric of the
TAPB-PDA COF materials quality, this value is sufficiently high to describe the material as a
successfully activated 2D COF, yet lower than the theoretical value and other literature reports.

These bulk characterization techniques collectively indicate that polymerization of TAPB-PDA
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COF under these conditions at room temperature provides the target material in good but not

superior materials quality.
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Figure 3.3 a) Representative VT-NMR spectra during the first cycle of TAPB-PDA COF recrystallization. b)
Equilibrium between the TAPB-PDA COF, Imines 1 and 2, and monomers (TAPB and PDA) during the COF
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imine-linked 2D COFs show a

temperature-dependent equilibrium that enables their depolymerization and repolymerization in a

manner reminiscent of molecular recrystallization. The depolymerization of TAPB-PDA COF

colloids prepared at room temperature was characterized by variable-temperature NMR

spectroscopy, in situ wide-angle x-ray scattering, as well as product analysis following

repolymerization. For the VI-NMR spectroscopy experiments, TAPB-PDA COF was prepared as

described above in the presence of deuterated solvents and reagents. The monomers were

combined in aniline-d5 and benzoic acid-d6 in a mixture of deuterated solvents (benzonitrile-

d5:D»0; 16:1 v/v) and heated to 90 °C in an NMR spectrometer as the temperature was varied. The

overall concentrations of aldehyde functional groups (from PDA and its single condensation with
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aniline (2), TAPB (4), and other oligomers), as well as imine functional groups (from 1, 2, 3,4, 5§
and other oligomers, Figure 3.3b) were quantified as a function of temperature and reaction time
(Figure 3.4a). Imines 1, 2, and 5 from the condensation between PDA and aniline appear as a
single peak centered at 8.25 ppm, and imines 3, 4 and 5 from a condensation between PDA and
TAPB show up as a singlet at 3(CH) = 8.4 ppm (Figure 3.3a). Prior to heating, the COF reaction
mixture contained approximately 61% of the free COF monomers of aldehydes (4.5 uM), TAPB
(3.9 uM), and imines (2.8 uM). Upon heating to 90 °C, the equilibrium shifted rapidly towards
COF depolymerization and imine dissociation, as the aldehyde and TAPB concentrations instantly
increased to 7.2 pM and 5.9 uM, respectively, and the imine concentrations decreased to 1.5 uM.
When held at 90 °C for 14.5 hours, the concentrations of both aldehydes and imines, and TAPB
further increased to 12 uM and 8 uM, respectively, reaching 100 % of COF depolymerization
(Figure 3.4a). Upon cooling back to 25 °C, the equilibrium shifted back towards imine and COF
formation, as the aldehyde and TAPB concentrations rapidly decreased to 6.4 uM and 6.2 uM,
respectively, and the total imine concentrations increased to 4.4 uM. After sitting room temperature
for 18 hours, the concentrations of aldehyde, TAPB and imines all decreased to 1.5 pM, 0.9 uM,
and 0.9 puM, respectively, which suggest further repolymerization overnight (Figure 3.4d).
Overall, TAPB-PDA COF colloids were observed to quantitatively depolymerize at 90 °C and
slowly repolymerize at 25 °C. These findings demonstrate that the driving force for COF formation
is highly temperature dependent, similar to the established equilibrium between diamine 1 and

PDA.

In situ WAXS of TAPB-PDA COF obtained during the thermal depolymerization and

repolymerization processes were consistent with depolymerization at an elevated temperature,
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Figure 3.4 Amounts of TAPB (blue square), Free Aldehyde (green diamond), Imines 1 and 2 (orange and purple
triangles), and both aldehyde and imines combined (black circle) present in solution during the a) first and d)
second cycle of TAPB-PDA COF recrystallization. Change in domain sizes of TAPB-PDA COF during the b)
first and e) second cycle of COF recrystallization. Domain sizes are determined from the Scherrer analysis of the
(100) diffraction peak. Representative WAXS patterns of TAPB-PDA COF, centered at its (100) diffraction peak,
upon heating (red) and cooling (blue) during the c) first and f) second cycle of recrystallization.

followed by the formation of a more crystalline material upon repolymerization (Figure 3.4b). A
colloidal suspension of TAPB-PDA COF formed at room temperature was heated to 90 °C in a
capillary for 3 hours and cooled to room temperature for 7 hours, with WAXS spectra obtained at
various reaction times. The WAXS pattern of the COF exhibited peaks at q = 0.20, 0.35, and 0.54
A1, corresponding to the <100>, <110>, and <200> Bragg diffraction peaks (Figure 3.4c and
S6a). The average crystalline domain size of the COF was determined by applying the Scherrer
equation to the full width at half max (FWHM) of the <100> diffraction peak.'° Prior to heating,
the COF has an initial domain size of 44 nm. As the sample was held at 90 °C for 3 hours, the
<100> diffraction peak decreases in intensity and eventually disappears completely, consistent

with depolymerization. Upon cooling to room temperature over X h, the domain size increases to
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64 nm (t =292 min and T =48 °C), approximately 20 nm higher than the initial COF domain size.
After sitting overnight at room temperature, the COF domain size increased to 85 nm, indicating
further crystallization at room temperature (Figure 3.4e). Overall, the changes in the crystallinity
and domain sizes of TAPB-PDA COF suggest that the COFs initially formed at room temperature

deploymerize at 90 °C and repolymerize/recrystallize into higher quality COFs upon cooling.
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Figure 3.5 a) PXRD patterns and b) N, adsorption isotherms of TAPB-PDA COF before (black) and after (blue)
the first cycle of COF recrystallization.

