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The sensitivity of covalent organic frameworks (COFs) to pore collapse during activation processes is
generally termed activation stability, and activation stability is important for achieving and maintaining
COF crystallinity and porosity which are relevant to a variety of applications. However, current
understanding of COF stability during activation is insufficient, and prior studies have focused primarily
on thermal stability or on the activation stability of other porous materials, such as metal-organic
frameworks (MOFs). In this work, we demonstrate and implement a versatile experimental approach to
quantify activation stability of COFs and use this to establish a number of relationships between their
pore size, the type of pore substituents, pore architecture, and structural robustness. Additionally, density

functional theory calculations reveal the impact on both inter-and intra-layer interactions, which govern
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Accepted 22nd July 2022 activation stability, and we demonstrate that activation stability can be systematically tuned using

a multivariate synthesis approach involving mixtures of functionalized and unfunctionalized COF building
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1 Introduction

Covalent organic frameworks (COFs) are an emerging class of
reticular materials with nanoscale pores, long-range ordering,
and crystallinity."”” The high degree of crystallinity and porosity
makes them attractive for various applications, including gas
adsorption and storage,*'® metal-free heterogeneous catal-
ysis,"'® membrane separations,'”'® and energy storage.’** In
order to produce dry, crystalline, and porous COFs for
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guidance for the design of more robust COFs.

applications, an activation procedure is required to remove
impurities such as unreacted monomers, oligomers, and/or
guest solvent molecules. The simplest and most readily acces-
sible activation approach is through solvent washing followed
by vacuum drying. However, solvent evaporation can produce
significant capillary forces on the nanoscale pores, in some
cases leading to structural distortion, such as degradation of the
pores or mismatch between layers.***” This process is generally
termed “pore collapse” and can disrupt or destroy the crystal-
linity and porosity of COFs, limiting their utility for use in
various applications.

Foundational studies with metal organic frameworks
(MOFs), a related class of porous materials, provided insight
into the pore collapse of MOFs during activation.?®** These
studies demonstrated that solvent surface tension plays an
important role in maintaining MOF porosity and crystallinity,
and subsequent work has established best practices for the
preparation and activation of MOFs.** While this work was
useful for demonstrating factors that may influence pore
collapse in all porous materials, pore collapse in COFs has not
been studied in such significant detail. Additionally, there are
important differences between MOFs and COFs that may
influence pore collapse. MOFs have metal coordination bonds,
while COFs have covalent bonds. These different bond types will
likely lead to different bond strengths and structural changes
when disturbed by capillary forces. Additionally, COFs are
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typically two-dimensional materials, while MOFs are three
dimensional. As a result, we expect differences in structural
distortion and pore collapse during activation of MOFs and
COFs.

Similar to MOFs, the sensitivity of COFs to pore collapse
during the solvent activation process, namely the activation
stability, depends on their chemistries, structures, and archi-
tectures. For some 2D COFs termed fragile COFs, the crystal-
linity and porosity can be readily disrupted during activation
with polar solvents. Other COFs, termed robust COFs, are less
sensitive to activation procedures and can maintain crystallinity
and porosity under a variety of solvent conditions and activation
procedures.”*?” However, the factors governing COF fragility
and robustness are unclear. Medina and coworkers hypothe-
sized that fragility in 2D COFs was governed primarily by the
strength of interlayer interactions and that loss of crystallinity
reflected disrupted alignment or stacking of COF molecular
layers.”® They reported that after degradation, crystallinity and
porosity in some COFs could be recovered through supercritical
CO, activation. However, other studies have observed irrevers-
ible loss of crystallinity and porosity in COFs,”” which suggests
more significant structural degradation after solvent removal.
Zhao and coworkers observed both reversible and irreversible
interlayer shifting induced by different solvent evaporations
depending on strength of adjacent COF layer interaction.*
Although these prior studies provided some insightful analyses,
we still lack a clear and systematic understanding of fragility
and robustness in 2D COFs. In particular, we do not have an
understanding of how to design COFs that are fragile or robust,
and how the COF chemistries, structures and architectures
influence fragility or robustness. We also lack a method for
probing fragility and robustness in a series of COF samples that
enables comparison and understanding trends in molecular
structure and chemistry. Insights into these questions can
provide useful information not only for the design of COFs for
specific applications but also for understanding the fracture
and degradation of COFs under different activation conditions.

