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Covalent Organic Frameworks (COFs) are a class of crystalline porous polymer networks which
have attracted much attention over the past decade due to their unique properties. COFs consist
of lightweight elements (C, N, H, O, B, etc.) and have a higher surface area, crystallinity,
permanent porosity and low density. The formation of these materials primarily depends on the
interplay between dynamic covalent bond formation and supramolecular interactions between the
monomer units. Over the past decade, boron ester, imine, azine, and hydrazone formation
reactions have been intensively utilized as dynamic covalent reactions to overcome the
crystallization problem with the aid of dipolar and n-n stacking interactions in the synthesis of
crystalline COFs. Depending on the geometry of the starting monomers these materials can be
divided into 2D- and 3D-COFs. Even though the 3D-COFs exhibit higher degree of order, most
2D-COFs show moderate crystallinity. So developing strategies to improve the long-range order,
surface area, and sorption capabilities are of prime importance to make the COFs promising
candidates in gas storage and separation, electrical energy storage, heterogeneous catalysis,

sensing, drug delivery, etc. Thus, the overall goal of this research effort is to improve the

vii



material properties of 2D-COFs aiming at developing general synthetic rules to support future
materials development.

The first chapter of the dissertation provides a literature review of efforts to develop 2D-COFs in
gas and electrical energy storage. Some of the design strategies for developing the gas sorption
properties of COFs and mechanistic studies of their formation are also discussed.

In the second chapter, the use of a six-fold symmetric hexaphenylbenzene based aldehyde (HEX)
in the synthesis of an azine-linked COF with triangular micropores and excellent sorption
capability for CO2 (20 wt%) and CHa (2.3 wt%) is discussed. This is the first report of the study
of sorption capability of a hexaphenylbenzene based COF in literature.

In the third chapter, the use of fluorines in the COF monomers to improve the structural
organization of COFs is discussed. Furthermore, a detailed synthesis and an intensive
characterization of a series of fluorine-containing COFs are also discussed with their mechanism
of formation.

Further insight into the effect of fluorines in the COF synthesis through mixed linker studies and

computational calculations is discussed in the fourth chapter.
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1.1 Abstract

Covalent organic frameworks (COFs) are an exciting class of porous materials that have been
explored as energy storage materials for more than a decade. This review will discuss the efforts
to develop these materials for applications in gas and electrical power storage. This review will
also discuss some of the design strategies for developing the gas sorption properties of COFs and

mechanistic studies on their formation.

1.2 Introduction

In the changing energy landscape of the 21 century, the need for cheaper, smaller, more
efficient, and more environmentally friendly energy harvesting and storage technologies has
never been greater. Energy demands are constantly increasing as more people carry batteries in
their pockets that must last longer while powering more complex devices, new car technologies
require better supercapacitors to run efficiently, and biomedical applications seek miniaturized
powered devices to implant into biological systems. To meet these demands, it is not only
technology that must progress, but also the exploration and development of new materials to be
used by those technologies. One of the more promising classes of materials being developed for
use in energy harvesting and storage are covalent organic frameworks, or COFs. COFs are a
class of crystalline, porous, polymers whose structure is controlled by interplay between non-
covalent aromatic interactions (n-stacking, in the case of 2D COFs) and dynamic covalent bond
formation. This interplay forms characteristic one-dimensional channels along the c-
crystallographic axis, the size, shape, and chemical environment of which can be very

specifically tuned through the modular design of COF building blocks. The ability to design



COFs with such a wide variety of functionality has made COFs a rapidly growing part of micro
and mesoporous materials discovery*® for use as components for electronic and conductive
materials,®® catalysis,®>*! and for clean energy applications in gas storage and separations. This
minireview will discuss the state of the field in terms of COF synthesis and efforts that have been
made to use them as materials for gaseous and electrical energy storage. We will also highlight
some of the fundamental efforts toward a better understanding of the design rules for making

new COFs and improving their properties.

1.2.1 Principles of design and synthesis of COFs

To design reliable materials for any part of the energy sector, a thorough understanding of the
underlying principles controlling those materials is paramount. 2D COFs and their applications
will be the primary focus of this minireview, although there are a few examples of 3D COFs.12-2
The difference between these two classes lies in the design of their monomers and the type of
bonds that connect them in three dimensions. 3D COF monomers are designed such that they are
polymerized through the formation of covalent bonds in all directions. In contrast, the growth of
2D COFs is controlled by two orthogonal processes: polymerization in two dimensions through
the use of thermodynamically controlled covalent bond formation (i.e., dynamic covalent
chemistry), and crystallization of these layers via non-covalent forces such as aromatic stacking
or dipolar forces. The eclipsed arrangements of the aromatic units makes 2D COFs ideally
suited for applications where electronic communication between m-conjugated functional groups
(e.g., conductance, charge transfer, redox coupling) are important properties.

The modular design principles used to make COFs are shared in many ways with the reticular

design concepts of other classes of porous materials such as metal-organic frameworks
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Figure 1.1. (A) Illustration of a hexagonal 2D COF demonstrating the forces involved in their
assembly (B) Examples of the reticular design strategies used to make COFs. (C) Common
dynamic covalent bond types that have been used to make COFs.

(MOFs).2%%* Since COFs are crystalline materials, microscopic structural attributes such as pore
size and shape (Figure 1.1a) can be controlled by the shape of the chosen monomer. There have
been many examples of 2D COFs that use the conventional net topologies shown in Figure 1.1b
(e.g., trigonal, tetragonal, hexagonal), although in recent years there have been many variations
on these designs that use linkers with asymmetric structures and mixtures of linkers with like
topologies but different sizes.?>?® The most common types of covalent bonds used to make 2D
COFs are azines,®?>?°3! imines,'32 hydrazones, or boronic ester linkages!"33-% (Figure 1.1c).
Each of these bond types offers varying advantages from high crystallinity (boronate esters), to
superior resistance to hydrolysis (hydrazones) and each of these classes of COFs form under

different conditions and mechanisms, requiring different design rules. This section will discuss

those efforts to date.



1.2.2 Mechanistic studies

While COFs have been at the forefront of porous materials development for a decade, only
recently have researchers attempted to better understand the mechanistic forces that dictate the
overall formation of 2D COFs. The first COFs, reported by Yaghi and C6té in 2005, utilized
boronate ester and boroxine linkages which resulted in microporous materials with excellent
crystallinity.r Later, work by Dichtel and co-workers® attributed this to interactions between the
lone pairs of the oxygen atoms and the empty p-orbitals of the boron atoms in the adjacent COF
layers (Figure 1.1a, bottom). This has proven to be a powerful and general strategy for
synthesizing crystalline COFs as there have been dozens of examples of boronate ester COFs
since the first report with a diverse set of monomer structures. In most other COF types,
however, the 2D layers are primarily held together through aromatic stacking forces.

In recent years there have been several studies reported that attempt to elucidate the mechanism
of COF formation in greater detail.**! Shown in Figure 1.2 are several possible processes
responsible for the polymerization and crystallization of 2D COFs. Some of these mechanistic
steps are more prominent depending on the class of COF, and some are likely endpoints for
COFs that do not form well (i.e., kinetic trapping points). Previous studies of dynamic imine
directed assembly have characterized the nature of these kinetic traps and, given their similarity
to COF polymers, they are likely analogous.*?

One of the first efforts to elucidate the mechanism of COF formation was reported by Dichtel, et
al., on the synthesis of boronate ester COFs. Most COFs are synthesized using solvent
conditions that result in a suspension or slurry.*® By designing solvent conditions that resulted in

a homogeneous solution, the rates of COF formation could be determined through turbidity



b — —_

Polymeric Products under Slow Conversion to the
l Kinetic Control Thermodynamic Product

2D Polymerization under

Thermodynamic Control

Aggregation of 2D Sheets
into 3D Stacks

Templated Polymerization
of Additional Sheets

Figure 1.2. Mechanistic steps possible during the formation of a 2D COF.
measurements. This study found that the rate of COF formation was qualitatively related to the
aromatic stacking capability of the monomer (Figure 1.3), in other words, larger aromatic
monomers formed COFs at a faster rate, and resisted hydrolysis better than their smaller
counterparts.

Another report established that structural characteristics, in this case the dihedral angles®*?
between aromatic rings within the monomers, can influence both crystallinity and porosity in
COFs. Lotsch, and co-workers® planarized a 1,3,5-triphenylbenzene-based COF monomer
through the introduction of nitrogen atoms to the central ring. This alleviated the steric
hindrance between the central and peripheral rings resulting in a coplanar arrangement between
the phenyl rings. Modifying this dihedral angle resulted in a substantial improvement in both the
surface area and crystallinity of the resultant COFs. These improved COFs were used as
effective scaffolds for photocatalytic hydrogen generation. Seemingly in contrast, a report by

Bein and co-workers used a non-planar tetraphenylethylene linker* to show that, if properly



designed, non-planar aromatic systems can “lock” COF layers into place resulting in improved
long-range crystallinity. Building on this work, a pyrene based COF with peripheral phenylene
rings showed that this principle could be extended to other structural cores.*® Electronic effects
can also play a role, as demonstrated by Jiang, et al. through the use of electronically
complementary monomers.*® Salonen, et al. showed that the cancellation of dipole moments in
COF monomers could also be used with success to improve the microscopic structure.” Our
group recently demonstrated that the use of electron-poor fluorinated monomers can also
improve both surface area, crystallinity, and pore fidelity.*

While it appears that there are contradictory design rules for COFs, these reports
demonstrate that the design rules for COFs are complex and deserving of more study.
Furthermore, this work serves to tighten the link between supramolecular chemistry and the
study of COFs as many of the concepts of self-assembly appear to be highly important for

understanding the nature of COF polymerization.
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Figure 1.3. Relative rates of formation for boronate ester COFs, related to their n-surface area



1.3  Gas storage in COFs

Analogous to other classes of micro- and mesoporous materials, COFs have been studied over
the past decade for use in sorption and separation of energy relevant gases including Hz, CHa,
COg2, and others. The major bottleneck for the use of H2 and CH4 as clean fuel substitutes for
petroleum in automobiles is the lack of suitable storage materials.? This section will discuss

efforts to develop COFs as storage materials for gases relevant to clean energy.*

1.3.1 COFs for hydrogen storage

The search for clean energy sources as alternatives to fossil fuels is critical to finding a solution
for green house gas emission, air pollution, and the increasing need for energy. The ideal
substitute for traditional carbon based resources is Hz, due to its high thermal energy content and
clean combustion for automobile applications.>®>! In practice, a minimum of 4 kg of H2 must be
stored to drive several hundred kilometers before refueling.***? Two basic approaches have been
identified to store practical amounts of hydrogen for automobile use. One is to chemisorb H2 as
metal hydrides® while the other is to physisorb Hz in porous materials such as porous
polymers,>%® zeolites,*® MOFs,>"%® and COFs.>®

The use of COFs as hydrogen storage materials has attracted much attention owing to several
theoretical®®®? and experimental studies'®#%634 that have demonstrated that COFs have
comparable or better hydrogen storage capabilities than other materials such as MOFs. Since the
first report of Hz sorption in COFs in 2008 numerous attempts have been made to impove the Hz
sorption properties of COFs. For example, 3D COF-102 (BET surface area, 3620 m? g)

displays the highest observed excess hydrogen uptake reported to date of 7.24 wt% at 35 bar and



77 K.*® This is slightly higher than that of the comparable porous polymer PAF-1 (7.0 wt%, BET
surface area of 5600 m? g1).%

In general, the ability of COFs to store H2 gas correlates to their surface area.*®%® For instance,
COF-1, COF-8, and COF-5, which have BET surface areas of 750,1350, and 1670 m? g’
respectively, have Hz excess uptake capacities of 1.48, 3.50, and 3.58 wt% at 35 bar and 77 K,
respectively.*® Though these values are promising, it should be pointed out that these H2 sorption
experiments have been carried out at 77 K, an exceptionally cold temperature for practical use.
Significant uptake at room temperature or higher remains a challenge. The US Department of
Energy (DOE) has set the target H2 storage to be 5.5 wt% at -40 to 60 °C under a maximum
pressure of 100 atm for 2017.2

Nonetheless, computational studies and experimental attempts indicate that good H2 storage can
be made possible at practical temperature ranges (273-298 K), in particular for metal-doped COF
materials.®%* Numerous simulation and experimental studies™®°%-%357 have been performed to
study the improved Hz uptake capabilities of Li, Sc, Pd, and Ca doped COFs under practical
conditions. For example, gravimetric adsorption capacities of hydrogen for Li-doped COF-105
and COF-108 reach 6.84 and 6.73 wt% at 298 K and 100 bar.!® The authors of this study noted
that positively charged Li atoms make dative bonds with Hz which improve the uptake. Neutral
Li atoms or anions have no such effect. Gao and co-workers showed in a theoretical study that a
Ca intercalated COF containing diphenylethyne units, reached an H2 sorption of 5 wt% at near-
ambient conditions (300 K, 20 bar).?%? In this case the metal atom is adsorbed on to the center of
the organic unit rather than the boronic ester or boroxine rings. The neutral Ca atom is

intercalated between the n-systems of the phenyl rings. Another excellent study demonstrated



the use of a 3D-COF, COF-102, for the stabilization of Pd nanoparticles and shows that the
excess H2 storage capacities were improved by a factor of 2-3 via Pd impregnation at room
temperature and 20 bar. This remarkable enhancement can be attributed to not only the Pd
hydride formation, but also hydrogenation of residual organic compounds.®® Apart from the
metal-doped COFs, a simulation was carried out on four 3D-COFs which substitute the
phenylene moieties of COF-102 with diphenyl, triphenyl, naphthalene, and pyrene units to
produce the theoretical COF-102-2, COF-102-3, COF-102-4, and COF-102-5, respectively. Of
these materials, COF-102-3 demonstrated the best total uptake performance and reached 26.7
and 6.5 wt% at 77 and 300 K, respectively at 100 bar. This improvement can be attributed to the
enhancement of surface area, pore volume, and the enthalpy of adsorption, all of which facilitate

physisorption.>®

1.3.2 COFs for methane storage

Natural gas is another alternative to traditional fossil fuels, and has attracted much attention due
to its relatively low impact on the environment.®® Methane is the major component of natural
gas, which is cleaner, more abundant, and less expensive than gasoline or diesel. However, the
same problems that plague hydrogen also exist for methane. To use methane as a fuel in
automobiles, effective and safe storage systems are needed given the dangers of using a
flammable gas as a fuel.*® The current DOE methane storage target is 350 cm® (STP) cm™ (STP
= standard temperature and pressure) at 35 bar and ambient temperature.® In order to achieve the
DOE target a porous framework must be designed to have a high sorption capacity, a good

adsorption enthalpy, and an efficient charge-discharge rate.”
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Figure 1.4. Computed CH4 adsorption isotherms in (A) COFs; (B) Li-doped COFs at T=298 K.
Figure taken with permission from reference 15.
Methane storage capabilities of COFs have been evaluated both experimentally*®’ and
theoretically.[*® 3521 [_jke hydrogen, the amount of methane uptake is correlated to surface area,
with higher surface area COFs typically adsorbing more than lower surface area analogues. For
example, the gravimetric excess uptake of methane in 3D COF-102 (187 mg g) and COF-103
(175 mg g) is higher than that of 2D COF-5 (89 mg g-1) at 298K and 35 bar.[**] Goddard and
co-workers have performed a simulation study using 14 COFs to explore their methane storage
ability. They have shown two fundamental ways to improve methane storage in COFs, a) by
using ligands with low steric encumbrance to minimize the methane-COF interaction at low
pressure and b) by improving the heat of adsorption.*®1 Another theoretical study by Wang and
co-workerstd studied the excess storage capacities of methane in 3D COFs and their Li-doped
counterparts at 243 and 298 K and 35 bar. This study indicates that the gravimetric capacities of
Li-doped COF-102 and COF-103 reach 303 and 290 cm?® (STP) cm3, respectively, which is more

than double those in the parent COFs (127 and 108 cm? (STP) cm™) at 298 K and 35 bar (Figure
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4). This improvement was attributed to increased London-dispersion forces and induced dipole

interactions between methane and the adsorbed Li cations.