Recrystallized TAPB-PDA COF exhibited enhanced crystallinity and porosity compared to the
COF colloids prepared at room temperature, as characterized by PXRD and N adsorption
isotherms (Figure 3.5a and b). Visually, heating the TAPB-PDA COF colloids in its reaction
mixture to 90 °C turned the initial milky suspension into a clear yellow solution within a few
minutes (Figure 3.2). The solution was heated at 90°C for 3 hours and remained homogeneous.
Upon removing the reaction vessel and allowing it to cool to room temperature and stand

overnight, the solution slowly turned opaque and yielded dark red precipitates. Recrystallized
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TAPB-PDA COF after isolation exhibited much sharper and more well-defined <100>, <110>,
<200>, and <210> Bragg diffraction peaks as well as <220>, <320> and <001> higher order peaks
than the COF colloids (Figure 3.5a) along with a much higher BET surface area from 1740 m? g~
to 2790 m*/g (Figure 3.5b). The IR spectrum of the recrystallized COF was identical to that of the
COF colloids, with the presence of imine stretch at 1624 cm ™!, and the absence of both the aldehyde
stretch at 1687 cm™! and the amine stretches at the range of 3300—3500 cm™' (Figure 3.S1).
Similar observations and materials quality were obtained by cooling the solution more slowly by
turning the hot plate off but not removing the reaction vessel from the heating bath. Overall, the
crystallinity and porosity of TAPB-PDA COF were improved after recrystallization, consistent

with the increased domain sizes observed from in situ WAXS analysis (Figure 3.4e).
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Fiaure 3.6 Schematic representations of pronosed COF recrvstallization mechanisms

After one depolymerization/repolymerization cycle, TAPB-PDA COF samples will partially
depolymerize again upon reheating to 90 C, but a smaller percentage of the imine bonds are
hydrolyzed (Figure 3.4d, e, f and 6). After repolymerization, the reaction solution contains 22%
of molecular species in the forms of aldehydes (1.7 uM), TAPB (1.0 uM), and imines (1.0 uM).
Upon reheating to 90 °C, the aldehyde and TAPB concentrations increase to 3.1 uM and 2.2 uM,
respectively, and the imine concentrations decrease to 0.8 uM, all of which are approximately 13%

lower than those observed during the first cycle of COF recrystallization. When held at 90 °C for
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10.6 hours, the concentrations of both aldehydes and imines, and TAPB increase to 8.6 uM and
5.4 uM, respectively, corresponding to 72% of the available monomers being present in solution
rather than incorporated into the COF (Figure 3.4d). Simultaneously, in situ WAXS analysis of
this solution indicated that the average domain size of the COF network that remained had
increased from 82 nm to 104 nm when held at 90 °C (Figure 3.4e and f). These observations
suggest that a 2D COFs crystallinity make it more or less susceptible to this thermal
depolymerization process. Defect-rich COFs, such as the initially synthesized TAPB-PDA COF
colloids, are more susceptible to depolymerization; whereas more crystalline samples of the same
material, including the recrystallized TAPB-PDA COF, are less susceptible (Figure 3.6). These
observations may form the basis of procedures to solvent-anneal or otherwise upgrade the
materials quality of COFs. However, it is important to note that further explorations of these
conditions are needed, as the bulk crystallinity and porosity of the twice-recrystallized TAPB-PDA
COF were similar to those of the samples isolated after one recrystallization cycle. These
observations suggest that the repolymerization process may proceed through the nucleation of new
COFs instead of the monomers adding exclusively to the residual COF crystallites. Together, these
results suggest that lower quality or smaller COF crystallites are more susceptible to

depolymerization than larger, more well ordered 2D COF domains.

In evaluating the depolymerization/repolymerization of a related imine-linked 2D COF, derived
from 2,5-dimethoxyterephthaldehyde (DMTA), different degrees of depolymerization but a
similar dependence on materials quality are observed (Figure 3.7). The initial formation of TAPB-
DMTA COF colloids provides more highly crystalline samples that can be isolated and activated

to provide a higher BET surface area of 2250 m? g ! as compared to the initially isolated TAPB-
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Figure 3.7 a) Amounts of TAPB (blue square), Free Aldehyde (green diamond), Imines 1 and 2 (orange and
purple triangles), and both aldehyde and imines combined (black circle) present in solution during the first cycle
of TAPB-DMTA COF recrystallization. b) Change in domain sizes of TAPB-DMTA COF during the first cycle
of COF recrystallization. Domain sizes are determined from the Scherrer analysis of the (100) diffraction peak. c)
Representative WAXS patterns of TAPB-DMTA COF, centered at its (100) diffraction peak, upon heating (red)
and cooling (blue) during the first cycle of recrystallization. d) Synthesis of TAPB-DMTA COF colloids ) PXRD
patterns and f) N2 adsorption isotherms of TAPB-DMTA COF before (black) and after (blue) the first cycle of
COF recrystallization.

PDA COF colloids with a BET surface area of 1740 m* g”!. TAPB DMTA COF colloids were
synthesized at room temperature under the same conditions as TAPB-PDA COF colloids. These
provided colloidal COFs with superior crystallinity compared to the TAPB-PDA COF colloids,
as determined by the sharp Bragg diffraction peaks and the Scherer analysis (Figure 3.7e and f).
The TAPB-DMTA COF colloids underwent partial depolymerization upon heating to 90 °C in the
presence of benzoic acid, aniline, and water. Heating the TAPB DMTA COF colloids in its
reaction mixture to 90 °C for 3 hours and cooling to room temperature yielded recrystallized TAPB
DMTA COF, which exhibited enhanced crystallinity and porosity with a modest increase in BET

surface area from 2250 m? g ' to 2770 m? g ! (Figure 3.7e and f). Prior to heating, the colloidal
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TAPB DMTA COF reaction mixture contained free COF monomers of DMTA (0.12 uM) and
TAPB (1.0 uM) (Figure 3.7a). Upon heating to 90 °C, approximately 36% of the COF
depolymerized to aldehydes (2.9 uM), TAPB (1.9 uM) and imines (1.5 pM), which is much lower
compared to 94% depolymerization for the room-temperature synthesized TAPB-PDA COF
colloids. When held at 90 °C for 16.5 hours, however, the concentrations of both aldehydes and
imines, and TAPB slowly decreased to 2.3 puM and 1.6 pM, respectively, indicating
repolymerization of TAPB-DMTA COF even at this elevated temperature. Simultaneously, in situ
WAXS analysis of this solution clearly showed TAPB-DMTA COF colloids are highly crystalline
at 90 °C with domain sizes exceeding 80 nm (Figure 3.7b and ¢). These results are in stark contrast
to the continuous thermal depolymerization of TAPB-PDA COF observed during the first and
second cycles of COF recrystallization (Figure 3.4b and d). We hypothesize that the larger
crystalline domains and/or stronger interlayer interactions of TAPB-DMTA COF*?%-3* compared
to TAPB-PDA COF are responsible for this material’s increased ability to resist depolymerization.
Moreover, for both networks, we speculate that less ordered regions of the materials are more
susceptible to hydrolysis under these conditions, which explains why materials of improved

crystallinity depolymerize to lesser extents.