Recent work probed the thermal degradation of COFs.***
These studies were focused on understanding structural and
chemical changes in COFs at elevated temperatures and
revealed two distinct degradation mechanisms. The first
degradation involves structural distortion or a phase transition
from an eclipsed to staggered conformation and is reflected in
a loss or reduction of crystallinity, and at higher temperatures
the COF will degrade chemically. These studies also established
empirical rules for degradation stability and demonstrated that
stability was improved with decreasing pore size and with
smaller pore substituents. Other related studies have developed
engineering approaches to construct more thermally and
chemically stable COFs, but these prior studies have not
investigated stability during solvent evaporation or COF acti-
vation. For example, Smaldone and coworkers designed COFs
with amide functional groups that produced interlayer
hydrogen bonding interactions and enhanced the thermal and
chemical stability of the resulting COF.** Lotsch and coworkers
introduced side chains in large pore COFs to improve thermal
stability.*® Other approaches include the introduction of
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fluorine atoms®® and intralayer hydrogen bonding interactions®®
to produce COFs with improved chemical stability. However,
these studies did not specifically focus on stability during
solvent drying or activation. For many applications such as
organic solvent adsorption or liquid-phase catalysis, COFs have
to be dried and regenerated multiple times to enable reuse. Loss
of crystallinity and porosity during the solvent removal process
may significantly decrease their recycle performance. Although
our prior study and others suggest that low surface tension
solvents such as perfluorohexane, hexane and supercritical CO,
can help maintain high crystallinity and porosity in fragile
COFs,*?” the molecular design of COFs to provide intrinsic
activation stability has not been investigated. Therefore,
molecular engineering of stable COFs that can resist pore
collapse or structural distortion during the solvent removal
procedure is critically needed for applications that involve
solvent evacuation and material reuse.

Herein, we report a systematic study on the activation
stability during solvent evaporation process in 2D COFs varying
in pore size, functionality, and architecture. We previously
found that the surface tension of the solvent used in COF
activation played an important role in maintaining or degrading
COF crystallinity and porosity.*® Fragile COFs exhibited
complete loss of crystallinity and porosity when activated using
a solvent with a surface tension higher than a threshold value.
Depending on the COF studied, the threshold value ranged
from 22.7 to 37.1 mN m™'. Conversely, robust COFs could
maintain crystallinity and porosity even after activation with
high surface tension solvents. We also showed that the struc-
tural integrity of 2D COFs could be measured as a function of
solvent surface tension (Fig. 1A). Using this approach, we eval-
uated the activation stability in a series of 2D COFs varying in
pore size, pore substituents, and framework topologies
(Fig. 1B). We demonstrate that activation stability decreases
with increasing pore sizes, and bulky or polar substituents on
COF frameworks significantly enhance their robustness during
activation, in contrast to some prior studies on thermal stability
of COFs.*” The trends hold true for two different pore topologies
(hexagonal and rhombic), suggesting that these trends may be
universal. Density functional theory (DFT) calculations were
used to elucidate the strength of interlayer interactions and the
energy surface as functions of distortion dihedral angles of
molecular models, and they show that both interlayer interac-
tions and the probability of intralayer structural distortions
contribute to COF robustness. Finally, by using a multivariate
approach, the simplest molecular engineering method, by
mixing building blocks with or without pore substituents, we
show that we can finely tune COF fragility and engineer mate-
rials with a desired robustness (Fig. 1C). This work provides
insight into chemical, structural, and architectural details that
govern COF pore collapse or stability during solvent evaporation
process, offers a practical approach to study fragility in 2D
COFs, and demonstrates a simple and straightforward
approach to construct COFs with tunable robustness. We
anticipate that this work will prove useful for the design of
robust COFs for a wide range of applications and enable future