1.3.3 COFs for carbon dioxide capture and separation

Carbon dioxide is the main byproduct of fossil fuel combustion and is a major contributor to
global warming. To help combat this global threat, there is a massive demand for green, cost
effective strategies for carbon capture and sequestration (CCS).”? Several classes of porous
materials have been identified as suitable candidates’ for CCS due to the drawbacks™ of other
methods.” Among zeolites, porous carbons, and metal-organic frameworks (MOFs), COFs have
been posited as a superior candidate for CO2 capture.! The first examples of CO2 sorption in
boronate ester COFs were reported in 2009.%° Each of these reported examples were 2D-COFs
having eclipsed layered structures with pores in the form of 1D channels.t’® 3D COFs-102 and
103 were evaluated for their CO2 capture capability in addition to their hydrogen storage
properties previously discussed in section 2.1.32 These studies generally demonstrated that COFs
with small pores were better at adsorbing CO2 than those with very large surface areas and larger
pore sizes. However, owing to the poor hydrolytic stability of boronate esters they likely are not
useful for practical applications in gas sequestration.

Other COF designs aimed to bind CO2 molecules more effectively by incorporating a higher
density of polar functional groups. Triazine-based COFs were first developed by Thomas and co-
workers in 2008 through ionothermal synthesis and have demonstrated good properties for CO2
adsorption.”” Triazine COFs are formed under often harsh conditions (strongly acidic, or at
temperatures >300 °C) which enable dynamic reversibility in the triazine functional groups. The

first triazine-based COF (CTF-1) was made from terephthalonitrile, and has a BET surface area
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of 791 m? g1. In 2013, Han et al. reported a perfluorinated variant of CTF-1 (named FCTF-1)
and compared its CO2 sorption with CTF-1.”® FCTF-1 exhibited a higher Qs value (35.0 kJ mol-
1, indicating a stronger affinity to CO2 when compared to the non fluorinated CTF-1. It is
hypothesized that the incorporation of fluorine substituents enhances the interaction between the
COF structure and COz2 in two ways, 1) through increased electrostatic interactions between the
electronegative fluorine and the electron poor carbon atom of carbon dioxide, and 2) by reducing
the size of the micropores to less than 0.5 nm, which facilitates CO2 uptake and CO2/N2
separation through kinetic selectivity.

The CO2/Nz2 selectivity of these COFs was studied using the ideal adsorption solution
theory (IAST) which is based on single-gas adsorption isotherms at 298 K and 1 bar.”® These
measurements showed that the fluorinated FCTF-1 had an improved IAST selectivity of 31 while
the selectivity for the non-fluorinated CTF was 20. In addition to this, column breakthrough
experiments were also performed under kinetic flow conditions at 298 K and 1 bar with 10:90
v/v mixtures of CO2and N2. These experiments showed even greater improvements in selectivity
between FCTF-1 (77) and CTF-1 (18). Moreover, FCTF-1 showed only a 12% decrease in CO2
uptake when using wet CO2. These results validate the benefit of FCTF-1 over conventional
sorbents, which generally lose more than 50% of original CO2 adsorption capacity when used
under practical conditions that simulate ambient moisture, or the water found in the exhaust
streams of combustion reactors.®
In a recent report,®! two CTFs, CTF-FUM made from fumaronitrile, and CTF-DCN made from
1,4 dicyanonaphthalene were synthesized exhibiting ultramicropores of less than 7 A. These

COFs were made through ionothermal synthesis at 350, 400 and 500 °C. Among all CTF-FUM
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and CTF-DCN frameworks, the CTF-FUM-350 had the highest CO2 adsorption capacity of 57.2
cm?® g (112 mg g?), and selectivities for CO2 over N2 and CH4 of 102.4 and 20.5 at 298 K,
respectively. This performance was attributed to the ultramicroporus nature and the high nitrogen
content (27.64%) in CTF-FUM-350.

One of the most common classes of COFs are imine COFs, which rely on the effective use of
dynamic imine chemistry to form their primary structure.* The first CO2 sorption measurements
of an imine COF were reported in 2012 by Banerjee et.al.®? They reported the synthesis of TpPa-
1 and TpPa-2 using 1,3,5-triformylphloroglucinol (Tp) with p- phenylenediamine (Pa-1) and 2,5-
dimethyl p-phenylenediamine (Pa-2), respectively, which were highly chemically stable 2D-
COFs. The BET surface areas of TpPa-1 and TpPa-2 were reported as 535 m? gt and 339 m? g%,
respectively. The CO2 uptake of TpPa-1 and TpPa-2 was measured to be 78.0 (153) and 64.0
(126) cm® gt (mg g1) at 273 K and 1 bar, respectively.

A room temperature, solvent-free, mechanochemical grinding approach was introduced to make
these imine COFs (TpPa-1 and TpPa-2) along with new TpBD COFs utilizing benzidine (BD)
monomer as the diamine component.8® Although these COFs seem to have lower crystallinity,
they exhibited higher chemical stability. The CO2 uptake of TpBD using this method was 40.0
cm® gt (78.6 mg g?) at 273 K and 1 bar.

Lin Wang et al. introduced a microwave-aided methodology to synthesize TpPa-1 (TpPa-COF
(MW)) with high crystallinity and a BET surface area of 724.6 m? g, a 35% improvement
compared to the 52.6 m? g found for traditionally produced TpPa-1.8* The CO uptake of TpPa-
COF (MW) was 111 cm?® g (218 mg g™) with a Qst of 34.1 kJ mol™ at 273 K and 1 bar. The

selectivity of CO2/N2 was calculated to be 32 at 273K. The comparatively higher CO2 sorption
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can be attributed to the microporous nature of the material, high surface area, and the numerous
N-H sites on the pores that have favorable interactions with polarizable CO2 molecules through
hydrogen bonding.

While imine-based COFs exhibit high crystallinity, they suffer from poor or moderate chemical
stability, which limits the application of imine COFs in gas storage under normal environmental
conditions. To overcome this limitation, a new strategy was developed to introduce —OH
functionality, and therefore intramolecular hydrogen bonding, near the Schiff base —C=N-
centers in 2D-COFs. This COF, DhaTph, showed both improved chemical stability and surface
area, as the basic imine nitrogen is protected from hydrolysis by intramolecular hydrogen
bonds.2®> DhTph and its analogue without the pendent —OH groups, DmaTph, show CO2 uptakes
of 65.0 (128) and 37 (73) cm® g (mg g1), respectively. CO2 adsorption can be improved further
in these materials by assembling these COFs into vesicles with spherical morphology that retains
their microscopic crystallinity.8

Another report demonstrated the use of pyrene cores to synthesize a highly crystalline
mesoporous imine-based COF (ILCOF-1). The reversible condensation between 1, 3, 6, 8-
tetrakis (4'- formylphenyl)-pyrene and p-phenylenediamine, in the presence of acid catalyst,
yielded ILCOF-1, which exhibited a high BET surface area of 2723 m? g2.8” The excess CO2
sorption capability was measured to be 31 cm® g* (61 mg g?) at 273 K and 1 bar with a Qst value
of 18.3 kJ mol™. The high pressure (40 bar) CO2 sorption of ILCOF-1 was 656 cm®g at 298 K.
This CO2 sorption capability of ILCOF-1 outperforms most of the 2D and 3D COFs in the
literature to date. The high CO2 sorption was attributed to an enhanced COz2 binding ability of the

COF’s nitrogen-rich pore-walls.
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Figure 1.5. Hlustration of the types of interactions that can be incorporated into COFs to enhance
CO:2 gas adsorption and examples of COF design that incorporate these types of functionality
resulting in strong CO2 adsorption. The channel-wall functionalized COFs shown represent those
with the highest CO2 adsorption capacity out of this series of COFs.

Azine-linked COFs are another popular class of COFs where the dynamic reaction between an
aldehyde and hydrazine is utilized in the synthesis. Jiang et al. first reported the synthesis of an
azine-linked COF (Py-Azine COF) in 2013, synthesized by condensation between hydrazine and
1,3,6,8-tetrakis(4-formylphenyl)pyrene.?® The first CO2 sorption of an azine COF was reported
for ACOF-1, which was synthesized by the condensation between hydrazine hydrate and 1,3,5-
triformylbenzene.® This had a BET surface area of 1176 m? g with a CO2 uptake of 90.0 cm® ¢
1 (177 mg g1) at 273 K and 1 bar. The Qs for CO2 sorption was 27.6 kJ mol™ and the selectivity

of CO2 /N2 was 40 at 273 K.

Smaldone and co-workers reported an azine COF (HEX-COF-1) based on a six-fold

symmetric hexphenylbenzene (HEX) monomer functionalized with aldehyde groups.®® The BET
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surface area of HEX-COF 1 was 1214 m? g with an average pore size of 1 nm. It showed an
excellent sorption capability for carbon dioxide of 102.0 cm® g (200.0 mg g?) at 273 K and 1
bar with a Qst of 42 kJ mol™. These measurements indicate a strong affinity between the HEX-
COF 1 and CO:2 gas molecules due to a high content of nitrogen atoms and small pore size
(Figure 1.5).

COF-JLUZ2, another 2D azine COF synthesized by condensation of hydrazine hydrate and 1,3,5-
triformylphloroglucinol,®® shows high crystallinity, a surface area of 410 m? g, and a pore
diameter of 0.96 nm. The CO: sorption capacity was reported as 110.0 cm® g (216.1 mg g}) at
273 K and 1 bar, which is remarkably high among reported COFs.'*#8 The Qs of COF-JLU2 for
CO: at low coverage was 31 kJ mol*. The high CO2 uptake capacity and heat of adsorption was
attributed to the nitrogen and oxygen rich micropore walls of the framework. The CO2/N2
selectivity of 77 is also quite high.%%!

With so many successful examples of CO2 storage in nitrogen and oxygen rich COFs, strategies
have been developed to post-synthetically incorporate functional groups into the pores of 2D
COFs. In 2015, Jiang et al. decorated the interior pore channels of a conventional 2D-COF
containing hydroxyl groups (termed [HO]x%—H2P—COFs) with carboxylic acid groups through
the use of a ring opening reaction to form a new material named [HO2C]x%—H2P—COF.%2This
modification lead to a CO:2 storage capacity of 23-32 cm? g (45-63 mg g!) at 273 K and 1 bar,
almost three times that of the unmodified COF. However, due to the steric pore filling from the
postsynthetically added side chains, the shape of the isotherm was changed to a type | from a
type 1V. In addition to this, the BET surface area was reduced by approximately half, for the

modified COF. The [HO2C]io0%—H2P—-COF (Figure 1.5) showed the highest CO2 sorption of
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89.0 cm® g (175 mg g?) at 273 K and 1 bar. The enhancement in the sorption properties was
attributed to the higher content of carboxylate groups, which can form a dipolar interaction with
CO2. The selectivity of adsorption for CO2 over N2 was calculated for these COFs using the
IAST method. [HO2C]100%—H2P—COF showed a selectivity of 323 for a 15/85 CO2/N2 mixture at
298 K and 0.1 kPa, while [HO]100—H2P—COF showed a selectivity of only 18 under the same
conditions. This work was followed up by the Jiang and co-workers®? using a click chemistry
approach to modify the channel walls of a COF with a variety of different functional groups,
including Et (ethyl), COOMe (ester), EtOH (hydroxyl), AcOH (carboxylic acid) and EtNH2
(amino). Though the pore functionalization negatively effects the BET surface area, in all cases
except for Et incorporation, the CO2 uptake capacity has been enhanced. The CO2 sorption
capacities and the Qst values of these COFs increased with increasing functional group polarity.
When the molar ratio (x) = 50, the [EtNH2]x—H2P—-COFs, [EtOH]x—H2P-COFs, [ACOH]x—H2P-
COFs, and [MeOAc]x—H2P—COFs showed the greatest CO2 adsorption. Of these, [EtNH2]so—
H2P—COF (Figure 1.5) exhibited the highest adsorption capacity of 80.0 cm® g (157 mg g?) at
273 K and 1 bar.

Of the different classes of COFs discussed, the triazine, imine, and azine-based COFs exhibit
some of the highest chemical stability and high CO2 adsorption profiles that would be required
for use in CO2 storage applications. The high CO2 sorption capability of these COFs can be
attributed to favorable interactions between CO2 molecules and the polar functional groups in the
frameworks.  Further investigation of new COFs that exploit the use of pore wall

functionalization could help create viable materials for future clean energy applications.
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1.4 COFs for electrical energy storage

The role for COFs in the field of sustainable energy doesn’t end with gas separation and storage.
Among all classes of porous materials, 2D COFs are unique in being able to orient building
blocks in crystalline, closely spaced, eclipsed formations. Early computational models indicated
that this structural characteristic of COFs, coupled with building blocks designed to carry charge,
would allow for charge transfer not only through the covalent bonds forming the two-
dimensional sheets of COFs, but also along the c-axis of the final crystalline solid.*® This
fundamental property has led to an explosion of interest in developing and understanding the
electrochemical properties of COFs.* Several excellent electroactive COFs have since been
produced,”®% showing the promise of COFs for a variety of sustainable energy applications
where conductivity and charge transfer are required, including photovoltaic technologies and

batteries.