3.5 Conclusion

We identified a previous unknown, temperature-based depolymerization and
repolymerization/recrystallization process for imine-linked 2D COFs. Mirroring the temperature-
dependent hydrolysis of the soluble imine-containing model compound 1, the 2D COFs
depolymerize in their polymerization solutions and recrystallize into higher quality COF materials

upon cooling. In situ WAXS and VI-NMR experiments reported on the crystallinity and extent of
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depolymerization of the COFs in solution at various temperatures. PXRD, FTIR and N> adsorption
isotherms of the isolated materials were used to assess their quality before and after
recrystallization. While TAPB-PDA COF colloids first prepared at room temperature fully
depolymerize to soluble monomers and oligomers at 90 °C, recrystallized TAPB-PDA COF
colloids with larger domain sizes (> 80nm) only partially depolymerize under the same conditions.
Likewise, TAPB-DMTA COF is initially formed as a more crystalline network, and it likewise
depolymerizes to a lesser extent. These observations suggest that larger and more ordered COF
crystallites are more resistant to thermal depolymerization. Taken together, this study reports a
series of novel phenomena in which 2D imine COFs undergo temperature-dependent
depolymerization and recrystallization and provides an efficient synthetic strategy to improve and
assess COF materials quality. These findings provide a new means to improve 2D COF materials
quality from as-synthesized materials, as well as intriguing insight into their formation that may

inform improved 2D polymerizations in the future.
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3.7 Appendix

3.7.1 Materials and Instrumentation

Materials. Reagents were purchased in reagent grade from commercial suppliers and used without
further purification, unless otherwise described. Borosilicate capillaries (1.5 mm in diameter and

a wall thickness of 0.01 mm) were purchased from Charles Supper.

Instrumentation. Infrared spectra were recorded using a Nicolet iS10 FT-IR spectrometer

equipped with a ZnSe ATR.

Various temperature proton nuclear magnetic resonance (VT-'H NMR) spectra were recorded on

Bruker Avancelll-600 MHz.

The supercritical CO2 drying was performed on Leica EM CPD 300. Prior to the supercritical
drying process, all samples were placed in tea bags (ETS Drawstring Tea Filters, sold by English
Tea Store) while wet. The tea bags containing the samples were then placed in the drying chamber.

The drying chamber was first sealed, cooled, and filled with liquid CO2, and after 2 min, the
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samples were vented quickly. This fill-vent cycle was repeated 99 times, after which the
temperature was raised to 40 °C resulting in a chamber pressure of around 1300 psi, which is well
above the critical point of CO2. The chamber was held above the critical point for 5 min, after

which the CO- source was turned off, and the pressure was released over a period of 5 min.

Powder X-ray diffraction (PXRD) patterns were obtained at room temperature on a STOE-
STADIMP powder diffractometer equipped with an asymmetric curved Germanium
monochromator (CuKo radiation, A = 1.54056 A) and one-dimensional silicon strip detector
(MYTHEN2 1K from DECTRIS). The line focused Cu X-ray tube was operated at 40 kV and 40
mA. The as-obtained powder samples were sandwiched between two acetate foils (polymer sample
with neither Bragg reflections nor broad peaks above 10° 20) mounted in flat plates with a disc
opening diameter of 8 mm and measured in transmission geometry in a rotating holder. The
patterns were recorded in the 20 range of 0-32° for an overall exposure time of 24 min. The

instrument was calibrated against a NIST Silicon standard (640d) prior to the measurement.

Wide-angle X ray scattering (WAXS) patterns were collected at sector 5-1D-D of the Advanced
Photon Source at Argonne National Lab. A beam energy 13.3 keV was used at 5-1D-D. Each
pattern was obtained by collecting ten one second frames on a Pilatus 2D detector and then

averaged and radially integrated using software available at APS.

Gas adsorption isotherms were conducted on a Micromeritics ASAP 2420 Accelerated Surface
Area and Porosity Analyzer using 15-50 mg samples in dried and tared analysis tubes equipped
with filler rods and capped with a Transeal. Samples were heated to 40 °C at a rate of 1 °C/min

and evacuated at 40 °C for 20 min, then heated to 100 °C at a rate of 1 °C/min heat and evacuated
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at 100 °C for 18 h. After degassing, each tube was weighed again to determine the mass of the
activated sample and transferred to the analysis port of the instrument. UHP-grade (99.999%
purity) N2 was used for all adsorption measurements. N2 isotherms were generated by incremental
exposure to nitrogen up to 760 mmHg (1 atm) in a liquid nitrogen (77 K) bath. Oil-free vacuum
pumps and oil-free pressure regulators were used for all measurements. Brunauer-Emmett-Teller
(BET) surface areas were calculated from the linear region of the N2 isotherm at 77 K within the

pressure range P/Po of 0.10-0.20.

Scanning electron microscopy (SEM) images of TAPB-PDA and TAPB-DMTA COFs samples
were taken on a Hitachi S4800 cFEG SEM. The samples were coated with 8 nm of Osmium using

SPI OPC-60A osmium plasma coater.