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Overview of pore collapse in COFs of varying pore sizes, pore functionalities, and topologies. Schematics for (A) pore collapse after
activation with low, moderate, and high surface-tension solvents, (B) series of 2D COFs studied varying in pore size and pore functionality and of
rhombic or hexagonal topology, and (C) systematic molecular engineering of robustness of COFs through introduction of increasing number of
side-chain functionalities. (D) COF chemistries studied in this work. TAPB: 1,3,5-tris(4-aminophenyl)benzene, BTCA: benzene-1,3,5-tri-
carbaldehyde, TFPA: tris(4-formylphenyllamine, TFPB: 1,3,5-tri(4-formylphenyl)benzene, PDA: terephthaldehyde, BPDA: [1,1'-biphenyl]-4,4’-
diamine, FPDA: tetrafluoroterephthaldehyde, OHPDA: 2,5-dihydroxy-1,4-benzenedicarboxaldehyde, CIPDA: 2,5-dichloroterephthalic dicar-
boxaldehyde, BrPDA: 2,5-dibromoterephthalaldehyde, OMePDA: 2,5-dimethoxyterephthalaldehyde, Py: 1,3,6,8-tetrakis(4-aminophenyl)pyrene,
DFPB: 4,4'-diformylbiphenyl, OMe3P: 2/,5'-dimethoxy-[1,1:4',1"-terphenyl]-4,4" -dicarbaldehyde.

studies focused on understanding structural degradation
during activation of COFs.

2 Results and discussion

Our objectives were to understand the relationship between
structural integrity and pore size, pore functionality, and pore
architecture in 2D COFs during the solvent evaporation process
(Fig. 1A). We synthesized a series of COFs varying in pore sizes,
functionalities, and topologies and characterized their activa-
tion stability in the presence of low, moderate, or high surface
tension solvents (Fig. 1A-C). Specifically, we used per-
fluorohexane, methanol, and tetrahydrofuran, which have
surface tensions of 11.9, 22.7, and 26.4 mN m ™. Higher solvent
surface tensions produce greater capillary forces during drying,
and by screening the stability of COFs against different solvents,
we could compare COF robustness. Other factors, such as
hydrogen bonding interactions may also be important, but have
not been reported to play a role in activation. The most robust

© 2022 The Author(s). Published by the Royal Society of Chemistry

COFs will retain crystallinity and porosity after washing with
highly polar solvents and drying under vacuum, while fragile
COFs will readily lose structural integrity after treatments with
even nonpolar solvents with low surface tensions (Fig. 1A). The
level of crystallinity can be observed by powder X-ray diffraction
(PXRD) analyses, and the porosity can be quantified through gas
adsorption measurements.

To examine the influence of pore size, we initially designed
a series of imine COFs with building blocks of varying pore sizes
ranging from 0.9 nm to 3.3 nm (Fig. 1D). All COFs in this series
had a hexagonal topology, the most common 2D COF topology
studied to date. To study the effect of pore functionality, we
investigated a series of COFs with a COF-TAPB-PDA backbone
and varying in the size and polarity of substituents: F, OH, Cl,
Br, and methoxy (OMe). Finally, to study the effect of pore
architecture, we built a set of COFs with a rhombic shape and
varying in pore size and pore functionality. All COFs were
synthesized using solvothermal conditions, and detailed
synthetic procedures are provided in the ESIf.

Chem. Sci., 2022, 13, 9655-9667 | 9657
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To compare the robustness for various COFs studied, we
performed a vacuum activation process using solvents of
different surface tensions. Briefly, each COF was first washed
thoroughly using THF and acetone to remove unreacted
monomers and oligomers. Next, any residual acetone and THF
was removed by washing and solvent exchanging with per-
fluorohexane (PFH, low surface tension, 11.9 mN m™ '), meth-
anol (MeOH, moderate surface tension, 22.7 mN m™ '), or
tetrahydrofuran (THF, high surface tension, 26.4 mN m™ %),
respectively. The samples were then dried under vacuum in
a heating oven (80 °C, pressure = 1 Torr or 0.13 kPa) and then
characterized using a combination of PXRD and nitrogen
sorption measurements to measure their crystallinity and
porosity. This enabled us to understand the factors that control
the porosity and crystallinity along with the trends in fragility
across the series of COF samples studied.