1.4.1 COFs for photovoltaic applications

Capturing the energy of the sun has long been a clean energy goal, with vast amounts of research
effort being directed towards both inorganic and organic photovoltaic materials. Solar cells made
from fully organic materials are generally made from conductive polymers, and have lower
efficiencies and lifetimes than their inorganic counterparts, though they benefit from being
lighter weight and more easily processed than inorganic analogues.®® It is known that the
decreased efficiency of organic solar cells can be countered by controlling the way donor and
acceptor molecules are assembled within the conducting material. Solar cells with a bulk

heterojunction design are superior as the interface between the donor and acceptor components is
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increased compared to a cell with a bilayer arrangement of these components. If individual
donor and acceptor molecules can be arrayed in space in a controlled, alternating fashion, then
the interface between donors and acceptors could be organized at the molecular level (Figure
1.6). COFs, with their high surface area and ordered pore structures could host such donor

acceptor arrangements.
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Figure 1.6. Hlustration of the evolution of solar cell design from a bilayer approach to a bulk
heterojunction approach to precise molecular architecture designs made possible with COFs.
(Top) Examples of COFs that have shown photo-responsive charge separation. (Bottom)
Jiang et al. produced the first example of a photoconductive COF with the publication of a PPy-
COF, made through the self condensation of pyrene diboronic acid to form a boroxine linked
COF.** PPy-COF is an exceptionally crystalline COF, growing cube-shaped crystals on the

micrometer scale. Jiang measured the photoconductivity of PPy-COF by evaporating a thin film

of COF onto an Al electrode. They then deposited a 30 nm layer of Au onto the film using vapor
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deposition, and irradiated the resulting electrode with visible light from a xenon lamp. The result
was a linear 1-V response at 25 °C, and they were able to show that the material could be
switched multiple times without deterioration of the on-off ratio. This remarkable photo response
is attributed by the authors to the perfect eclipsed stacking of PPy-COF, allowing exciton
migration through the framework. As low off-set in the COF network seems to be a general
property of highly conductive COFs, the available computational models to predict a priori the
amount of off-set expected in COF formation could be useful in designing other conductive
COFs 1%

Subsequent photoactive COFs was published by Ding and co-workers with a Ni phthalocyanine
based COF they created by co-condensing Ni phthalocyanine with 1,4-benzenediboronic acid
(BDBA). This COF was able to produce a photocurrent of 3 HA when processed into an
electrode and irradiated with a xenon lamp by the same procedure used for PPy-COF.°! Ding
also showed that the identity of the metal bound to the phthalocyanine was able to tune the
electronic character.%? By exchanging the BDBA component with benzodiathiazole (BTDA), the
resulting COF was improved and was able to generate a photocurrent of 15 pA under the same
conditions.’®! Replacing the phthalocyanine with porphryin and condensing that with BDBA
allowed for the production of a series of photoactive COFs with different electron and hole
mobility based on the metal in the porphryin building block.*® Jiang and co-workers then
reported CS-COF, a conductive and chemically stable COF produced by the co-condensation of
triphenylene hexamine (TPHA) and tert-butylpyrene tetraone (PT).1% Initial measurements for
conductivity using flash photolysis time-resolved microwave conductivity (FP-TRMC) method

showed CS-COF to have a hole-conducting mobility of 4.2 cm? V1 s, making it one of the best
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hole-transporting organic semi-conductors reported at that time. By soaking Ceo into the CS-COF
framework, and adding 50 wt% of an organic semi-conductor, [6,6]-phenyl-Cs1-butyric acid
methyl ester (PCBM), and poly(methyl methacrylate) to act as a glue, they were able to fabricate
an electrode sandwich of tin oxide (ITO)/spin coated active layer/Al to test for photoactive
properties. This device showed a power conversion efficiency of 0.9%, a large open-circuit
voltage of 0.98 V, and the ability to switch multiple times without degradation of the device.
Partnering electron donating COF frameworks with electron accepting Ceo was further explored
by Chen and co-workers. By condensing (2,3,9,1016,17,23,24-(octahydroxyphthalocyanito) zinc
(ZnPc[OH]s) with a mixture of BDBA and a derivative of BDBA that contained a pendent azide
(N3-BDBA), they were able to covalently link Ceo to the inside of the COF pores'® and showed
that charge was efficiently transferred.

Several efforts incorporating thiophene based monomers into COFs have been reported. /105106
Bein and co-workers have reported a thiophene based COF that was successfully used to
fabricate a photovoltaic device. By co-condensing thieno-[3,2-b]-thiophene-2,5-diyldiboronic
acid (TTBA) and hexahydroxytriphenylene (HHTP), they produced TT-COF.*® As thiophene
based polymers show excellent photoinduced charge transfer in the presence of PCBM, Bein and
co-workers soaked TT-COF in a solution of PCBM, and showed by decrease in BET surface area
that the COF was taking it up into the framework, which was then confirmed though
photoluminescence quenching of the 487 nm emission of pristine TT-COF. When a thin film of
this COF was used to produce a photovoltaic cell using ITO/TT-COF:PCBM/AI, the efficiency
was reported as 0.053, with an open-circuit voltage of 0.62 V. A Monte Carlo simulation was

performed to study how the PCBM packs into the COF pores. This simulation suggested that
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designing a COF with larger pores could potentially increase the observed efficiency by allowing
for better packing of PCBM, and therefore better charge transfer.%

While the previous examples have demonstrated the effectiveness of COFs to work with dopants
such as Ceo to separate and conduct charge, one could also envision creating a COF in which the
donor and the acceptor molecules are part of the COF framework itself. This concept was
realized by Jiang and co-workers with their integrated donor-acceptor COF, 2D D-A COF.%®
Typically, when donor and acceptor molecules are co-crystalized they stack on top of each other,
causing rapid combination of charge carriers and very low efficiencies. However, by using donor
and acceptor building blocks to produce a COF, the directed self-assembly of COF formation
over-rides the propensity of donors and acceptors to stack together and instead forms periodic
and columnar arrays of donor and acceptor molecules. This creates vertically ordered p-n
heterojunctions and a very large D-A interface, which should significantly increase the
photoconductivity of the material, without the need for an added dopant. A co-condensation of
2,1,3-benzothiadiazole-4,7-diboronic acid (BTDADA) and hexahydroxyterphenylene (HHTP)
was used to create 2D-D-A COF as orange crystals. Again using FP-TRMC, this material was
shown to conduct both electrons and holes with a mobility of 0.01 and 0.04 cm? V! St
respectively.'®* Computational modeling was performed on this COF by Er et al., using density
functional theory to further explore the conductive nature of this COF. Their calculations support
a hypothesis that it is the vertically stacked donors and acceptors that are reponsible for the high
charge mobility.1%® Another reported donor-acceptor COF, Dznpc-Anpi-COF, which is composed
of zinc phthalocyanine as the donor molecule and naphthaline diimide as the acceptor'® was

studied using time resolved spectroscopy. These measurements showed that charge separation
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occurs in just 1.4 ps, with the lifetimes of the charge separated states lasting as long as 10 ps. A
recent publication expanded upon this study further by exchanging the Zn metal in the electron
donor to Cu or Ni, and then paired each metal with three different diimide aceptors to compare
their physical properties.® This study found that when the accpetor was held constant and the
metal changed, the charge separation lifetimes were similar, however, given a single acceptor,
the identity of the metal did affect the charge lifetimes. Dcupc-Arrypi-COF achieved the longest
lifetimes of 33 ps, and shows that optimization between acceptors and donors is an important
part of D-A COF design.

Metal free D-A COF systems have also been explored. Jin et al. synthesized two COFs using
triphenylene as the donor component, and either naphthaline diimide (Dtr-Anpi-COF) or
pyrromellitic diimide (Dtp-Aryip1-COF) as the acceptor components. Though no direct
photoinduced current was measured, the observed fluorescence lifetimes for Dtp-Anpi-COF and
Drp-Aprypi-COF of 0.92 and 1.0 ns respectively confirmed that charge transfer is occurring
between adjacent donor and acceptor molecules.'®

Though there are many excellent examples of conductive and photoactive COFs, a major
drawback to their incorporation into devices is their propensity to form interpenetrated, cross-
linked, insoluble powders. To fully explore the electronic properties of COFs in a device such as
an electrode, the COFs need to be produced in ordered arrays, without grain boundaries that
lower efficiencies. Drop casting membranes or incorporating other conductive polymers to serve
as supports does work, but the major breakthrough required for device fabrication came in 2011,
when Dichtel and co-workers found that by incorporating single-layer graphene (SLG) on Cu

substrates into the solvothermal conditions used for generating COFs, they could grow oriented
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COF thin films.3 Using 1,4-phenylenebis(boronic acid) (PBBA) with HHTP, to produce what is
known as COF-5, the surface of the graphene could be coated in a layer of COF after just 30
minutes of reaction time. Synchrotron X-ray diffraction showed the characteristic peaks
associated with bulk COF-5 were present, confirming that an ordered crystalline network of
COF-5 is being produced. SEM images of an SLG substrate that was covered in a protective Pt
layer before being subjected to the COF forming conditions for 30 minutes showed a 200 nm
thick layer of COF covering the substrate. They further demonstrated that COF films formed on
other SLG substrates, with SLG/SiO2 growing 100 nm thick COF sheets after a thirty minute
reaction time with a more uniform film-substrate interface than the corresponding SLG/Cu
substrate. The films were further enhanced when grown on SLG/SIC substrates. With these they
found that a longer reaction time of 8 hours was required, but the films produced contained no
visible grain boundaries. With this proof of principle in hand, two other COFs with known
conductivity properties were grown on transparent SLG/SiO2 substrates. The first of these was
TP-COF, produced through a co-condensation of pyrene-2,7-diboronic acid and HHTP.*® The
diffraction data for the COF films grown with these building blocks matched powered TP-COF
samples, and the photoluminescence of the films showed the strong pyrene excimer emission that
is seen in TP-COF powders. The second conductive polymer that was grown was a square lattice
COF produced from Ni phthalocyanine and PBBA. This example shows that non-hexagonal
COFs can also be grown on these substrates, making the method remarkably general.

Bein and co-workers recently reported the first synthesis of an oriented thin film of a
benzodithiophene containing COF interpenetrated with Ceo, forming for the first time a periodic

D-A system as a thin film on a variety of device relevant substrates.'* This was achieved by co-
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condensing benzo[1,2-b:4,5-b’]dithiophene-2,6diyldiboronic acid (BDTBA) and HHTP under
solvothermal conditions in the presence of an ITO coated glass substrate. These conditions
produced uniform, crack-free COF films of 150 nm with the c axis of the COF perpendicular to
the substrate surface. The thin films were then spin coated with either [60]PCBM or [70]PCBM,
and fluorescence quenching studies showed both acceptors were able to quench the fluorescence
of the BDTBA COF with approximately 60% efficiency, confirming that charge transfer is
occurring from the donor COF to the infiltrating acceptors.

Spitler et al. reported!? the growth of oriented thin films of a series of lattice expanded ZnPC
COFs on SLG, creating COF films with diagonal pore widths ranging from 2.7 to 4.4 nm. While
these COFs have not been investigated for photoconductive properties, the ZnPC COF they are
based on is photoactive, and the larger pores are expected to allow for more versatility in the
choice of acceptor molecule partners.

Finally, Calik and co-workers have now incorporated a new D-A COF into the first photovoltaic
device that uses only a COF as the photoactive layer.!® By co-condensing
bis(boronphenyl)porphyrin and HHTP they produced TP-Por COF with segregated donor and
acceptor columns in which electrons can flow through the columns of porphyrins and holes flow
through the columns of HHTP. A thin film of TP-Por COF was grown on a patterned ITO
substrate that had been pre-coated with a 10 nm MoOx layer as a hole extraction layer. The COF
was then spin coated with a 20 nm thick coating of ZnO nanoparticles followed by thermal
evaporation onto Al electrodes. This device was then illuminated with simulated solar light,
producing an open-circuit voltage of 312 mV. Though the device suffered from low power

conversion, it shows conclusively that with more development and a deeper understanding of
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their design rules, COFs have exciting promise as component materials for the photovoltaics of

the future.

1.5  Capacitive storage in COFs

With the modern world’s rapidly expanding technology and energy demands, it’s not just
harvesting energy that is important, the ability to store and access energy is increasingly
important as well. Batteries have long been the traditional choice for energy storage due to their
large energy capacity, and there have been reports of COFs as useful scaffolding materials for
lithium ion%1%* and lithium sulfur batteries’'®>. However, the rate to store and access energy
(power) in batteries is often limited by a low power density.!!® Recently, supercapacitors have
emerged as a higher power density solution with long cycle life,!*® and there is expanding
demand to increase the energy density of supercapacitors even further. One type of
supercapacitor, pseudocapacitors, also referred to as electrochemical capacitors, represent a
middle ground between capacitors and batteries, utilizing both chemical reactions (such as
reversible oxidation/reduction reactions) and electrostatic interactions to store energy. This
hybrid type of capacitor is able to provide high power and energy densities.'%'7 The demand for
electric cars has driven a large part of the push for supercapacitive devices. When accelerating, a
car needs rapid access to large amounts of energy; in other words, a high power density is
required. Supercapacitors are uniquely positioned to fill this need by providing both high energy
and power densities. Electric cars could then utilize battery power while maintaining speed since
immediate access to large energy reserves is not required.!® Recent research has sought to apply
COFs as components for the electrodes of electrochemical capacitors in order to optimize energy

storage.

27



Since the energy storage for supercapacitors occurs at the electrolyte-electrode interface, high
surface area materials are often utilized to maximize the formation of double layer charge
separation, maximizing the ability to store electrostatic energy.!'” It has been found that
optimizing surface area and pore structure can have a large affect on energy storage potential.'*6
Chmiola et al.® demonstrated that pore size has a significant effect on capacitance,
demonstrating a sharp increase in capacitance below 1 nm. For pseudocapacitors, the electrode
material must also be able to utilize rapid, reversible chemical reactions notably
oxidation/reduction reactions. Typical materials used in pseudocapacitors include transition
metal oxides, conducting polymers, and carbon materials doped with electrochemically active
material.1'®1” COFs offer many advantages over typical materials for electrochemical capacitor
electrodes. Notably, COFs allow well-defined control over pore size, shape, and surface area, as
well as over the placement and character of redox active groups.’'® In this way, COFs offer
design potential and flexibility such that capacitive energy storage processes can be studied and
optimized.