3.7.2 Synthetic Procedures

COF Synthesis at Room Temperature: A 20 mL scintillation vial was charged with benzoic acid
(675 mg, 5.5 mmol) and corresponding aldehyde (0.072 mmol of PDA, DMTA or BDA) in
benzonitrile (6 mL) and heated to 90 °C for a few minutes to ensure dissolution of each species.
The solution was cooled to room temperature and added water (0.375 mL, 21 mmol), aniline (0.1
mL of 0.7 M stock in benzonitrile, 0.07 mmol), and 1,3,5-tris(4-aminophenyl)benzene (TAPB, 17
mg, 0.048 mmol). The resulting reaction mixture was let stand at room temperature for 3 hours
until it turned opaque to serve as room temperature control COFs (RT Control COFs). These
COFs were then precipitated out by the addition of 0.2 mL brine and 10 mL methanol, centrifuged

for 10 minutes, transferred to a tea bag, and washed with methanol in a Soxhlet extractor for 18 h.
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The materials were activated by supercritical CO> that afforded RT Control COFs as yellow

solids in isolated yields of 75%.

COF Recrystallization: The colloidal solution of RT Control COFs in a 20 mL scintillation vial
was used right after their 3-hour reaction time at room temperature and was heated to 90 °C for
TAPB-PDA and TAPB-BDA COFs and to 140 °C for TAPB-DMTA COF for 3 hours, after
which the solution was observed to turn clear red. The COF solution was then cooled to room
temperature and let sit for 18 hours to be transferred to a tea bag, and washed with methanol in a
Soxhlet extractor for 18 h. The materials were activated by supercritical CO; that afforded

Recrystallized COFs as yellow solids in isolated yields of 85%.
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3.7.3 Additional Images and Characterization
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Figure 3.S1 FT-IR Spectra of colloidal (red) and recrystallized (orange) TAPB-PDA COF, and

colloidal (yellow) and recrystallized (green) TAPB-DMTA COF.
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Figure 3.S2 Pore size distributions of colloidal (yellow) and recrystallized (red) TAPB-PDA

COF, and colloidal (green) and recrystallized (purple) TAPB-DMTA COF.
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Representative NMR Spectrum
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Figure 3.S3 Representative VT-NMR spectrum (0-12 ppm) of TAPB-PDA COF reaction

mixture at 90 °C in benzonitrile-d5.
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Figure 3.54 Soluble imine-linked species in the representative VT-NMR spectrum in Figure 3.7a.



Figure 3.S5 SEM images of colloidal TAPB-PDA COFs.

Figure 3.S6 SEM images of colloidal TAPB-DMTA COFs.
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4. Synthesis of Single-crystalline Imine-Linked Two-Dimensional Covalent Organic

Frameworks

4.1 Preface

In the final chapter I discuss a novel synthetic strategy for preparing imine-linked 2D COF single
crystals of four different architectures. | briefly discuss the motivation behind this project and
highlight the three key components leveraged in the synthesis. In particular, both the reaction
temperature and modulator species were shown to be efficient at inhibiting nucleation and
promoting COF growth, such that the sizes of the imine-linked 2D COF crystals reported here can
be fine-tuned from hundreds of nanometers to tens of micrometeres. This approach represents the
first example of synthetically realizing imine-linked 2D COF single crystals and we anticipate that
these findings will be highly impactful in enabling the synthesis of a broader and newer class of

2D polymer structures and exploration of their properties.

This work was performed in collaboration with loannina Castano, Anushree Natraj, Dr. Leslie S.

Hamachi and Dr. Austin M. Evans in the Dichtel group.

4.2 Abstract

Two-dimensional (2D) covalent organic frameworks (COFs) are composed of structurally precise,
permanently porous, layered macromolecular sheets, which have traditionally been synthesized as
polycrystalline aggregates with small crystalline domains of less than 50 to 100 nm. Only recently
have a small number of synthetic strategies been reported to prepare boron-linked 2D and imine-

linked 3D COF single crystals. Here, we report a novel synthetic condition in which single-
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crystalline imine-linked 2D COFs of four different structures are prepared, consisting of two
hexagonal TAPB-DMTA and TAPB-Dimethyl COFs and two tetragonal TAPPy-PDA and
TAPPy-Thiophene COFs. The condition leverages both the reaction temperature and modulator
species to inhibit nucleation and promote COF growth, such that the sizes of TAPB-DMTA and
TAPPy-PDA COF crystals can be fine-tuned from 450 nm to 20 um, and 720 nm to 1.3 pm in
diameter, respectively. All of the COF crystals exhibit excellent crystallinity and porosity, as
judged from PXRD and N adsorption isotherms, and are single-crystalline, as corroborated by
high-resolution TEM characterization. This approach represents the first example of synthetically
realizing imine-linked 2D COF single crystals and we anticipate that these findings will enable the

synthesis of a broader and newer class of 2D polymer structures and exploration of their properties.

4.3 Introduction

Polymerization of monomers into ordered two-dimensional (2D) networks yields covalently linked
macromolecular sheets, which yields novel polymer architectures and distinct combinations of

properties. 2D covalent organic frameworks (COFs),?%% 322324 for instance, are of interest for

329-332 333-336 337-340

numerous applications, including catalysis, sensing, membranes, gas storage and

289, 327, 328 155,293

separation, adsorbents and organic electronic devices**!** due to their modularity,
precise monomer arrangements and permanent porosity.*>> 326 However, most 2D COFs are
isolated as aggregated polycrystalline powders with small domain sizes of less than 50 nm, which
limit their utility in otherwise promising applications. To date, isolation of large, single-crystalline