2.1 Effect of pore size

The pore size is a well-defined and measurable feature of COFs,
and it has been shown to play an important role in separation,
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ion conduction, and many adsorption-related phenomena.*****
We hypothesized that increasing the pore size would result in
more fragile COFs. To test this hypothesis, we synthesized five
different imine-linked COFs TAPB-BTCA (0.9 nm), TAPB-TFPA
(1.7 nm), TAPB-TFPB (2.0 nm), PI-2 (2.3 nm, constructed by
BPDA and BTCA) and TAPB-PDA (3.3 nm) COFs (see Fig. 1D).
Four of these COFs contained the same TAPB building block, and
the fifth (PI-2) had structurally similar building blocks. No COF
in this series contained pore functionalities, and all possessed
a 2D hexagonal hca/hcb topology. The most significant differ-
ence across the series was the pore size, and we observed clear
trends in fragility across this set of samples. COFs with the
smallest pore size (i.e. TAPB-BTCA COF, 0.9 nm pore size) were
very robust, and no loss of porosity or crystallinity occurred after
vacuum activation (Fig. 2A). The PXRD patterns exhibited sharp
diffraction peaks, and the nitrogen sorption curves were similar
and indicative of highly porous materials after activation with
PFH, MeOH and THF (Fig. 2, B and C). The nitrogen sorption
curves increased sharply at low relative pressures (P/P, < 0.01),
indicative of rich microporous structures. The Brunauer-
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Fig. 2 Schematics, PXRD, and nitrogen sorption isotherms demonstrating increased fragility with increased pore size. (A) Schematics showing
that small-pore COFs (TAPB-BTCA) retain crystallinity for all activation solvents. (B) PXRD and (C) nitrogen sorption isotherms of small-pore COFs
after activation using PFH, MeOH and THF. (D) Schematics showing COFs with medium pore size (TAPB-TFPB) retain crystallinity after activation
using PFH, MeOH but not after THF activation. (E) PXRD and (F) nitrogen sorption isotherms of medium-pore COFs after activation using PFH,
MeOH and THF. (G) Schematics showing COFs with large pore size (TAPB-PDA) only retain crystallinity after PFH activation, but pore collapse
occurs after MeOH and THF activation. (H) PXRD and (I) nitrogen sorption isotherms of large-pore COFs after activation using PFH, MeOH and
THF. Note: the structures of all monomers presented here are shown in Fig. 1.
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Emmett-Teller (BET) surface areas of these samples were similar:
1022, 1001 and 955 m> g~ ' for samples activated using PFH,
MeOH and THF, respectively. Finally, the pore size distributions
calculated using quenched solid density functional theory
(QSDFT) were uniform and centered around 0.9 nm (Fig. S17),
which were very close to that in prior studies of these materials.**
Furthermore, the incremental pore volume (y-axis of pore size
distribution plots, Fig. S1t) showed similar values, indicating
these samples shared similar pore volumes.

With increasing pore size, we observed increasing fragility.
TAPB-TFPB COFs (2.0 nm pore size) retained excellent crystal-
linity and porosity after activation with PFH or MeOH (Fig. 2 D-
F), but a clear loss of porosity was observed after activation with
THF (high surface tension). PXRD analysis revealed that the
sample retained some crystallinity after activation by all
solvents, but the intensity of the primary diffraction peak
decreased significantly after activation with THF (Fig. 2E). The
nitrogen sorption curve for TAPB-TFPB after activation with
THF did not exhibit a sharp increase at low relative pressures
(Fig. 2F), and the BET surface area after activation by THF (108
m”> g~') was significantly lower compared with the sample
activated by PFH (687 m”® g~ ') or MeOH activation (651 m* g™ %).
Next, TAPB-PDA COFs, with a pore size of 3.3 nm, the largest in
the series, were very fragile and lost crystallinity and porosity
after activation with MeOH or THF (Fig. 2G-I). TAPB-PDA COFs
exhibited excellent crystallinity and porosity after PFH activa-
tion (Fig. 2H and I) and had a very high BET surface area of 1919
m® g '. However, the porous structure was completely
destroyed after MeOH and THF activation, and the resulting
materials exhibited a broad primary diffraction peak indicative
of short-range ordering (Fig. 2H). The nitrogen sorption
isotherms (Fig. 2I) and pore size distributions (Fig. S5T) further
confirmed loss of structural integrity. COFs after activation
using MeOH and THF displayed extremely low nitrogen sorp-
tion capacity and low surface areas (45 and 30 m> g~ ' after
MeOH and THF activation, respectively, Table S21). Their
incremental pore volume (Fig. S5T) was also close to zero and
pore size became disordered, indicating the complete loss of
porous structures.