DeBlase et al.!?® utilized the hydrolysis resistant B-ketoenamine linkage to create redox active
COFs using DAAQ and TFP monomers. These COFs were capable of specific capacitance of 48
F g-1. With these COFs there was poor accessibility of the redox active anthraquinone groups,
approximately 2.5%, which they attributed to random alignment of the COF particles.*? In
another report by DeBlase et al.® improvements in the capacitive properties of this COF were
obtained by synthesizing oriented thin films on a gold electrode, which yielded much higher
accessibility of the anthraquinone groups (80-99%) and a specific capacitance of 3 mF cm?, a

400% improvement compared to the randomly oriented powder. Zha et al.® have synthesized
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Figure 1.7. (A) Hlustration of a method to electropolymerize EDOT into the pores of a pre-
formed conductive COF network resulting in a synergistically conductive and stable capacitive
material (B). Figure taken with permission from reference 121.

a similar DAAQ based COF thin film on graphene with a specific capacitance of 7.6 mF cm™=,
Khattak et al.'*® produced a redox active pyridine based COF by condensing diaminopyridine
(DAP) with triformylphloroglucinol (TFP). This COF demonstrated a specific capacitance of 209
F g and had high (92%) cycle stability after 6000 charge-discharge cycles. Redox active units
can also be incorporated into the pores of COFs, thereby taking advantage of their ordered

structure to arrange charge carriers in space. Xu et al.!! demonstrated a general strategy for post-

synthetically modifying COFs to functionalize them with redox active organic radicals. This was
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accomplished through a copper-catalyzed azide-alkyne click reaction between 4-azido-2,2,6,6-
tetramethyl-1-piperidinyloxy (TEMPO) groups and the alkyne functionalized COF. This allows
the reversible redox process of switching between oxidation states of a neutral radical and an
oxoammonium cation. This post-synthetically functionalized COF exhibited a specific
capacitance of 167 F g,

Recently, Mulzer et al.*?! were able to electropolymerize EDOT inside the pores of DAAQ-TFP
COF (Figure 1.7). They demonstrated that there is a synergistic effect between the conductive
PEDOT polymer and the redox active COF, overcoming the low conductivity of the COF, and
low cycle stability of the polymer thereby achieving overall improved capacitive properties. The
PEDOT enhanced COF had a very high volumetric capacity of 350 F cm™ and showed stable

performance over 10,000 charge cycles.

1.6 COFs for fuel cell membranes

Proton transport is another potential area for COFs to contribute to energy applications. A critical
component of hydrogen fuel cells is a proton conducting membrane that transports protons away
from the anode, allowing them to recombine with oxygen at the cathode to form water. Many
porous materials including MOFs have already shown great promise as proton conducting
media,'?212% and recent reports suggest that COFs could as well, while exhibiting advantages
over MOFs such as lower density and higher stability to acidic and basic conditions.

The first report of proton conduction in COFs came in 2014 from Banerjee et al.!?* Their
approach was to exploit the highly ordered channels formed in COF frameworks to organize
proton transporting materials. To this end, they synthesized an azo-containing COF using

triformylphloroglucinol and 4,4’-azodianiline that was then treated with phosphoric acid. The
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authors hypothesized that the azo groups would increase proton conductivity by serving as
anchoring points for the phosphoric acid, and indeed, the resulting PA@Tp-Azo COF showed
proton conduction in humid and anhydrous environments of 9.9x10* and 6.7x10° S cm
respectively.

The Jiang lab employed a similar strategy by soaking N-heterocycle proton carriers into the
imine linked TPB-DMTP-COF.1% The highly ordered, 3.26 nm channels present in this COF
allowed for extremely high loading of the proton transporting material, up to 180 wt% for
triazole. The resulting trz@ TPB-DMTP-COF had a proton conductivity of 1.1 x 103 S cm™ at
130 °C. A similar procedure was used to load the COF channels with imidazole, which showed a
similar conductance of 4.37 x 103 S cm™ at 130 °C, showing the generality of this process.
Another strategy for designing COFs for proton transport is to develop COFs with an intrinsic
ability to transport charge. Ma and co-workers synthesized a cationic COF linker containing a
positively charged ethidium bromide substrate.®*! Interesting, while the as-synthesized ED-
COF:Br with bromine as the counter ion showed a proton conductance of 2.82 x 10° S cm™,
exchanging the bromine for the polyoxometalate Pwi12040> greatly enhanced the proton transport
properties, reaching 3.32 x 103 S cm™* at room temperature and 97% relative humidity.

Chandra and co-workers combined the intrinsic and extrinsic strategies, publishing a COF that
contained both a pendant sulfonic acid group for intrinsic proton transport, as well as a basic
nitrogen that could interact with acidic proton carriers for extrinsic transport.!?® They showed
that TpPa-SOsH COF decorated with just the intrinsic sulfonic acid groups along the 1D
channels had a proton conductivity of 1.7 x 10° S cm™at 120 °C in an anhydrous media. When

the pyridine containing COF was loaded with phytic acid, it had a proton conductivity of 7.5 x
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10* S cm™. However, when the COF containing both the sulfonic acid and pyridine nitrogen
was loaded with phytic acid to make Phytic@TpPa-(SOsH-Py), the proton transport was
improved by an order of magnitude to 5 x 10* S cm, showing a clear synergy between the
proton conducting mechanisms.

Just last year, Banerjee et al. were able to successfully demonstrate the use of a COF as the solid
electrolyte in a proton exchange membrane fuel (PEMF) Cells.'?” They did this using TpBpy-
Me,'® a mechanochemically synthesized bipyridine containing imine COF loaded with
phosphoric acid. The PA@TpBpy-Me COF showed an impressive proton conduction of 1.4 x 10°
2 S cmtat 120 °C. Importantly, the COF material procured by mechanochemically grinding the
two substrates together out-performed the traditional solvothermally produced COF in the
membrane electrode assembly device. The authors attribute this to the lower porosity of the
mechanochemically produced material, which does a superior job keeping the fuel gasses within
the cell separate. The fabricated device showed an open circuit potential of 0.93 V, a clear

indication of the potential for COFs as solid electrolytes in hydrogen fuel cells.

1.7 Conclusion

Covalent organic frameworks are a promising class of materials for energy storage applications
however there are still many challenges that need to be met. Using any new material in our
expansive energy infrastructure first requires that it be available in large quantities. In most of
the reports cited in this review, the COF materials are synthesized on a research scale, often as
little as 10-20 milligrams, which is of course far from the quantities needed to capture CO2 or
make batteries that could power automobiles or homes. Several attempts have been made to

remedy this situation through the use of high-efficiency synthetic techniques that allow for scale-
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up production without excessive solvent and starting material waste. Continuous flow
methods?312° and mechanochemical solid-state syntheses'?”126130 have recently been reported
for several types of COFs. Colloidal synthesis methods have also now been developed allowing
COFs to be conveniently formed into films and sheets through solution processing.®*! Despite
the challenges, these advancements are encouraging for the eventual development of COFs into

practical, commercially produced materials and devices.
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2.1 Abstract

In this communication, we report an azine linked covalent organic framework based on a six-fold
symmetric hexphenylbenzene (HEX) monomer functionalized with aldehyde groups. HEX-COF
1 has an average pore size of 1 nm, a surface area in excess of 1200 m?/g and shows excellent

sorption capability for carbon dioxide (20 wt%) and methane (2.3 wt%) at 273 K and 1 atm.

2.2 Introduction

Covalent organic frameworks' (COFs) are a class of porous polymers whose structures are
formed under dynamic control in either two or three dimensions. The structure and properties of
two-dimensional COFs in particular are controlled by the dynamic interplay between
noncovalent aromatic interactions (i.e., m-Stacking) and covalent bond formation under
thermodynamic control. COFs have become a rapidly growing part of micro and mesoporous
materials discovery for gas storage,>*'° catalysis,}*'* and especially as components for
electronic and conductive materials®>?2 The wide range of these potential applications is made
possible by the modular design of COFs, enabling one to not only predict with high certainty, but
also to tune, the pore size, shape, and symmetry of the resulting 2D COF sheets through careful
design of the starting materials. Two and three fold symmetric monomers are commonly used to
form materials with lattices that fit into hexagonal space groups. Porous polymers containing
HEX units have been previously reported by our group?2* and others.?>?° Recently, the first
COFs containing six-fold symmetric HEX-based components were reported resulting in

materials with triangular shaped micropores and electrically conductive properties.t’
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HEX-based COFs with this type of structure are interesting due to their high m-density and
extremely small pore size. To date, much of the gas storage behavior (specifically CO2 and CHa)
for HEX-based COFs has yet to be reported. To accomplish this we have synthesized an
aldehyde functionalized HEX monomer (Figure 2.1a-b) with six-fold symmetry. Polymerization
with a two-fold symmetric co- monomer, such as hydrazine, will result in a COF containing
triangular pores. Since azine linkages®*-3® are among the smallest linkers available for COF
synthesis, these pores should be approximately 1 nm, making them interesting for a variety of

sorption applications including gas separation via sieving.
A ®

e O @
L @ | e
CHO

oy
®

OHC

Figure 2.1. (A) Synthesis of a COF using a six fold symmetric HEX monomer containing
aldehyde groups and hydrazine. (B) HEX-based monomers are non-planar as a result of the steric
hindrance between the phenyl rings. Resultant COFs have topologically planar 2D structures
despite the lack of planarity in the monomers.
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2.3  Experimental

2.3.1 Materials and methods

All reagents were purchased from commercial suppliers (Sigma-Aldrich and Fisher Scientific)
and used as received. Compounds up to 13#3¢ (Figure 2.2) were synthesized as previously
reported. FT-IR spectra were taken on a Nicolet 360 FT-IR spectrophotometer with a SmartOrbit
diamond attenuated total reflectance (ATR) cell. The thermogravimetric analyses were
performed using a TA Instruments SDT Q600 Analyzer under nitrogen atmosphere with a
heating rate of 10 °C min~! from 30-1000 °C. Low-pressure gas adsorption experiments (up to
760 torr) were carried out on a Micromeritics ASAP 2020 surface area analyzer. Ultrahigh-
purity-grade N2, Hz, CO2 and CH4 gases (obtained from Airgas Corporation) were used in all
adsorption measurements. N2 (77 K) and Hz (77 K) isotherms were measured using a liquid
nitrogen bath. CO2 and CHa4 isotherms were measured using either a water ice bath (273 K) or in
room temperature water bath (298 K) whose temperature was measured prior to use for accuracy.
The pore volume of each material was estimated from the Dubinin-Raduskevich (DR) model
with the assumption that the adsorbate is in the liquid state and that the adsorption involves a
pore-filling process. Pore size distributions were determined using a non-local density functional
theory (NLDFT) carbon slit-pore model in the Micromeritics Software Package. Enthalpy of
adsorption values were calculated using Van’t Hoff plots from CO2 and CHa4 isotherms at 273
and 298 K. Powder X-ray diffraction of HEX-COF 1 was carried out on a Bruker D8 Advance
diffractometer with a sealed tube radiation source (Cu Ka, A = 1.54184 A), a low background
sample holder, and Lynxeye XE detector. Raw diffraction data was processed using the MDI

Jade software package (Ka background correction and peak smoothing using the Savitzky-Golay
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method). MALDI-ToF measurements were carried out on a Shimadzu Biotech Axima
Confidence instrument. All spectra were obtained using tetracyanoquinodimethane (TCNQ) as a
matrix. The general procedure for sample preparation was as follows: To a mortar was added
TCNQ (10 mg) and the compound of interest (1 mg). This mixture was ground together to form a
uniform solid. An aliquot (1 mg) of this solid was then transferred to a separate vial and
chloroform (1 mL) was added. The resulting suspension was then spotted onto the MALDI plate
and analyzed. 'H and 3C NMR spectra were carried out on a Bruker 400 or 500 MHz Advance
Spectrometer. Microwave reactions were carried out in a CEM Discover reactor. Elemental
analyses were performed by Micro-Analysis, Inc. 2038 Telegraph Rd, Wilmington, Delaware

19808.

2.3.2  Monomer and COF synthesis

CHO
1) TMS-acetylene /@l
PdCI5(PPhj),
CHO Cul CHO Br
S iy, [ e, Ty Ty
Br NEt;,BO ‘C12h, 65%

2) K,C04
MeOH 1
rt 3 h, 82%

OHC O O O CHO
Co,(CO0)g O NH;NH; > HEX-COF 1
160 °C O O 21 mesnylene!dloxane

uW1 h, 55%
72 h 75/

Figure 2.2. Synthesis of HEX and HEX-COF 1
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To a microwave tube containing 1 (0.500 g, 2.13 mmol) in dioxane (2 mL) was purged with
nitrogen for 15 min before Co2(CO)s (36.5 mg, 0.107 mmol) was added. The reaction was heated
at 160 °C at 300 W for 1 h in the microwave reactor. After that time hexane was added in to the
tube and the resultant brown precipitate was collected by filtration and washed with hexane until
the filtrate was colorless. The collected solid was dissolved in CH2Cl2 and filtered through a
silica gel plug. Finally, the resultant solution was evaporated to dryness to obtain a brown solid
(0.275 g, 55% yield). 'H NMR (400 MHz, DMSO, 8): 7.20 (d, J = 8 Hz, 12H, Ar), 7.46 (d, J = 8
Hz, 12H, Ar), 9.73 (s, 6H, ArCHO) (Figure 2.3). 3C NMR (400 MHz, DMSO, §): 128.63,
132.04, 134.31, 139.63, 145.46, 193.15 (Figure 2.4). MALDI-ToF-MS (m/z) Calculated for

[CasH3006]": 702.2. Found: 702.0

=
S

747

<74
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—
~
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Figure 2.3. 'H NMR (400 MHz) of HEX in DMSO-ds
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Figure 2.4. 3C NMR (400 MHz) of HEX in DMSO-ds
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HEX-COF 1: A 4 mL ampoule was charged with HEX (25.0 mg, 0.0356 mmol), N2H4 (3.34

ML, 0.1067 mmol), mesitylene (0.67 mL) and dioxane (0.33 mL). The mixture was sonicated for

10 min and 6M AcOH (0.1 mL) was added. The ampoule was sealed under vacuum after

freezing the contents in it with liquid nitrogen. Once it reached RT the ampoule was heated at

120 °C for 3 d. After that time the mixture was cooled to RT, the obtained light yellow

precipitate was soaked in tetrahydrofuran for 2 h and then washed with tetrahydrofuran (20 ml x

3). The remaining yellow solid was dried under vacuum to afford 18.4 mg (75% yield) of HEX-

COF 1. Elemental analysis (%) Calcd: C, 83.46; H, 4.38; N, 12.17; Found: C, 75.96; H, 4.35; N,
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8.40. The elemental analyses are often reported to be different from the expected values as a
result of incomplete combustion, as has also been found in other reports of carbon-rich porous

materials®23"3 including our previous work.?4
2.4 Results and discussion

2.4.1 Characterization of HEX-COF 1

FT-IR spectra (Figure 2.5-2.6) showed the conversion of aldehyde peaks from HEX into azines

as demonstrated in previous work.3!

%Transmittance

3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 2.5. FT-IR spectra of HEX-COF 1 (Blue) and HEX (Red)

\C=,N/ 1622cm 1

HEX COF-1

%Transmittance

! HEX

1900 1700 1500 1300 1100 900 700
Wavenumber (cm™)

Figure 2.6. Zoomed in image of FT-IR spectra of HEX-COF 1 (Blue) and HEX (Red).
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Figure 2.7. TGA of HEX-COF 1 under a nitrogen atmosphere.