345 and imine-

COF crystallites remains quite rare, with limited reports on 2D boron based COFs
linked 3D COFs,**% 347 such that improving the quality of imine-linked 2D COFs is a rich area of

opportunity.
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Here, we report a novel synthetic condition in which single-crystalline 2D imine COFs of four
different architectures can be prepared. In this condition, nitrile solvents, monofunctional
modulator and reaction temperature are identified as key components and leveraged accordingly.
First, nitrile solvents are thought to prevent aggregation and have been shown to provide colloidal
suspensions of boron-linked 2D COF single crystals®*® 35235 and imine-linked 2D COF colloids.*
Upon screening various nitrile solvents, benzonitrile was employed as a solvent for the COF
synthesis. 2) The addition of monofunctional modulator in the synthesis of framework materials
has been shown to inhibit undesirable nucleation events and promote growth, ultimately increasing
the crystallinity of the resulting networks.®*¢ 352 Thus, we incorporated varying loadings of aniline,
which is a common modulator species in the synthesis of imine-linked COFs, in the reaction
mixture. 3) In inorganic nanocrystal synthesis, temperature plays another important role in
controlling nucleation and promoting growth, which has yet to be systematically studied in the
COF synthesis. In this study we leverage all three key parameters and synthesize varying sizes of
four different imine-linked 2D COF single crystals. The COF crystals exhibit excellent
crystallinity and porosity, as determined from PXRD and N2 adsorption isotherms, and are single-
crystalline, as corroborated by HRTEM characterization. This approach represents the first
example of synthetically realizing single-crystalline imine-linked 2D COFs of four different

structures and rationally controlling their sizes through fine-tuning the reaction parameters.
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4.4 Results and Discussion
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Figure 4.1 Schematic of single-crystalline imine-linked 2D COF synthesis. Four different COFs strubtures, TAPB-
DMTA, TAPB-Methyl, TAPPy-PDA and TAPPy-Thiophene COFs, are shown.

[y

As a model system we first targeted an imine-linked 2D COF derived from 2,5-
dimethoxyterephthaldehyde (DMTA). TAPB-DMTA COFs was first synthesized at 90 °C by
condensing 1,3,5-tris(4-aminophenyl)benzene (TAPB) and DMTA in the presence of aniline and
benzoic acid in benzonitrile (Figure 4.1; see Supporting Information for detailed procedures).
Within minutes, a red colloidal suspension formed, which was comprised of 2 pm-sized hexagonal
platelets, as determined by scanning electron microscopy (SEM) and atomic force microscopy
(AFM) images of the drop-casted solution (Figure 4.2a and b). The colloids were precipitated
from solution by adding saturated aqueous NaCl and methanol, washed by Soxhlet extraction using
methanol, and activated by supercritical CO; drying. The resulting powder product was
exceptionally crystalline and porous, as confirmed by PXRD and N> adsorption isotherms of the

isolated colloids (Figure 4.2¢ and d). The PXRD pattern of the COF exhibited sharp <100> as
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well as <110>, <200>, <210>, <220> and <001> higher order Bragg diffraction peaks, consistent
with an eclipsed model of the COF and reported powder patterns.>>” Analysis of the N> adsorption
isotherm provided a Brunauer—-Emmett—Teller (BET) surface area of 3500 m? g!, from which
nonlocal density functional theory analysis provided a narrow pore width distribution centered at
3.2 nm (Figure 4.2d and S1). In considering the BET surface area as a metric of COF materials
quality, this value one of the highest for TAPB-DMTA COF reported thus far. These bulk
characterization techniques collectively indicate that polymerization of TAPB-DMTA COF under

this condition provides the target material in excellent quality.
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Figure 4.2. (a) SEM and (b) AFM images, (c) PXRD and (d) N2 adsorption isotherms of 1 um sized TAPB-
DMTA COF single crystals. (e) Lattice-resolution HRTEM images of a TAPB-DMTA COF crystal with
consistent lattice fringes extending across the entire particle. (f) Region of interest at higher magnification and (g)
FFT of the boxed region in (e), showing the predominant, color-coded fringe spacing of ~31.5 A, digo. (h)
Magnified image in (f) after applying a bandpass filter.

The 1 pm-sized TAPB-DMTA COF hexagonal platelets were subsequently analyzed by low-dose,
high-resolution transmission electron microscopy (HRTEM) to further visualize their morphology,
size, aspect ratio, and crystallinity (Figure 4.2e-h). TEM imaging at low magnification revealed

that the COF platelets have uniform six-fold symmetry and are hexagonally faceted, consistent
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with their SEM and AFM images (Figure 4.2). The COF crystals seemed to preferentially orient
with their intersheet stacking dimension normal to the TEM substrate, which is likely due to their
z-dimension (particle thickness) being smaller than their lateral dimension (Figure 4.2b).
Furthermore, lattice-resolution images of individual COF particle show that they are single-
crystalline (Figure 4.2e-h), as consistent and continuous lattice fringes extend throughout the
particles. For the particle selected in Figure 4.2e, the fringe spacing is ~31.5 A (fitting dioo for
TAPB-DMTA COF), as measured by fast Fourier transform (FFT; Figure 4.2g). The FFT patterns
of additionally highlighted center and edges of the particle in Figure 4.S2 also exhibited clear dioo
features at 31.5 A. Taken together, HRTEM images and the FFT pattern of the TAPB-DMTA

COF crystals corroborated their single crystalline nature.

Sy
Aniline 0.8 equiv NG
12 mM 4 um

0 05 10 15 20 25 309
pm

Aniline 0.4 equiv |
8 mM um

00 02 04 06 08 10
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Figure 4.3. SEM and AFM images, and histogram size analysis for TAPB-DMTA COF crystals synthesized
under the monomer concentration of 8 mM and aniline loading of 0.8 equiv [(a), (b), and (c)], 0.6 equiv [(d), (e),
and (f)] or 0.4 equiv [(g), (h), and (i)], and monomer concentration of 12 mM [(j), (k), and (I)] or 16 mM [(m), (n),
and (0)] and aniline loading of 0.8 equiv with respect to the aldehyde functional group.