The results for TAPB-TFPA COF (1.7 nm pores) and PI-2 COFs
(2.3 nm pores) are presented in the ESI (Fig. S7-S14).7 These
COFs followed the trend of increasing fragility with increasing
pore size. TAPB-TFPA exhibited moderate fragility between that
of TAPB-BTCA and TAPB-TFPB. TAPB-TFPA retained crystal-
linity after activation with all three solvents, but we measured
a significant loss of porosity after activation with THF. This
sample is therefore more fragile than TAPB-BTCA, but more
robust than TAPB-TFPB, which exhibited very poor porosity and
crystallinity after THF activation.

As a method to visualize trends in the structural integrity of
these COFs as a function of pore size, we plotted the ratio of BET
surface areas after PFH and THF activation (Sger(THF)/Sger(-
PFH)) and those after MeOH and THF activation ((Sggr(THF)/
Sger(MeOH)) (Fig. S151). These ratios represent the fragility or
robustness of each material, with a value of 1 most robust and
0 the most fragile. This plot reveals a clear trend with increasing
pore size, showing increasing fragility (or decreasing activation

© 2022 The Author(s). Published by the Royal Society of Chemistry
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stability) with increasing pore size. This provides a simple
quantitative measure for robustness that can be used to
compare different COFs.

Our results therefore demonstrate that fragility in the series
of COFs increases with pore size. While prior work has identi-
fied fragile and robust COFs,**”*! this is the first example of an
empirical trend of activation stability in a series of COFs varying
in pore size. To be clear, the pore size is related to the density of
intermolecular interactions, which have been noted previously
to be important to thermal stability.**** In our series of mate-
rials, it may be that the strength of these intermolecular inter-
actions governs activation stability. The pore size can also affect
the evaporation rate, which may play a role in activation
stability, but was not studied here. The roles of the strength of
interlayer interactions are further studied through molecular
simulations and discussed in Section 2.4.

2.2 Effect of pore functionality

Pore functionalities or substituents can be introduced by
modifying COF building blocks, and this strategy has been
widely explored for various applications including catalysis, ion
transport, adsorption and separations.***” Prior studies have
also shown that pore functionalities increase structural stability
in certain cases,”?”*"% but this effect has not previously been
studied in a systematic series. We hypothesized that pore
functionalities would improve activation stability, and that
larger and more polar substituents would have a stronger effect.
To test this hypothesis, we prepared five COFs all containing the
same framework architecture and varying in pore functionality:
F, OH, Cl, Br, and OMe. Each COF was treated by vacuum
activation after washing with PFH, MeOH, or THF and charac-
terized by PXRD and nitrogen sorption measurements. The
results for TAPB-FPDA, TAPB-OHPDA, and TAPB-BrPDA are
shown in Fig. 3 and ESI,{ and those for TAPB-CIPDA and TAPB-
OMePDA are provided in the ESIf.

The COF with the smallest substituent (TAPB-FPDA) was
fragile and lost crystallinity and porosity after activation with
either MeOH or THF (Fig. 3A-C). Similar to TAPB-PDA COF
(Fig. 2G-I), after activation, the PXRDs of TAPB-FPDA COFs
(Fig. 3B) had broad peaks indicative of only short-range
ordering, and the BET surface areas were very low (75 and 55
m? g~ for MeOH and THF, respectively). The BET traces reflect
generally poor porosity of these samples even when activation
with PFH, and more porous samples of TAPB-FPDA could not be
obtained despite several attempts. However, the BET surface
area after PFH activation (653 m® g~ ") was still much larger than
those after activation using MeOH and THF.