2.4.2 Surface area analysis

The surface area and pore size distributions were analysed by nitrogen adsorption measurements
at 77 K (Figure 2.8). Using the Brunauer-Emmett-Teller (BET) model the surface area was
calclulated to be 1214 m?/g. The pore size distribution (Figure 2.8b) was determined using a
non-local density functional theory carbon slit pore model showing that the major population of

NLDFT pore width resides at ~11 A.
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Figure 2.8. (A) N2 isotherm at 77 K. The BET surface area of HEX-COF 1 was measured to be
1214 m?/g. (B) NLDFT pore size distribution obtained from the N2 isotherm.
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2.4.3 Powder X-ray diffraction and modeling studies

The narrow pore size distribution and high surface area indicate that this is an ordered material.
However, powder X-ray diffraction (PXRD) measurements of HEX-COF 1 have low peak
intensity (~10% counts) regardless of the solvent conditions or reaction time used (Figure 2.9a).
The poor long-range order may be related to the inherent propeller shape of the HEX monomer.
It was recently shown that increasing van der Waals interactions between 2D COF sheets
drastically impacts their rate of formation and resulting stability.3® The canonical “face to face”
n-stacking found in most COF monomers is lacking in our system, which must instead rely on
edge-to-edge interactions for interlayer adhesion.

Weak, or improperly aligned interlayer interactions could result in poor adhesion and reduced
long-range crystallinity — something that has also been observed with other COFs that utilize
aromatic systems that have non-planar structures.***2  Molecular modeling studies were carried
out in Accelrys Materials Studio 7.0. HEX-COF 1 was modeled in the P6/m space group and
minimized using the universal force field (UFF) in the Forcite module. PXRD patterns were
simulated from the model using the Reflex module. PXRD patterns generated from a molecular
model of HEX-COF 1 (Figure 2.9a,c) give unit cell parameters of 17.8 A x 17.8 A x 55 A.
Given the low intensity of the peaks, additional Pawley refinement of the raw data was not
possible. The model in Figure 2.9b-c depicts a perfectly eclipsed structure while the real
structure is likely slightly offset, these small differences cannot be resolved by PXRD

measurements. The modelled pore diameter is in good agreement with the data in Figure 2.8b.
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Figure 2.9. (A) The powder X-ray diffraction pattern of HEX-COF 1 (black line) and the
simulated diffraction pattern from the model (red line). (B) A view of the interlayer spacing of
the model showing the lack of face-to-face n stacking interactions. (C) Molecular model of HEX-
COF 1 showing the pores measuring 11 A in diameter.

2.4.4 Carbon dioxide and methane sorption properties of HEX-COF 1

CO2 and CHg4 adsorption properties with HEX-COF 1 were also evaluated. CO:2 adsorption
studies were performed at both 273 and 298 K (Figure 2.10a) up to 1 atm. These measurements
indicate a strong affinity between the HEX-COF 1 and CO2 gas molecules with nearly 20 wt%
adsorbed at 273 K and an enthalpy of adsorption that is 42 kJ/mol (Figure 2.10c). This is an
excellent value that ranks among the highest observed in COF-based materials.®%4%41 In addition
to the polar azine functional groups, which no doubt contribute to the strong adsorption, the
small pore sizes (~11 A in diameter) within HEX-based materials could also be a factor. CHa

adsorption measurements (Figure 2.10b) were also carried out showing that HEX-COF 1 can
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store up to 2.3 wt% of CHa at 273 K with maximum enthalpies of adsorption around 27 kJ/mol

(Figure 2.10c, red line).
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Figure 2.10. (A) COz2 isotherms at 273 K (filled circles) and 298 K (open circles). (B) CH4
isotherms at 273 K (filled circles) and 298 K (open circles). (c) Enthalpy of adsorption
measurements for CO2 (black line) and CHa (red line)
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25 Conclusion

In conclusion, we have synthesized a novel azine linked COF based on a six-fold symmetrical
aldehyde functionalized hexaphenylbenezene monomer. Interestingly, these COFs display the
adsorptions properties of an ordered microporous material with a type | isotherm and a narrow
pore size distribution, but with a relatively weak PXRD pattern indicating a low level of long
range order, likely owing to the poor interlayer interactions between the propeller-shaped HEX
units. Despite the low level of long-range order, HEX-COF 1 exhibits outstanding surface area,
CO2 and CHa adsorption capability. We believe the unique triangular shape and very small pore
sizes accessible through HEX-based monomers make them an interesting family of COFs to
study for insight on how to design new materials for gas storage and sieving. Designing HEX
systems with improved interlayer stacking will further improve our understanding of the
structure and design rules required to reliably stitch together complex monomers into ordered

COFs with designed properties.
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3.1 Abstract

Herein we report a structure-function study of imine COFs comparing a series of novel fluorine
containing monomers to their non-fluorinated analogue. We found that the fluorine containing
monomers produced 2D-COFs with not only greatly improved surface areas (over 2000 m?/g
compared to 760 m?/g for the non-fluorinated analogue), but also with improved crystallinity and
larger, better defined pore diameters. We then studied the formation of these COFs under varying

reaction times and temperatures to obtain a greater insight into their mechanism of formation.

3.2 Introduction

Covalent organic frameworks (COFs)** are a class of crystalline porous polymers synthesized
utilizing dynamic covalent bonds® such as boronate esters,'? imines,®’ hydrazones,*® triazines,®
and azines.'®* These materials have attracted remarkable attention due to their well-defined
structures, high porosity, and potential applications in gas storage,}'>! catalysis,®1"1° and as
materials for electrical energy storage.”2%?% In 2D-COFs, the structure and properties are dictated
by both covalent bond formation under thermodynamic control, and by non-covalent interactions
between aromatic rings that enables the formation of periodically aligned molecular columns.*
There have been a number of excellent studies?®?° that attribute the efficiency of non-covalent
packing in COF formation to forces as wide ranging as monomer planarity,*® and molecular
recognition through templated docking.?%3%3! Given that each of these hypotheses have proven to
be successful in making specific types of COFs, it is clear that more studies into the role of non-

covalent packing are imperative for the development of general design rules.
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The purpose of the work reported here is to further elucidate the importance of aromatic
interactions between individual sheets during COF formation. Interactions between aromatic
rings are controlled by a variety of factors including substituent effects that change the electron
density or polarization of the mn-cloud. Many explanations have been posited to explain the
nature of aromatic stacking interactions,®>3 but empirically, electron deficient rings are known
to preferentially adopt face-to-face arrangements.  Since this co-facial orientation is
representative of the structure of most 2D-COFs, we hypothesized that we could bias toward the
formation of stacked COF sheets by incorporating electron withdrawing substituents onto the
periphery of our COF monomers. We chose to use fluorine substitution for this study as it is not
only electron withdrawing, but similar in steric bulk to hydrogen, thereby allowing a closer
comparison between fluorinated and non-fluorinated monomers without introducing significant
steric effects. We have synthesized two fluorine containing 1,3,5-triphenylbenzene derivatives to
take advantage of this co-facial stacking preference, and were gratified to see that the addition a
few fluorine atoms results in a drastic change not only in the crystallinity, but also the pore size

and surface area of the resulting COFs.

3.3  Experimental

3.3.1 Materials and methods

Reagents were purchased from commercial suppliers (Sigma-Aldrich and Fisher Scientific) and
used as received. ATR (attenuated total reflectance) FT-IR spectra were taken on a Cary 600
Series FT-IR spectrophotometer. The thermogravimetric analyses (TGA) were performed using a

TA Instruments SDT Q600 Analyzer under nitrogen atmosphere with a heating rate of 10 °C
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min—1 from 30-950 °C. Low-pressure gas adsorption experiments (up to 760 torr) were carried
out on a Micromeritics ASAP 2020 surface area analyzer. Ultrahigh-purity-grade N2 gas
(obtained from Airgas Corporation) were used in all adsorption measurements. N2 (77 K)
isotherms were measured using a liquid nitrogen bath. The pore volume of each material was
estimated from the Dubinin-Raduskevich (DR) model with the assumption that the adsorbate is
in the liquid state and that the adsorption involves a pore-filling process. Pore size distributions
were determined using a density functional theory (DFT) cylindrical pores in an oxide surface
model in the Micromeritics Software Package. Powder X-ray diffraction of all COFs were
carried out on a Bruker D8 Advance diffractometer with a sealed tube radiation source (Cu Ka, A
= 1.54184 A), a low background sample holder, and Lynxeye XE detector. Scanning electron
microscope (SEM) images were acquired with Zeiss-LEO model 1530 SEM instrument and
energy dispersive X-ray spectroscopy (EDX) were acquired on a Zeiss SUPRA40 SEM
instrument. The samples were prepared on 15 mm aluminum stubs using double-sided adhesive
copper tapes. For EDX samples were imaged at a working distance of 10 mm and a voltage of 15
kV using a secondary electron detector. H, '°F and 3C NMR spectra were carried out on a
Bruker 500 MHz Advance Spectrometer. The 3C-NMR of TF-1 was carried out at 80 °C.
MALDI-TOF measurements were carried out on a Shimadzu Biotech Axima Confidence

instrument.

3.3.2 Monomer and COF synthesis

Monomers NF, TF-1, and TF-2 were synthesized through a Suzuki cross-coupling reaction
(Scheme 3.1-3.3). All three COFs were prepared solvothermally in glass ampoules by

polymerizing monomers NF, TF-1 or TF-2 with hydrazine (Figure 3.1, 3.2 and 3.6). Though
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several solvent systems were tested, a mixture of o-dichlorobenzene(DCB)/n-butanol/6M

aqueous acetic acid (1.9/0.1/0.1 by vol.) was found to be optimal.

CHO

Br CHO O
Dioxane/ H,O (5:1 v/v)
Br Br 100 °C, 3 d
SAa®
OHC CHO
Figure 3.1. Synthesis of 1,3,5-tris(4-formylphenyl)benzene (NF)

The compound was synthesized as previously reported in literature.3*

CHO

F
o CHO O
F
Pd(PPh,),, K,CO,
+ 3)4, KoLO3 )
Dioxane/ H,0 (5:1 v/v)
Br Br 100°C, 3d F
T
CHO
F

OHC

Figure 3.2. Synthesis of 1,3,5-tris(3-fluoro-4-formylphenyl)benzene (TF-1)
Dioxane (5 mL) and H20 (1 mL) were mixed in a sealed tube equipped with a stir bar and then
degassed with N2 for about 15 minutes. Then, tribromobenzene (0.200 g, 0.635 mmol), (3-
fluoro-4-formylphenyl) boronic acid (0.640 g, 3.81 mmol), potassium carbonate (0.526 g, 3.81
mmol) and palladium tetrakis(triphenyl phosphine) (0.0367 g, 0.0317 mmol) were added to it.
The tube was sealed and then stirred at 100 °C for 72h. After that, the reaction mixture was
cooled to rt, and the formed precipitate was washed with plenty of water and ethyl acetate to
yield the pure product (0.150 g, 54%). 'H NMR (500 MHz, DMSO, &) 10.291 (s, 3H), 8.292 (s,
3H), 8.163 (d, J 12.5 Hz, 3H), 8.065 (d, J 8 Hz, 3H), 7.974 (t, J 7.5, 8 Hz, 3H) (Figure 3.3). °F

NMR (500 MHz, DMSO, 8): -120.28 (s, 3F) (Figure 3.4). *C NMR (500 MHz, DMSO,
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0):187.61, 164.99, 162.95, 147.73, 139.80, 130.26, 126.94, 124.17, 115.70 (Figure 3.5). MALDI-

TOF-MS for C27H15F303 (calculated: 444.10), found: 443.89 ([M]").

o 5 5 @ NN IH-NMR
‘ | | L]
298K
a b
I DMSO
‘ c d e
T T T T T T T T T T
10.30 Ppm 835 830 825 820 815 810 805 8.00 ppm
g 5 5 3 2
“ - acwo “ W |
d A F |
L
b
F,
{ ‘ MOhA oW (—_—
i ,UL B P N 7 T S
T T T T T T T T T T T T
100 95 90 85 80 75 70 65 6.0 55 50 45 40 35 30 25 2.0 ppm
o il
=1 ole|e=
) edlesladled]

Figure 3.3.'H NMR (600 MHz) of 1,3,5-tris(3-fluoro-4-formylphenyl)benzene (TF-1) in
DMSO-ds

O ISF-NMR
0 298K
OHC O @ HO DMSO

-110 -115 -120 -125 -130 -135 ppm

Figure 3.4. F NMR (600 MHz) of 1,3,5-tris(3-fluoro-4-formylphenyl)benzene (TF-1) in
DMSO-ds
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13C-NMR
353K
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o A
OHC O O HO
]
200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 Pp!
Figure 3.5. 3C NMR (600 MHz) of 1,3,5-tris(3-fluoro-4-formylphenyl)benzene (TF-1) in

DMSO-ds

CHO

CHO O

|
F F Pd(PPhs),, K;CO
+ 2003 )
Dioxane/ H,O (5:1 v/v) O
1 1

100°C, 3d
7 e oY
OHC CHO

Figure 3.6. Synthesis of 1,3,5-trifluoro-2,4,6-tris(4-formylphenyl)benzene (TF-2)

Dioxane (5 mL) and H20 (1 mL) were mixed in a sealed tube equipped with a stir bar and then
degassed with N2 for about 15 minutes. Then, 1,3,5-trifluoro-2,4,6-triiodobenzene (0.200 g,
0.392 mmol), 4-formylphenylboronic acid (0.354 g, 2.35 mmol), potassium carbonate (0.325 g,

2.35 mmol) and palladium tetrakis(triphenyl phosphine) (0.0227 g, 0.0196 mmol) were added to
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it. The tube was sealed and then stirred at 100 °C for 72h. After that, the reaction mixture was
cooled to r.t., and the formed precipitate was washed with plenty of water and ethyl acetate to
yield the pure product (0.090 g, 52%). *H NMR (500 MHz, DMSO, §) 10.089 (s, 3H), 8.072 (d,
J 8.5 Hz, 6H), 7.858 (d, J 8 Hz, 6H) (Figure 3.7). F NMR (500 MHz, DMSO, §): -113.87 (s,
3F) (Figure 3.8). *C NMR (500 MHz, DMSO, §): 192.82, 136.10, 133.68, 131.20, 129.56,

114.19 (Figure 3.9). MALDI-TOF-MS for CzrHisFsOs (calculated: 444.10), found: 444.02

(IMT).