The TAPB-DMTA COF crystals sizes can further grow to reach 20 um in diameter by optimizing
the monomer concentration, aniline loadings, and temperature of the reaction mixture (Figure 4.3

and 4; see Supporting Information for detailed procedures). As shown in Figure 4.3, changing the
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Figure 4.4. (a) Evolution of TAPB-DMTA COF crystal sizes with time and (b) final TAPB-DMTA COF crystal
sizes with respect to increasing reaction temperature under the monomer concentration of 8 mM (red square), 12
mM (yellow square), and 16 mM (green square). For (a) and (b) 0.8 equiv of aniline per aldehyde functional group
are added for each concentration. (c) SEM images of 20 pum sized TAPB-DMTA COF crystals.

monomer concentration and the aniline loadings at the initial reaction temperature of 90 °C results
in a broad range of final TAPB-DMTA COF crystal sizes from 450 nm to 7.0 um in diameter and
100 nm to 1.4 um in thickness. In general, increasing the monomer concentration from 8 to 12
mM and the aniline loading from 0.4 to 0.8 equiv with respect to the aldehyde functional group
results in a larger crystal. As such a 12 mM monomer solution with the aniline loading of 0.8 equiv
in benzonitrile at 90 °C yielded the largest TAPB-DMTA COF crystal of 7.0 pm in diameter and
1.4 um in thickness. While monitoring the COF synthesis at 90 °C, however, we observed that the
COF particles nucleated and stopped growing within the first few minutes of the reaction.
Specifically, upon isolating and imaging TAPB-DMTA COF crystals in the initial stages of the
reaction, the COF growth in the 8 mM, 12 mM and 16 mM reaction mixture was observed to stop
in 4, 6 and 2 minutes, respectively (Figure 4.4a). This was undesirable as it indicated that the rate
of nucleation was much faster than the rate of COF growth at 90 °C. We hypothesized that
increasing the reaction temperature would shift the equilibrium towards promoting COF growth.
Consistent with our hypothesis, the growth of the COFs was completed at a much later time point

and the final crystal sizes increased with higher temperature, such that the largest 20-pm sized
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TAPB-DMTA COF crystals were obtained at 150 °C. No COF formation occurred at 180 °C, at
which both nucleation and growth may be too slow (Figure 4.4b and c). Taken together, the size
of TAPB-DMTA COF crystals can be fine-tuned by varying the monomer concentration, aniline
loadings, and temperature of the reaction mixture, which emphasizes the high modularity of the

reaction condition.

Aniline 1.0 equiv NG

8§ mM 1um 0.0 02 04 06 0.8 1.0 1.2 14

pm
Figure 4.5. SEM and AFM images, and histogram size analysis for TAPPy-PDA COF crystals synthesized under
the monomer concentration of 8 mM and aniline loading of 1.3 equiv [(a), (b), and (c)], 1.2 equiv [(d), (€), and (f)]
or 1.0 equiv [(g), (n), and (i)]. (j) Lattice-resolution HRTEM images of a TAPPy-PDA COF crystal with uniform
lattice fringes extending across the entire particle. (k) FFT of the boxed region number in (j).

To probe the generality of the synthetic methodology, we prepared another hexagonal net, TAPB-
Methyl COF derived from 2,5-dimethylterephthaldehyde (Methyl) and two square nets, TAPPy-
PDA and TAPPy-Thiophene COFs derived from 1,3,5,8-tetra(4-aminophenyl)pyrene (TAPPYy)
and terephthalaldehyde (PDA), and thieno[3,2-b]thiophene-2,5-dicarboxaldehyde (Thiophene),

respectively. The COFs were synthesized under the similar reaction conditions as TAPB-DMTA



149

0.5 1/nm

10 nm * w25 o5 1nm 0 0.5 1/nm
| m— — — —

Figure 4.6 Low- and high-magnification SEM images and size analysis histograms of 720 nm sized TAPB-
Methyl COF [(a), (b), and (c)] and 400 nm sized TAPPy-Thiophene COF single crystals [(i), (j), and (k)].
Lattice-resolution HRTEM images of a (d) TAPPy-PDA COF and (I) TAPPy-Thiophene COF crystal with
consistent lattice fringes extending across the entire particle. FFT of the (e) larger and (g) smaller boxed region
number in (d). (f) Region of interest at higher magnification corresponding to the smaller boxed region in (d). (h)
Magnified image in (f) after applying a bandpass filter. FFT of the (m) larger and (o) smaller boxed region number
in (1). (n) Region of interest at higher magnification corresponding to the smaller boxed region in (l). (p) Magnified
image in (n) after applying a bandpass filter.

COF with minor optimization (Figure 4.5 and 6; see Supporting Information for detailed
procedures). These yielded TAPPy-PDA COF crystals of varying diameters from 720 nm to 1.3
um with increasing aniline loadings from 1.0 to 1.3 equiv with respect to the aldehyde functional
group, and TAPB-Methyl and TAPPy-Thiophene COF crystals of 720 nm and 400 nm in
diameter, respectively (Figure 4.5 and 6). All of the COF crystals were highly crystalline and
porous, as characterized by the PXRD patterns and N> adsorption isotherms with the BET surface
areas of 2220 m? g !, 1640 m> g !, and 1070 m? g~! for TAPB-Methyl, TAPPy-PDA and TAPPy-
Thiophene COFs, respectively (Figure 4.83-5). Furthermore, HRTEM characterization indicated

that all three COF networks were single-crystalline, as consistent and continuous lattice fringes
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extended throughout the particles (Figure 4.5 and 6). The FFT patterns of TAPB-Methyl, TAPPy-
PDA and TAPPy-Thiophene COF exhibited preeminent dioo and di10 features at 31.6 A and 15.8
A, 24 Aand 12 A, and 27.4. A and 13.7 A, respectively. Overall, these results demonstrate that the
synthetic strategy is generalizable for three different imine-linked 2D COF and highlight the
versatile nature of the strategy in preparing large single crystalline imine-linked 2D COF crystals

in a facile and efficient manner.