'H-NMR

298K

a b 1 c DMSO

T : T T T T T - T T T T T T T T T T
10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 55 5.0 45 4.0 3.5 3.0 2.5 ppm

Figure 3.7. 'H NMR (600 MHz) of 1,3,5-trifluoro-2,4,6-tris(4-formylphenyl)benzene (TF-2) in
DMSO-ds

65



- 1138712

F-NMR

gHo 298K
® ,.
DMSO
F. F ||
0 |
OTOC |
OHC HO (
|
|
I\
s /‘/ \\\’ — R
RS S S S —
-1138 -1138
e e e e e e e
.80 -100 -120 - 140 - 160 [ppen]

Figure 3.8. 1%F NMR (600 MHz) of 1,3,5-trifluoro-2,4,6-tris(4-formylphenyl)benzene (TF-2) in

DMSO-ds
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Figure 3.9. 1*C NMR (600 MHz) of 1,3,5-trifluoro-2,4,6-tris(4-formylphenyl)benzene (TF-2) in
DMSO-ds
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Figure 3.10. Synthesis of NF-COF
1,3,5-tris(4-formylphenyl)benzene (30.0 mg, 0.077 mmol) and hydrazine (3.60 pL, 0.115 mmol)
were sonicated in a 4 mL ampoule with o-dichlorobenzene (1.9 mL) and n-butanol (0.1 mL) for
about 10 mins. Then 6M acetic acid (0.1 mL) was added, the whole mixture was flash frozen in
liquid N2 and flame sealed. The ampoule was kept in an oven at 120 °C for 72 h. After that, it
was cooled to rt, and the formed bright yellow solid was filtered. The filtered solid was soaked in
neat THF (20 mL) for 2h and then dried under vacuum. Then it was degassed at 120 °C overnight

to afford 24.7 mg (73% yield) of NF-COF (Figure 3.10).
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0-DCB/ n-BuOH/ 6M HOAc TF-COF 1
1.9/0.1/0.1 (vv)

120 °C,3d

.NH,

H,N

Figure 3.11. Synthesis of TF-COF 1
1,3,5-tris(3-fluoro-4-formylphenyl)benzene (25.0 mg, 0.056 mmol) and hydrazine (2.64 pL,
0.084 mmol) were sonicated in a 4 mL ampoule with o-dichlorobenzene (1.9 mL) and n-butanol
(0.1 mL) for about 10 mins. Then 6M acetic acid (0.1 mL) was added, the whole mixture was
flash frozen in liquid N2 and flame sealed. The ampoule was kept in an oven at 120 °C for 72h.
After that, it was cooled to rt, and the formed bright solid was filtered. The filtered solid was
soaked in neat THF (20 mL) for 2h and then dried under vacuum. Then it was degassed at 120 °C

overnight to afford 24.5 mg (89% vyield) of TF-COF 1 (Figure 3.11).
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Figure 3.12. Synthesis of TF-COF 2

1,3,5-trifluoro-2,4,6-tris(4-formylphenyl)benzene (30.0 mg, 0.068 mmol) and hydrazine (3.17
pL, 0.101 mmol) were sonicated in a 4 mL ampoule with o-dichlorobenzene (1.9 mL) and n-
butanol (0.1 mL) for about 10 mins. Then 6M acetic acid (0.1 mL) was added, the whole mixture
was flash frozen in liquid N2 and flame sealed. The ampoule was kept in an oven at 120 °C for
72h. After that, it was cooled to rt, and the formed bright yellow solid was filtered. The filtered
solid was soaked in neat THF (20 mL) for 2h and then dried under vacuum. Then it was

degassed at 120 °C overnight to afford 26.5 mg (82% yield) of TF-COF 2 (Figure 3.12).
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3.4 Results and discussion

3.4.1 Characterization of COFs

To help determine the 2D structure of each COF, powder X-ray diffraction (PXRD)
measurements were performed. TF-COF 1 exhibited diffraction peaks at 3.67, 6.09, 9.28, 12.80
and 24.83°. TF-COF 2 exhibited diffraction peaks at 3.71, 6.19, 9.43, 12.41 and 23.70°. The
peaks of both the COFs were assigned to the (100), (110), (120), (130), and (001) reflections,
respectively. The only peaks clearly observed for NF-COF appeared at 3.67 and 6.09, indicating
a lower level of crystalline order (Figure 3.13a). Computational models of each COF were
created using Materials Studio in both staggered and eclipsed arrangements. The calculated
PXRD patterns of the eclipsed TF-COFs (Figure 3.13b,c) match well with the experimental
pattern. Significant enhancement in the resolution of the diffraction peaks was observed with
both TF-COFs compared to NF-COF. Interestingly, the (001) reflection, attributed to the
interlayer spacing between COF sheets, is much more prominent for both the TF-COFs than for
NF-COF, indicating a higher degree of long range order. SEM images of each COF are shown in
Figure 3.13d-f. Notably, the fluorinated COFs display crystallite morphology as opposed to the
smooth, spherical agglomerates of NF-COF. Previous studies have attributed this to improved

COF crystallinity owing to more organized interlayer stacking.®®
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Figure 3.13. Experimental PXRDs of (A) NF-COF (black), (B) TF-COF 1 (red), (C) and TF-
COF 2 (blue) with Pawley refined spectra, simulated eclipsed models and difference spectra
(purple, green and orange respectively). Insets: Modeled eclipsed structures of COFs (C, grey; O,
red; N, blue; F, light green. (H atoms are omitted for clarity). (D), (E) and (F) are SEM images
of NF-COF, TF-COF 1 and TF-COF 2, respectively.

The surface area and pore size distributions of each COF were determined through nitrogen
sorption measurements at 77 K (Figure 3.14). The NF-COF exhibits a type-l1 adsorption
isotherm. However, both the fluorinated COFs exhibit type-1V isotherms, indicating the presence
of mesopores (Figure 3.14e). The Brunauer-Emmett-Teller (BET) surface areas of TF-COF 1
and TF-COF 2 are 1820 and 2044 m?/g, respectively, compared to only 760 m?/g for NF-COF.
To the best of our knowledge 2044 m?/g is among the highest reported for 2D-COFs to date and

COF surface areas over 2000 m?/g are rare.'® The pore size distributions for each COF (Figure

3.14f) were obtained from the nitrogen isotherms using the density functional theory method
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(DFT). The pore size distribution of NF-COF displays not only the expected pore size of 25 A,

but also has many other smaller pores. In combination with its type-1 isotherm and poorly

resolved diffraction pattern, it seems likely that the 2-D structure of NF-COF is poorly ordered

and is not well represented by the hexagonal crystalline model often used to describe these

COFs. TF-COFs 1-2, however, display much better defined pore structures. Both of these COFs

have properties that are reminiscent of an eclipsed layer arrangement that demonstrate excellent

agreement with the simulated pore diameters.
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Figure 3.14. (A), (C) and (E) N2z adsorption (solid circles) and desorption (open circles)
isotherms (77 K) of 1 d RT, 1 d 120 °C and 3 d 120 °C COFs, respectively. (B), (D) and (F) PSD
plots of 1 d RT, 1 d 120 °C and 3 d 120 °C COFs, respectively. (G) BET surface areas and (H)

and mass recovery (%) of COFs.



A previous report on the synthesis of imine COFs found that the COF polymers initially formed
porous materials that would equilibrate to more crystalline materials over time.?8 We performed
several polymerizations of our COFs at different temperatures and reaction times to observe their
formation behavior. Each COF was prepared with reaction times of 1d at either room
temperature or 120 °C and 3d at 120 °C. After each experiment, the BET surface area, pore size
distribution, and PXRD measurements (Figure S3.1) were carried out. These experiments
revealed several interesting properties. Surprisingly, TF-COFs 1-2 display type-1V isotherms
after only 1d at RT (Figure 3.14a) with a narrow pore size distribution (Figure 3.14b). As the
temperature and reaction times increased, the surface areas for both fluorinated COFs increased
significantly with the largest increase coming after heating to 120 °C for one day. However, NF-
COF did not display the same improvement in crystallinity or display pore size distribution
narrowing over time. The surface area for NF-COF does increase with increasing reaction time
and temperature, but nowhere near as significantly as the TF-COFs 1-2, particularly after heating
for only one day. Fourier transform infrared (FTIR) spectra of the COFs confirmed the formation
of the azine linkage through disappearance of the carbonyl (1690 cm™) and the appearance of the
azine (1622 cm™) stretches (Figure S3.2). These spectra reflect that the formation of the azine
linkages form rapidly and are the major product (compared to the starting aldehydes) within 1d
at 120 °C for all three COFs. In addition to this, the mass balances of each polymerization were
recorded (Figure 3.14h) and it was found that more than 70% of the expected yield was
recovered for each reaction regardless of the time or temperature. Longer reaction times at high
temperatures resulted in somewhat higher yields (TF-COF 2 was ~90% for example), but overall

the indication is that, consistent with previous work,?® a kinetic product appears to form first,
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followed by slow reorganization into a crystalline product with well-defined 2-D structure in the
cases of TF-COFs 1-2. This work is novel in that, rather than modifying the reaction conditions,
we have changed the chemical structure of the monomers. In other words, the electronic
structure of the monomers can also favorably drive the conversion of the polymeric material
from the non-crystalline kinetic product, to the thermodynamically favorable crystalline COF
product. The presence of electron withdrawing fluorine substituents could serve to make the
azine linkages more reactive and avoid the formation of kinetic traps. The fluorine atoms also
could cause polarization in the aromatic rings which would lead to stronger cofacial
interactions.® This effect should be especially pronounced in the case of TF-COF 2 as all three
of the fluorine atoms are on the same ring, and indeed, TF-COF 2 has highest surface area
observed in this study. A previous report on a related series of azine-linked COFs showed that
crystallinity and surface area were improved by planarizing the monomers.'? In this case, we do
not observe a correlation between torsion angle and surface area, and in fact, the highest surface
area materials (TF-COF 2) has the largest torsion angle (Figure S3.20). We believe that these
observations show that COF polymerization and crystallization can be controlled effectively

through the careful design of both the steric and electronic structure of the monomers.

35 Conclusion

In conclusion, we have synthesized two novel fluorinated COFs that have significantly improved
physical properties compared with an isostructural non-fluorinated variant. This work
demonstrates that modifications to the electronic structure of COF monomers can result in an

immense improvement in the structural properties of the COFs. We believe that these design
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principles can be applied to other types of COFs and future work will be directed towards further

elucidating these principles.
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3.7  Appendix — Supporting information

PXRD spectra of COFs prepared at different conditions
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Figure S3.1. Experimental powder X-ray diffraction patterns of (A) NF-COF, (B) TF-COF 1 and
(C) TF-COF 2 prepared at 3d, 120 °C (black), at 1d, 120 °C, ( ), at 1d, r.t. (green)
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FT-IR spectra of COFs prepared at different conditions
FT-IR spectroscopy of the NF-COF, TF-COF 1 and 2 exhibited a stretching vibration band at

1622 cm™* which can be assigned to C=N bond based on previously reported azine COFs.1%
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Figure S3.2. FT-IR spectra of (A) NF-COF, (B) TF-COF 1 and (C) TF-COF 2 synthesized at 1d,
rt (green), at 1d, 120 °C ( ) and at 3d, 120 °C (black) compared with the corresponding
aldehyde (red)
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Computational Modelling of NF-COF

Computational modelling of the structure of NF-COF was carried out using the Materials Studio
(ver. 7.0) suite of programs. The initial lattice was created by starting with the space group P3.
The constructed model was geometry optimized using the Forcite module (Smart algorithm).
Then the calculated PXRD pattern was generated with the Reflex Plus module using Pseudo-
Voigt function. The staggered arrangement for NF-COF was also constructed considering P63/m

as the space group. Comparison of the observed and the simulated PXRD patterns is presented in

Figure S3.3.
—— Experimental
——Eclipsed
‘/\\ ——Staggered
R |
A_/‘ A A
e e
2 8 14 20 26
26(degree)

Figure S3.3. Experimental powder X-ray diffraction pattern of NF-COF (black), compared with
simulated PXRD patterns of eclipsed layers of COF (green) considering P3 symmetry and
staggered layers of COF (purple) considering P63/m symmetry.
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Figure S3.7. View of the simulated structure of the staggered NF-COF along a axis
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Computational Modeling of TF-COF 1

Computational modeling of the structure of TF-COF 1 was carried out using the Materials
Studio (ver. 7.0) suite of programs. The initial lattice was created by starting with the space
group P3. The constructed model was geometry optimized using the Forcite module (Smart
algorithm). Then the calculated PXRD pattern was generated with the Reflex Plus module using
Pseudo-Voigt function. Finally, Pawley refinement was applied for profile fitting, producing the
refined PXRD profile with the lattice parameters of a = b = 29.522454 A and ¢ = 3.637044 A.
Rwp and Rp values converged to 5.46% and 3.07%, respectively. The staggered arrangement for
TF-COF1 was also constructed considering P6s/m as the space group. Comparison of the
observed and the simulated PXRD patterns (Figure S3.8) evident that the most preferred

structure of TF-COF 1 is the eclipsed layer arrangement.

——Experimental

——Eclipsed
— Staggered
ey
A ~ A_A_u ——
2 8 14 20 26
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Figure S3.8. Experimental powder X-ray diffraction pattern of TF-COF 1 (red), compared with

simulated PXRD patterns of eclipsed layers of COF (green) considering P3 symmetry and
staggered layers of COF (purple) considering P6s/m symmetry.
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Computational Modeling of TF-COF 2

Computational modeling of the structure of TF-COF 2 was carried out using the Materials
Studio (ver. 7.0) suite of programs. The initial lattice was created by starting with the space
group P3. The constructed model was geometry optimized using the Forcite module (Smart
algorithm). Then the calculated PXRD pattern was generated with the Reflex Plus module using
Pseudo-Voigt function. Finally, Pawley refinement was applied for profile fitting, producing the
refined PXRD profile with the lattice parameters of a = b = 29.072739 A and ¢ = 4.275722 A.
Rwp and Rp values converged to 4.03% and 2.97%, respectively. The staggered arrangement for
TF-COF2 was also constructed considering P6s/m as the space group. Comparison of the
observed and the simulated PXRD patterns (Figure S3.13) evident that the most preferred

structure of TF-COF 2 is the eclipsed layer arrangement.
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Figure S3.13. Experimental powder X-ray diffraction pattern of TF-COF 2 (blue), compared
with simulated PXRD patterns of eclipsed layers of COF (green) considering P3 symmetry and
staggered layers of COF (purple) considering P63/m symmetry.
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Figure S3.16. View of the simulated structure of the staggered TF-COF 2 along ¢ axis
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Figure S3.17. View of the simulated structure of the staggered TF-COF 2 along a axis

TGA curves of all COFs prepared at 120 °C for 3d
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Figure S3.18. TGA curves of NF-COF 3d, 120 °C (black), TF-COF 1 3d, 120 °C (red) and TF-
COF 2 3d, 120 °C (blue)
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EDX data of TF-COF 1 and 2 prepared at 120 °C for 3d
Table S3.1. EDX data of TF-COF 1 3d, 120 °C and TF-COF 2 3d, 120 °C

Sample Weight % Atomic %

C% F% C% F%

TF-COF 1 84.74 | 15.26 | 89.78 | 10.22

TF-COF 2 84.76 | 15.24 | 89.79 | 10.21

Scanning Electron Microscopy

200 nm EHT = 8.00 kV Signal A = InLens Date :8 Nov 2016
r WD = 52mm Photo No. = 7508 Time :14:34:02

200 nm EHT = 8.00 kV Signal A = InLens Date :8 Nov 2016
f WD = 5.6 mm Photo No. = 7505 Time :13:56:16

Figure S3.19. SEM images of (A) TF-COF 1 1d, 120 °C and (B) TF-COF 2 1d, 120 °C
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Torsion angle measurements of the aldehyde monomers

D
Molecule Torsion Angle
A -41.48°
B -41.55°
C +53.35°

Figure S3.20. Geometry optimized structures of the aldehydes used in the COF synthesis (A)

1,3,5-tris(4-formylphenyl)benzene (B) 1,3,5-tris(3-fluoro-4-formylphenyl)benzene (C) 1,3,5-

trifluoro-2,4,6-tris(4-formylphenyl)benzene (D) Calculated torsion angles of the precursor
aldehydes. Calculation of the torsion angle of the aldehydes was carried out using Materials

Studio Visualizer. Universal Force Field (UFF) was utilized for the geometry optimization of the

aldehyde precursors.
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4.1 Abstract

Herein we report a combined experimental and computational study on the effect of fluorine
atom incorporation on the materials properties of azine-linked COFs. We found that increasing
the ratio of fluorinated to non-fluorinated monomers led to substantial improvements in both
crystallinity and porosity. Computational models suggest that this improvement might be
explained by a substantial energetic stabilization in the face-to-face stacking interaction of the

fluorinated COF monomers.