4.5 Conclusion

In conclusion, we demonstrated the synthesis of single-crystalline imine-linked 2D COF particles
of four different architectures, composed of two hexagonal TAPB-DMTA and TAPB-Dimethyl
COFs and two tetragonal TAPPy-PDA and TAPPy-Thiophene COFs. The synthetic strategy
leverages both the monomer concentration, modulator loadings and reaction temperature to fine-
tune the sizes of TAPB-DMTA and TAPPy-PDA COFs from 450 nm to 20 um, and 720 nmto 1.3
um in diameter, respectively. All of the COF crystals reported here exhibit excellent crystallinity
and porosity, as determined from PXRD and N2 adsorption isotherms, are faceted, as imaged by
SEM and AFM, and are single-crystalline, as corroborated by HRTEM characterization. Taken
together, these results demonstrate a novel synthetic strategy in which large, single-crystalline
imine-linked 2D COFs are prepared in a highly facile and versatile manner. Ultimately, this work
will enable the synthesis of a much broader and newer class of 2D polymer structures and

exploration of their properties.
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4.6 Appendix

4.6.1 Materials and Instrumentation

Materials. Reagents were purchased in reagent grade from commercial suppliers and used without
further purification, unless otherwise described. Borosilicate capillaries (1.5 mm in diameter and

a wall thickness of 0.01 mm) were purchased from Charles Supper.

Instrumentation.

The supercritical CO> drying was performed on Leica EM CPD 300. Prior to the supercritical
drying process, all samples were placed in tea bags (ETS Drawstring Tea Filters, sold by English
Tea Store) while wet. The tea bags containing the samples were then placed in the drying chamber.
The drying chamber was first sealed, cooled, and filled with liquid CO2, and after 2 min, the
samples were vented quickly. This fill-vent cycle was repeated 99 times, after which the
temperature was raised to 40 °C resulting in a chamber pressure of around 1300 psi, which is well
above the critical point of CO2. The chamber was held above the critical point for 5 min, after

which the CO- source was turned off, and the pressure was released over a period of 5 min.

Powder X-ray diffraction (PXRD) patterns were obtained at room temperature on a STOE-
STADIMP powder diffractometer equipped with an asymmetric curved Germanium
monochromator (CuKas radiation, A = 1.54056 A) and one-dimensional silicon strip detector
(MYTHEN2 1K from DECTRIS). The line focused Cu X-ray tube was operated at 40 kV and 40
mA. The as-obtained powder samples were sandwiched between two acetate foils (polymer sample

with neither Bragg reflections nor broad peaks above 10° 20) mounted in flat plates with a disc
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opening diameter of 8 mm and measured in transmission geometry in a rotating holder. The
patterns were recorded in the 260 range of 0-32° for an overall exposure time of 24 min. The

instrument was calibrated against a NIST Silicon standard (640d) prior to the measurement.

Gas adsorption isotherms were conducted on a Micromeritics ASAP 2420 Accelerated Surface
Area and Porosity Analyzer using 15-50 mg samples in dried and tared analysis tubes equipped
with filler rods and capped with a Transeal. Samples were heated to 40 °C at a rate of 1 °C/min
and evacuated at 40 °C for 20 min, then heated to 100 °C at a rate of 1 °C/min heat and evacuated
at 100 °C for 18 h. After degassing, each tube was weighed again to determine the mass of the
activated sample and transferred to the analysis port of the instrument. UHP-grade (99.999%
purity) N2 was used for all adsorption measurements. N2 isotherms were generated by incremental
exposure to nitrogen up to 760 mmHg (1 atm) in a liquid nitrogen (77 K) bath. Oil-free vacuum
pumps and oil-free pressure regulators were used for all measurements. Brunauer-Emmett-Teller
(BET) surface areas were calculated from the linear region of the N2 isotherm at 77 K within the

pressure range P/Po of 0.10-0.20.

Scanning electron microscopy (SEM) images of TAPB-PDA and TAPB-DMTA COFs samples
were taken on a Hitachi S4800 cFEG SEM. The samples were coated with 8 nm of Osmium using

SPI OPC-60A osmium plasma coater.

Atomic force microscopy (AFM) images were collected using a Bruker Dimension Fastscan AFM

in tapping mode.

Transmission electron microscopy (TEM) of the COF crystals was performed using a JEOL (JEOL

USA, Inc., Peabody, MA) ARM300F GrandARM TEM operating at 300 keV equipped with a
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Gatan (Gatan, Inc., Pleasanton, CA) K3-IS “direct electron” detector (FEG Emission: 15 pA, spot
size 5, 150 um CL aperture). The ARM300F was aligned for low-dose imaging, measuring the
dose rate on the K3 detector through vacuum (no grid inserted). The dose rate used was 0.61 e A~
2 51 for low magnification images (5760 x 4092 pixels, binning 2), with an image exposure time
of 15 (0.61 e A2 cumulative dose per image). All image acquisition was done using the Gatan

Microscopy Suite (GMS), Digital Micrograph (Gatan, Inc., Pleasanton, CA).

4.6.2 Synthetic Procedures

TAPB-DMTA COF Synthesis (450 nm — 7 um): A 40 mL scintillation vial was charged with
benzoic acid (1.35 g, 11 mmol) and 2,5-dimethoxyterephthaldehyde (DMTA, 28 mg, 0.144 mmol)
in benzonitrile (12, 8 or 6 mL for 8, 12 and 16 mM, respectively) and heated to 90 °C for a few
minutes to ensure dissolution of each species. To the solution was added aniline (0.2, 0.3 or 0.4
mL of 0.7 M stock in benzonitrile for 0.4, 0.6 or 0.8 equiv aniline per aldehyde functional group),
and 1,3,5-tris(4-aminophenyl)benzene (TAPB, 34 mg, 0.096 mmol). The resulting reaction
mixture was held at 90 °C for 10 minutes and used for imaging with 10-fold dilution in benzonitrile.
Alternatively, the COFs can be precipitated out by the addition of 0.2 mL brine and 10 mL
methanol, centrifuged for 10 minutes, transferred to a tea bag or a dialysis tubing, and washed with
methanol in a Soxhlet extractor for 18 h. The materials were activated by supercritical CO- that

afforded TAPB-DMTA COF as yellow solids in isolated yields of 80%.