4.2 Introduction

Covalent organic frameworks (COFs)*? are a class of crystalline porous polymer networks that
are synthesized with the aid of dynamic covalent bonds.®> The formation of boronate esters,?
spiroborates,* imines,>® hydrazones,”® triazines,® and azines!®!! have all been successfully
utilized to form COFs. These highly porous materials with well-defined crystalline structures
have attracted great attention over the past decade due to the broad spectrum of potential
applications in gas storage,*? solar and electrical energy storage,'?> and catalysis®*®. Numerous
studies!*?° have demonstrated that the structure and properties of 2D-COFs are greatly
influenced by the quality of the non-covalent interactions between the 2D layers. We have
previously shown that the addition of electron withdrawing fluorine atoms greatly improves the
COF properties even when using non-planar monomers.?* In an attempt to further elucidate the
nature of this observation we have carried out a combined experimental and theoretical study that
aims to clarify the role that aromatic stacking interactions have on the formation and structure of

these COFs. In this report we have synthesized a series of mixed COFs using fluorinated (TF)
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and non-fluorinated (NF) monomers with varied feed ratios. Furthermore, we have carried out a
series of quantum mechanical calculations to determine the interaction energies between these

monomers in the face-to-face orientation that would be expected in an eclipsed 2D-COF.

4.3  Experimental

4.3.1 Materials and methods

Reagents were purchased from commercial suppliers (Sigma-Aldrich and Fisher Scientific) and
used as received. Low-pressure gas adsorption experiments (up to 760 torr) were carried out on a
Micromeritics ASAP 2020 surface area analyzer. Ultrahigh-purity-grade N2 gas (obtained from
Airgas Corporation) were used in all adsorption measurements. N2 (77 K) isotherms were
measured using a liquid nitrogen bath. Pore size distributions were determined using a density
functional theory (DFT) cylindrical pores in an oxide surface model in the Micromeritics
Software Package. Powder X-ray diffraction of all COFs were carried out on a Bruker D8
Advance diffractometer with a sealed tube radiation source (Cu Ka, A = 1.54184 A), a low
background sample holder, and Lynxeye XE detector. Scanning electron microscope (SEM)
images were acquired with Zeiss-LEO model 1530 SEM instrument. 1H-NMR spectra were
carried out on a Bruker 500 MHz Advance Spectrometer. ATR (attenuated total reflectance)

FT-IR spectra were taken on a Cary 600 Series FT-IR spectrophotometer.

91



4.3.2 Monomer and mixed-linker COF synthesis

Monomers NF and TF were synthesized as reported previously.?> Mixed TFx-COFs were
synthesized by varying the monomer feed ratios of NF and TF (Figure 4.1). Each of these COFs
were prepared solvothermally in glass ampoules using hydrazine as the co-monomer in a solvent

system of o-dichlorobenzene(DCB)/n-butanol/6M aqueous acetic acid (1.9/0.1/0.1 v/iv/v).

0-DCB, n-BuOH, 6M AcOH
(1.9/0.1/0.1 v/v)

X =0, 25, 50,75, 100 (mol% of TF)
120 °C, 3d

Figure 4.1. Synthesis of the TFX-COF series by varying the mole % of the TF monomer with the
remaining monomers represented by NF.
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4.4 Results and discussion

4.4.1 Characterization of mixed-linker COFs

|-:a TF;5-COF |, (o) H, (o) H,
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Figure 4.2. (A) Eclipsed layers of COFs. (B) PXRD spectra of the series of COFs. Black, Green,
Purple, Blue and Red lines repesent the TFo-COF, TF25-COF, TFso-COF, TF7s-COF and TF1o0-
COF, respectively. (C) H-NMR spectra of digested mixed COFs and the interation of each
aldehyde peaks in the mixed COFs.

Each of the mixed linker COFs was digested in acidified d6-DMSO and 1H-NMR studies were
carried out to determine whether the final COF composition matched the monomer feed ratio.
The incorporation of different ratios of the monomers in the COFs was confirmed by the
integration ratios of NF (Ha-10.013 ppm) and TF (Hb-10.188 ppm) aldehyde peaks (Figure 4.2c).
These experiments showed that the incorporation ratio (Figure 4.2c) of each monomer is

consistent with the feed ratio (Figure 4.1).

The periodic arrangement of the COFs was analysed using powder X-ray diffraction (PXRD)

analysis. Of the mixed COF series, only TFso-COF, TF7s-COF, and TFi00-COF exhibited
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observable diffraction peaks at 3.67, 6.09, 9.28, 12.80 and 24.83° which were assigned to the
(100), (110), (120), (130), and (001) reflections, respectively. Poor crystallinity was observed in
the TFo-COF and TF25-COF as they displayed only two diffraction peaks at 3.67 and 6.09 with
low intensity (Figure 4.2b). The simulated PXRD patterns (generated in Materials Studio) of the
eclipsed layers of COFs (Figure. S4.1) are in good agreement with the experimental patterns.
Interestingly, the diffraction peak intensity of (001) reflection, which represents the interlayer
spacing between COF sheets, improves significantly with increasing mole fraction of the TF
monomer in the reaction. SEM images (Figure 4.3) of each mixed COF indicates a
morphological change in the crystallites from smooth spherical agglomerates of TFo-COF to long
rod-like morphology in TFi00-COF with the variation of X mol% from 0-100. The change in

morphology has been attributed to increased microscopic ordering in previous reports.?2

TFe-COF TF2s-COF TFs-COF TF;s-COF TF100-COF

Figure 4.3. Morphological change in the SEM images with the variation of TF content in the
COFs.

The surface area and pore size distributions of each COF were determined through nitrogen
sorption measurements at 77 K (Figure 4.4a-b). The TFo-COF and TF2s-COF exhibit type-I
adsorption isotherms indicating microporous structures. However, when the TF content increases
to X= 50 and 100 the shape of the isotherms changes to type IV indicating the formation of
mesoporous materials (Figure 4.4a). The pore size distribution also indicates a consistent change

from largely microporous to mesoporous character with increasing concentration of TF in the
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COF (Figure 4.4b). The Brunauer-Emmett-Teller (BET) surface areas of mixed-linker COFs
exhibited a linear increment from 710-1064 m?/g, when X varies form 25-75. However, TFioo-
COF displayed a surface area of 1802 m?/g which is a 756 m?/g improvement compared to TFrs-

COF (Figure 4.4c).
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Figure 4.4. (A) Nitrogen isotherms (77 K), (B) NLDFT pore size distributions and (C)
BET surface areas of the TFx-COFs.
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One potential explanation for these observations involves the polarization of the aromatic rings
induced by the fluorine substituents. This polarization has been shown to improve the co-facial
interactions?® between aromatic rings that are present in eclipsed 2D COFs. To gain better
insight into the role of the aromatic stacking interactions, we performed quantum mechanical
computational studies to calculate the interaction energy of the face-to-face interaction of each
monomer type. Quantum mechanical calculations were performed to measure the interaction
energy between the monomers of an optimized dimer structure. Initial generation and
preparation of the dimer structures was carried out in Avogadro,?* in which the geometry was
optimized using the MMFF94s% force field in order to get a good starting point for Hartree-
Fock?® optimization. Quantum calculations were then performed to minimize the dimer
structures using GAMESS (US)?"?® via RHF with the 6-31G(d) basis set and Grimme’s semi-
empirical dispersion correction.?®3° After minimization of the dimer, single point energies were
calculated for each individual monomer using the same dispersion corrected HF 6-31G(d)
method. The stacking interaction energy was determined by subtracting the energies of the
individual contributing monomers from the total energy of the minimized dimer structure. This
procedure was used to calculate the energy of the stacking interactions between TF/TF, NF/TF,
and NF/NF monomers (Figure 4.5). These calculations found stacking energies of -132, -128,
and -100 kJ/mol, respectively, for these co-facial arrangements. The change from NF/NF to
NF/TF caused a subsequent increase in associative interactions by 28 kJ/mol, while going from
NF/TF to TF/TF an additional 4 kJ/mol of stabilization energy. These calculations suggest that

there is a stronger preference for the TF-TF co-facial arrangement which could be a significant
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driving force in converting the kinetic polymer products to the thermodynamically favoured

COF.

relative E

-28 kJ/mol HF 6-31G(d)

TFITF
-32 kJ/mol

Figure 4.5. Computational models of the energy minimized stacked dimers (top, hydrogen atoms
omitted for clarity). Interaction energies of the face-to-face stacking arrangements possible in
each of the representative mixed COFs (bottom). The energies are measured relative to the
highest energy NF/NF dimer.

One question we sought to answer with this study was whether COF formation could be
improved using a mixture of electron rich and electron poor monomers rather than homogeneous
mixtures. This does not appear to be true in this case. The behaviour observed with this

particular monomer system appears to be consistent with other aromatic materials, such as m-

phenylene ethynylene foldamers,®! which have been shown form more stable folded structures
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using aromatic monomer units that contain electron poor units. We believe that this could be a
potential design strategy for the synthesis of COFs using monomers that do not crystallize easily.
To achieve mixed layer COFs that organize based on charge-transfer, or donor-acceptor

interactions will likely require much larger polarization in the monomer units.

45 Conclusion

In conclusion, we have carried out experimental and computational studies on a class of mixed-
linker azine COFs. These studies indicate that the quality of the aromatic stacking interactions
between COF monomers plays an important role in the formation and final structural
characteristics of azine COFs. Experimental studies demonstrate that increased incorporation of
the more electron rich NF monomers disrupts the COF formation indicating that tuning the
aromatic stacking interactions between the monomers is a key component to the design of highly
ordered COFs. Computational studies support this hypothesis by showing that the interaction
between electron poor TF rings is more favourable than those between the comparatively
electron rich NF monomers, or even mixed dimers of NF and TF. Future work will include the

use of other monomer systems to attempt to elucidate the optimal conditions to make COFs.
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4.7  Appendix — Supporting information

IR Spectra of TF«-COFs

FT-IR spectroscopy of the TFx-COF exhibited a stretching vibration band at 1622 cm™ which

can be assigned to C=N bond based on previous literature.**-2!

TF,-COF
TF5-COF
3 N
L]
3| TFso-COF ["'ﬂ'\"'
A
&
2 M M\
E| TF,5-COF /\/\Ww
/N
TF100-COF
2050 2750 2550 2350 2150 1950 1750 1550 1350 1150 950 750 550

Wavenumber cm-1

Figure S4.1. FT-IR spectra of TFo-COF (black), TF2s-COF (green), TFso-COF (purple), TF7s-
COF (blue) and TF100-COF (red) compared with TF aldehyde monomer (orange)
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Computational Modelling of TFx-COFs

Computational modelling of the structure of TFx-COFs were carried out using the Materials
Studio (ver. 7.0) suite of programs. For clarity the modelling of TF100-COF is shown here.

The initial lattice was created by starting with the space group P3. The constructed model was
geometry optimized using the Forcite module (Smart algorithm). Then the calculated PXRD
pattern was generated with the Reflex Plus module using Pseudo-Voigt function. Finally, Pawley
refinement was applied for profile fitting, producing the refined PXRD profile with the lattice
parameters of a = b = 29.522454 A and ¢ = 3.637044 A. Rwp and Ry values converged to 5.46%
and 3.07%, respectively. The staggered arrangement for TFi00-COF was also constructed
considering P6s/m as the space group. Comparison of the observed and the simulated PXRD

patterns (Figure S4.2) evident that the most preferred structure of TF100-COF is the eclipsed layer

arrangement.
——Experimental
——Eclipsed
—— Staggered
\N"—R
A~ . A—A—f\_/\ —
2 8 14 20 26

26(degree)

Figure S4.2. Experimental powder X-ray diffraction pattern of TF100-COF (red), compared with
simulated PXRD patterns of eclipsed layers of COF (green) considering P3 symmetry and
staggered layers of COF (purple) considering P63/m symmetry.
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Figure S4.6. View of the simulated structure of the staggered TF100-COF along a axis
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Atom Coordinates for Dimer Calculations

Table S4.1. Atom Coordinates for TF/TF Dimer

ATOMIC COORDINATES (BOHR)
ATOM CHARGE X Y Z

C 6 1.098157566 -1.760657703 7.103574474
C 6 0.338865664 0.40020617 7.507578993
C 6 0.889248358 2.686623437 7.897032622
C 6 3.511621111 2.825801756 7.918613293
C 6 4,904009014 0.628239405 7.569732081
C 6 3.723988518 -1.682271869 7.149986144
C 6 5.240569212 -4.019711738 6.729522112
C 6 7.551647403 -3.937999986 5.45616805
C 6 -8.91083282 -6.11209194 5.018601997
C 6 8.034188934 -8.450060932 5.842635912
C 6 -5.76347529 -8.489953048 7.130692042
C 6 4.364492244 -6.343337709 7.588950594
H 1 2.640098383 -6.519516863 8.640583106
F 9 4.866006624 -10.68150607 7.958467614
C 6 9.430866514 -10.80586894 5.245236835
) 8 11.24883961 -10.84676261 3.915701219
H 1 8.685653071 -12.53525168 6.070933708
H 1 10.64858704 -6.050430181 3.974188239
H 1 8.242852478 -2.178891858 4.729643997
H 1 6.929908656 0.726845307 7.621794032
C 6 4.804231481 5.294823245 8.300243456
C 6 3.962169581 7.448940796 7.0302909