TAPB-DMTA COF Synthesis (20 um): A 40 mL scintillation vial was charged with benzoic
acid (1.35 g, 11 mmol) and DMTA (28 mg, 0.144 mmol) in benzonitrile (8 mL) and heated to 150

°C for a few minutes to ensure dissolution of each species. To the solution was added aniline (0.4
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mL of 0.7 M stock in benzonitrile, 0.28 mmol), and 1,3,5-tris(4-aminophenyl)benzene (TAPB, 34
mg, 0.096 mmol). The resulting reaction mixture was held at 150 °C for 2 days and cooled to room
temperature. The COFs can be used for imaging with 10-fold dilution in benzonitrile.
Alternatively, the COFs can be precipitated out by the addition of 0.2 mL brine and 10 mL
methanol, centrifuged for 10 minutes, transferred to a tea bag or a dialysis tubing, and washed with
methanol in a Soxhlet extractor for 18 h. The materials were activated by supercritical CO, that

afforded TAPB-DMTA COF as yellow solids in isolated yields of 70%.

TAPB-Methyl COF Synthesis (720 nm): A 20 mL scintillation vial was charged with benzoic
acid (0.675 g, 5.5 mmol) and 2,5-dimethylterephthaldehyde (Methyl, 15 mg, 0.072 mmol) in
benzonitrile (3 mL) and heated to 90 °C for a few minutes to ensure dissolution of each species.
To the solution was added aniline (0.1 mL of 0.7 M stock in benzonitrile, 0.07 mmol), and 1,3,5-
tris(4-aminophenyl)benzene (TAPB, 17 mg, 0.048 mmol). The resulting reaction mixture was held
at 90 °C for 10 minutes and used for imaging with 10-fold dilution in benzonitrile. Alternatively,
the COFs can be precipitated out by the addition of 0.2 mL brine and 10 mL methanol, centrifuged
for 10 minutes, transferred to a tea bag or a dialysis tubing, and washed with methanol in a Soxhlet
extractor for 18 h. The materials were activated by supercritical CO, that afforded TAPB-Methyl

COF as yellow solids in isolated yields of 80%.

TAPPy-PDA COF Synthesis (720 nm — 1.3 um): A 40 mL scintillation vial was charged with
benzoic acid (0.938 g, 7.7 mmol) and terephthaldehyde (PDA, 12 mg, 0.089 mmol) in benzonitrile
(6 mL) and heated to 90 °C for a few minutes to ensure dissolution of each species. To the solution
was added aniline (0.280, 0.340 or 0.370 mL of 0.7 M stock in benzonitrile for 1.0, 1.2 or 1.3 equiv

aniline per aldehyde functional group), and 1,3,5,8-tetra(4-aminophenyl)pyrene (TAPPy, 28 mg,
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0.050 mmol). The resulting reaction mixture was held at 90 °C for 10 minutes and used for imaging
with 10-fold dilution in benzonitrile. Alternatively, the COFs can be precipitated out by the
addition of 0.2 mL brine and 10 mL methanol, centrifuged for 10 minutes, transferred to a tea bag
or a dialysis tubing, and washed with methanol in a Soxhlet extractor for 18 h. The materials were
activated by supercritical CO> that afforded TAPPy-PDA COF as red solids in isolated yields of

90%.

TAPPy-Thiophene COF Synthesis (720 nm): A 40 mL scintillation vial was charged with
benzoic acid (0.938 g, 7.7 mmol) and thieno[3,2-b]thiophene-2,5-dicarboxaldehyde (Thiophene,
17 mg, 0.089 mmol) in benzonitrile (6 mL) and heated to 90 °C for a few minutes to ensure
dissolution of each species. To the solution was added aniline (0.230 mL of 0.7 M stock in
benzonitrile, 0.16 mmol), and 1,3,5,8-tetra(4-aminophenyl)pyrene (TAPPy, 28 mg, 0.050 mmol).
The resulting reaction mixture was held at 90 °C for 10 minutes and used for imaging with 10-fold
dilution in benzonitrile. Alternatively, the COFs can be precipitated out by the addition of 0.2 mL
brine and 10 mL methanol, centrifuged for 10 minutes, transferred to a tea bag or a dialysis tubing,
and washed with methanol in a Soxhlet extractor for 18 h. The materials were activated by
supercritical CO; that afforded TAPPy-Thiophene COF as dark red solids in isolated yields of

90%.
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4.6.3 Additional Images and Characterization

TAPB-DMTA COF

TAPB-Methyl COF

TAPPy-PDA COF

Normalized Incremental Pore Volume

TAPPy-Thiophene COF

T T 1T T 1
10 20 30 40 50 60

Pore Width (A)

Figure 4.S1 Pore size distributions of TAPB-DMTA COF (red), TAPB-Methyl COF (yellow),

TAPPy-PDA COF (green), and TAPPy-Thiophene COF (blue).
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0.5 1/nm

Figure 4.S2 FFT patterns of the various boxed regions of the lattice-resolution HRTEM image of
a TAPB-DMTA COF crystal on the left , showing the predominant fringe spacing of ~31.5 A,

d100.
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Figure 4.S3 (a) PXRD and (b) N2 adsorption isotherm of TAPB-Methyl COF.
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Figure 4.54 (a) PXRD and (b) N2 adsorption isotherm of TAPPy-PDA COF.
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Figure 4.S5 (a) PXRD and (b) N2 adsorption isotherm of TAPPy- Thiophene COF.



4.6.4 BET Plots for N2

P/(Q(P,-P)) (g/cm?)

Isotherm

0.00030=

0.00025 =

0.00020 =

0.00015 -

0.00010 =

TAPB-DMTA COF
SBET -~ 3500 mzlg
Coefficient Values
(y=ax+Db)
a=0.0012
b =0.00004
RZ =0.9998

0.08 0.12 0.16 0.20

Figure 4.56 BET plot of TAPB-DMTA COF.

P/(Q(P,-P)) (g/cm?)

0.00040 =

0.00035=

0.00030=

0.00025=

0.00020 =

TAPB-Methyl COF
SBET -~ 2220 mZ/g
Coefficient Values
(y=ax+b)
a=0.0019
b =0.00004
R2 =0.9991

0.00015-I

0.06 008 010 012 014 016 0.18

PIP,

Figure 4.57 BET plot of TAPB-Methyl COF.
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