C 6 5.194006364 9.721676447 7.327639285
C 6 7.290581758 9.931965155 8.904842388
C 6 8.076953433 7.777450761 0.155160691
C 6 6.885556787 5.479033734 9.885969224
H 1 7.573171382 3.88769548 0.93792299
F 9 -10.0606177 7.908616642 1.686235583
C 6 8.630019538 12.38212718 9.186033615
) 8 8.065615077 14.22392972 8.022208071
H 1 10.18996944 12.41457377 0.527909142
H 1 4,584305171 11.37123716 6.3165036

H 1 -2.3979111 7.31497812 5.746902393
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H 1 0.201671557 4.358123867 8.268552751
C 6 3.149530715 0.26441046 7.559867711
C 6 4.369726785 -1.703795848 8.820862966
C 6 6.969611799 -1.822281667 8.888741923
C 6 8.444164987 -0.007426623 7.686989578
C 6 7.191900267 1.916862453 6.444815995
C 6 4597911198 2.096065168 6.366694723
H 1 3.75486664 3.6048035 5.306879697
F 9 8.527142855 3.66045593 5.216890945
C 6 11.25131515 -0.172891031 7.78291207
) 8 12.32981956 -1.690832328 9.042962461
H 1 12.28214178 1.189601407 6.641838826
H 1 7.914588176 -3.318037581 9.880281149
H 1 3.275103007 -3.107484312 9.795715911
H 1 0.151461538 -3.508106221 6.695450353
C 6 -1.75419484 -3.508106221 0.416193252
C 6 0.435336176 -0.405572992 0.153767004
C 6 1.786376874 1.804631627 0.591881077
C 6 4.408258298 1.848322091 0.434107/854
C 6 5.678116367 -0.378058581 0.130769038
C 6 4.374205436 -2.618744479 0.549135475
C 6 5.769012187 -5.000951957 1.08882232
C 6 7.891571314 -5.027294737 2.651701301
C 6 9.244955272 -7.224403554 3.003398204
C 6 8.544679512 -9.459212404 1.812077147
C 6 6.410517468 -9.391843673 0.31482835
C 6 5.010136025 -7.233701006 0.055992581
H 1 3.445650777 -7.290543963 1.34571167
F 9 -5.70306075 -11.47394377 0.909959755
C 6 10.09550204 -11.78435016 2.122918175
@) 8 -11.837168 -11.89737467 3.542007905
H 1 9.555304971 -13.39694783 0.970525473
H 1 10.88623898 -7.25070854 4.195059412
H 1 8.470167617 -3.331530225 3.603953123
H 1 -7.70594353 -0.369403636 0.244776207
C 6 5.826781111 4.248217404 0.844707517
C 6 4.983301916 -6.49795509 0.244360468
C 6 6.298116566 8.716550091 0.109811977
C 6 8.483546877 8.782973959 1.568453673
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C 6 9.280973449 6.536184246 2.629194664
C 6 8.013307462 4.289602403 2.292143137
H 1 8.726301077 2.626208897 3.205542193
F 9 11.35407845 6.516814555 4.04845447
C 6 9.866259382 11.20203109 1.949233459
) 8 9.302629709 13.10118681 0.88613031
H 1 -11.4426877 11.15465566 3.270435383
H 1 5.665077258 -10.44177543 0.747877957
H 1 3.325653177 -6.489394631 1.415612635
H 1 0.797710031 3.497674933 1.120928764
C 6 2.377464265 -0.428835518 0.282400652
C 6 3.671567519 -2.459610654 1.359563362
C 6 6.267899848 -2.447629791 1.505147852
C 6 7.66814901 -0.430044943 0.565103659
C 6 6.352880826 -1.550236714 0.513230681
C 6 3.756642983 -1.589410734 0.669964554
H 1 2.856925543 -3.169070481 1.568340289
F 9 7.618921648 -3.508862111 1.438629497
C 6 10.46042703 -0.388281999 0.814112853
) 8 11.60830328 -1.916560097 2.006775615
H 1 11.43671616 -1.144720414 0.148929305
H 1 7.262027998 -3.979025937 2.387574299
H 1 2.632936321 -4.016007875 2.143308318
H 1 0.729982252 -4.304266677 0.834843147

Table S4.2. Atom Coordinates for TF/NF Dimer

ATOMIC COORDINATES (BOHR)
ATOM CHARGE X Y Z
C 6 3.455893092 19.98802861 12.67465676
C 6 2.80246364 17.82446243 13.9984854
C 6 2.845265933 17.75894563 16.62295575
C 6 3.439433579 19.96491727 17.92584623
C 6 3.443761051 19.98933253 9.86089256
C 6 4.361752141 17.91874086 8.534153739
C 6 4.366967785 17.9701792 5.934117547
F 9 5.310148923 15.98428506 4.712220723
O] 8 2.261699651 21.51676025 0.555655029
C 6 3.456100962 19.99494501 4.559171815
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C 6 3.440000496 20.01448478 1.745067463
C 6 1.093471046 15.31862908 20.3060695

C 6 0.591144084 13.05679715 21.49355441
F 9 0.496260942 13.14620009 23.73240728
C 6 1.177696133 10.74390482 20.40350377
C 6 2.337024129 10.80176823 18.05073822
C 6 2.886991083 13.04048882 16.83904592
O 8 0.649083082 7.931123279 23.41217431
C 6 0.624365466 8.259746628 21.59750824
C 6 4.086135606 22.14637915 14.02031174
C 6 4.015800005 22.18903027 16.64667181
C 6 2.526412468 22.06056669 8.513253369
C 6 2.525373118 22.04886929 5.90885191

C 6 4.553804993 24.59871436 18.0129815

C 6 5.706141004 24.65778719 20.38721433
C 6 6.23802328 26.92576074 21.55257055
C 6 5.624429252 29.21697791 20.41675075
C 6 4.459639948 29.11812634 18.08388402
C 6 3.914019363 26.88278837 16.87891914
F 9 3.863223529 31.26421256 16.91866008
O 8 7.57001554 31.8163527 23.46635275
C 6 6.309020285 31.65980779 21.60612539
C 6 2.251797487 15.34340339 17.94782375
C 6 10.51452988 19.96230944 12.67841732
C 6 9.875632423 17.80479039 14.02223926
C 6 9.945363312 17.75599766 16.64839147
C 6 10.52705877 19.979865 17.92733912
C 6 10.52979887 19.96820539 9.865220033
C 6 11.4523064 17.90432225 8.529410526
C 6 11.46672501 17.91626532 5.916694273
@) 8 9.246164696 21.34834787 0.549437831
C 6 10.53807587 19.97782409 4.599611951
C 6 10.46208999 19.92220946 1.801910421
C 6 9.40854885 15.33979401 18.00852175
C 6 8.245649272 15.28270539 20.37646179
C 6 7.713086694 13.02253642 21.55954364
C 6 8.341118229 10.74834568 20.4067541

C 6 9.53117317 10.78009308 18.07796918
C 6 10.06364126 13.04536431 16.89604006
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O 8 6.395758708 8.077255789 23.42691417
C 6 7.667960038 8.299827716 21.58446913
C 6 11.16933883 22.12198279 14.00576085
C 6 11.11837292 22.19042866 16.62973987
C 6 9.636468702 22.05310228 8.520642198
C 6 9.627870449 22.05879035 5.919528862
C 6 11.7109721 24.60787953 17.95817944
C 6 12.88318802 24.65342193 20.31886294
C 6 13.39284712 26.91120985 21.51800747
C 6 12.7640219 29.19050285 20.37818144
C 6 11.60800093 29.16468919 18.03250237
C 6 11.07031719 26.90331079 16.84484738
O 8 14.5612458 31.80711193 23.52854364
C 6 13.34628427 31.62715333 21.64611199
H 1 12.60018266 33.30832916 20.70340328
H 1 5.61036969 33.35249205 20.66439934
H 1 14.29530467 26.93645659 23.33533805
H 1 13.42909207 22.91683933 21.21799457
H 1 7.192032548 26.96967797 23.34113951
H 1 6.278142163 22.93235398 21.28455072
H 1 2.956041671 26.96141987 15.09424302
H 1 11.07712021 30.91380067 17.13784939
H 1 10.08741401 26.93405663 15.07018681
H 1 10.54213878 19.98141457 19.9564324

H 1 9.274151538 16.15483283 13.00772097
H 1 11.75946247 23.76500505 12.97684284
H 1 11.608908 18.44982946 0.90992196

H 1 4.570151123 18.56914675 0.815832503
H 1 12.18733422 16.29796068 9.530681841
H 1 12.1833847 16.30336529 4.905860945
H 1 8.876042964 23.64481848 9.524861485
H 1 8.875324869 23.63758083 4.889590404
H 1 1.779706141 23.6633 9.508836609
H 1 1.792121641 23.62679049 4.866535747
H 1 5.14113183 16.30633216 9.485026061
H 1 2.214002967 16.18121341 12.96832018
H 1 4.678054477 23.79852879 13.00515094
H 1 3.433310866 19.9605331 19.95452377
H 1 0.533488544 17.02928464 21.24067128
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H 1 2.862708104 9.04324592 17.17570061
H 1 3.873333563 12.99216852 15.06918525
H 1 1.476329531 6.661340799 20.60084786
H 1 8.403082344 6.626399765 20.61254526
H 1 10.04328891 9.031416235 17.17184556
H 1 11.03144553 13.02083567 15.11215762
H 1 7.679959798 17.01522507 21.26841246
H 1 6.761137228 12.99364251 23.35181646

Table S4.3. Atom Coordinates for NF/NF Dimer

ATOMIC COORDINATES (BOHR)
ATOM CHARGE X Y Z
C 6 0.659949007 -1.981396595 8.039536859
C 6 0.722725704 0.23455279 8.325887038
C 6 0.564574536 2.517587447 8.502614212
C 6 3.187457515 2.595330774 8.423396899
C 6 4.526970884 0.355627534 8.141071836
C 6 3.283890232 -1.947249247 7.933485436
C 6 -4.72782986 -4.330855121 7.534942225
C 6 6.690064634 -4.428705133 5.776193146
C 6 7.989383531 -6.647867052 5.35189297
C 6 7.356873346 -8.822752692 6.683601771
C 6 5.432074044 -8.730685241 8.462098487
C 6 4.,125914338 -6.506761213 8.88483019
H 1 2.657786218 -6.449672591 10.28717695
H 1 -4,93775952 -10.40067389 9.51386328
C 6 8.654245825 -11.24642076 6.149489618
@) 8 -10.1213346 -11.56187272 4.469825571
H 1 8.150501569 -12.81073593 7.406195194
H 1 9.457889596 -6.735304674 3.956103561
H 1 7.146244487 -2.777235798 4.687918847
H 1 6.556687773 0.409881567 8.081772234
C 6 4,578749377 5.035533942 8.625446401
C 6 4.027799765 7.027815359 6.992288511
C 6 5.407488708 9.236016868 7.080463125
C 6 7.347273538 9.507570492 8.833089493
C 6 7.856497999 7.56056691 10.51127955
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C 6 6.496651179 5.331465032 10.39816056
H 1 6.910104328 3.826506153 11.6978574

H 1 9.326307975 7.774937426 11.90211788
C 6 8.916180744 11.8261509 8.867652581
@) 8 8.846582136 13.42499136 7.285082655
H 1 10.21759724 11.98847836 10.46732453
H 1 5.031697799 10.74373475 5.775512845
H 1 2.575091809 6.802956864 5.591472431
H 1 0.47868649 4.239467973 8.773695405
C 6 3.534430104 0.140841278 8.433922672
C 6 4.749467222 -1.663639171 9.924519634
C 6 7.348993188 -1.816272339 9.979321688
C 6 8.796674473 -0.16786436 8.533511232
C 6 7.603406998 1.651261465 7.078951345
C 6 4.993222977 1.813078702 7.031689298
H 1 4.087704079 3.172207427 5.823587474
H 1 8.710295098 2.908704035 5.928353882
C 6 11.59773972 -0.368364287 8.540238656
@) 8 12.7468065 -1.78212499 9.861402786
H 1 12.577128 0.891818385 7.234060054
H 1 8.282669004 -3.203822542 11.12914436
H 1 3.64452554 -2.933213781 11.06222917
H 1 0.325561993 -3.743736154 7.820593206
C 6 2.161033948 -2.414824148 0.932825439
C 6 0.808708236 -0.228505666 -0.40572417
C 6 2.110540469 2.023745355 -0.0517218

C 6 4.731628209 2.111693202 0.196682681
C 6 6.043910627 -0.103462498 0.711368451
C 6 4.782839783 -2.377747724 -1.1013701

C 6 6.224417253 -4.729077079 1.678492417
C 6 8.260521416 -4.684120498 -3.35590769
C 6 -9.64765588 -6.838067973 3.824540838
C 6 9.038710577 -9.090224508 2.614662671
C 6 7.001888319 -9.157385369 0.972849836
C 6 5.594420403 -6.999545059 0.519806927
H 1 4.064970675 -7.059165913 0.814301825
H 1 -6.54650215 -10.88119342 0.00296687

C 6 10.56816031 -11.39946966 3.062603319
) 8 12.28960619 -11.50941392 4.506958686

108




10.01278874

-13.05201614

1.954997123

H 1

H 1 11.20828609 -6.803353707 5.121762139
H 1 8.733160782 -2.960633705 4.320045889
H 1 8.072210221 -0.052420999 0.827832263
C 6 6.095651324 4.550705843 0.189709592
C 6 5.368673737 6.689724483 -1.1710254

C 6 6.589436725 8.965181339 0.832254222
C 6 8.559022533 9.163526979 0.895730118
C 6 9.293955867 7.046674825 2.249151871
C 6 8.078276241 4.755514345 1.899306899
H 1 8.628640038 3.145845749 3.00984217

H 1 -10.8006155 7.188536555 3.609225459
C 6 9.868810512 11.62355337 1.261051946
@) 8 9.431433432 13.45830723 0.037227602
H 1 11.30390622 11.65964714 2.743088449
H 1 6.044288572 10.60070139 -1.90253833
H 1 3.856061467 6.548996589 2.521159029
H 1 1.076236745 3.710439182 0.412640567
C 6 2.005396115 -0.278507816 0.206471461
C 6 3.201668255 -1.909190165 1.481280613
C 6 5.792047947 -1.874116851 1.75695384

C 6 7.245511793 -0.22861905 0.315244089
C 6 6.073522633 1.351928869 1.413741806
C 6 3.472522681 1.343519588 1.661900623
H 1 2.577642939 2.588300994 2.995121204
H 1 7.188139712 2.611865877 2.558934652
C 6 10.0199508 -0.089459628 0.654922336
O 8 11.15845401 -1.095757614 2.317200903
H 1 11.01789619 1.062706307 0.744608731
H 1 6.700968353 -3.069179566 3.122129688
H 1 2.080871771 -3.145259934 2.638964547
H 1 1.159346894 -4.147268242 1.282557028
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