Next, we analyzed COFs with hydroxyl-functionalized pores
(Fig. 3D). TAPB-OHPDA COFs exhibited excellent crystallinity
and high nitrogen sorption capacity after activation with MeOH
(Fig. 3E and F), in clear contrast to TAPB-FPDA COFs. Nitrogen
isotherms exhibited a sharp increase at low relative pressures
indicative of microporosity, and we measured narrow pore size
distributions for these samples (Fig. S181). The BET surface
area for the MeOH activated sample reached a value as high as
1190 m® g~ ', which was only slightly lower than that after PFH

Chem. Sci., 2022, 13, 9655-9667 | 9659
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Fig. 3 Schematics, PXRD, and nitrogen sorption isotherms demonstrating increased robustness with increasing size of pore functionality. (A)
Schematic showing that COFs with small pore functionalities lose crystallinity after MeOH and THF activation. (B) PXRD and (C) nitrogen sorption
isotherms of TAPB-FPDA COF after activation using PFH, MeOH and THF. (D) Schematics showing that COFs with medium-sized functional
groups are more robust and retain crystallinity and porosity after activation with PFH or MeOH activation but not after THF activation. (E) PXRD
and (F) nitrogen sorption isotherms of TAPB-OHPDA COFs (G) Schematics showing COFs with large pore functionalities retain crystallinity and
porosity after activation with PFH, MeOH, or THF. (H) PXRD and (I) nitrogen sorption isotherms of TAPB-BrPDA COFs after activation using PFH,
MeOH and THF. Note: the structures of all monomers presented here are shown in Fig. 1.

activation (1452 m> g~ '). However, TAPB-OHPDA COFs lost
crystallinity and porosity after activation with THF (Fig. 3D-F).
We measured a significantly lower BET surface area (155 m?>
g~ 1) for TAPB-OHPDA COFs after THF activation compared with
the samples activated by either MeOH or PFH. Pore size distri-
butions of TAPB-OHPDA COFs after THF activation displayed
a much broader and disordered range compared with those
samples after PFH and MeOH activation (Fig. S187).

Finally, COFs with Cl, Br, or OMe substituents were very
robust. As shown in Fig. 3G-1 and S20-S29,1 all three COFs
exhibited PXRD patterns with a sharp primary diffraction peak
at 2.8° and second order peaks above 4°. No peak attenuation
was observed for these samples when activated using high
surface tension solvents. Nitrogen sorption isotherms for TAPB-
BrPDA COFs or TAPB-CIPDA COFs after PFH, MeOH and THF
activations were nearly coincident in the P/P, range from 0 to 0.4
(Fig. 3I and S217), while the isotherms for TAPB-OMePDA COFs
are almost identical over the entire P/P, range tested (Fig. S277).

9660 | Chem. Sci, 2022, 13, 9655-9667

BET surface areas are very high for each sample even after THF
activation (Table S37).

We also calculated BET surface area ratios (Sper(THF)/Spgr(-
PFH) and Sggp(MeOH)/Sger(PFH)) ratios for this series of COFs,
and they increased with the size of side functionalities
(Fig. S307). These results show a clear trend in fragility of COFs
sharing the same backbone but different types of substituents.
COFs with Cl, Br, or OMe pore functionalities are more robust,
which may be due to the fact that larger side functionalities may
prevent shifting between layers of 2D COFs due to stronger
interlayer interactions. Other factors, such as the substituent
polarity can also play a role, and the series of samples studied
here do not provide clear insight into whether size, polarity, or
other factors govern activation stability. However, these results
are consistent with studies of the thermal stability of COFs by
Lotsch and coworkers.*® They found that pore substituents
increased the strength of interlayer interactions and improved
COF thermal stability. Interestingly, a prior report by Dichtel and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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coworkers reported the opposite trend in the thermal stability of
COFs.*” They found that pore substituents reduced the thermal
stability and resulted in loss of crystallinity with heating at lower
temperatures compared to non-substituted COFs.

2.3 Effect of pore architecture

Most 2D COFs studied to date have a hexagonal topology, but
a variety of 2D COFs with rhombic or tetragonal topologies have
also been reported. We were interested in whether the trends in
pore size and pore functionality we observed in hexagonal 2D
COFs would also apply to COFs with a different pore architec-
ture. We focused on a series of COFs with a rhombic topology
synthesized using a pyrene-based amine building block as
a node (Py, Fig. 1D) and four different aldehyde linkers varying
in length and functionality.

Rhombic COFs with a small pore size (Py-1P, 1.5 nm) were
robust to all activation solvents (Fig. 4, A-C). While some loss of
porosity was observed with increasing activation solvent surface
tension, Py-1P retained high BET surface areas after solvent
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activation with PFH, MeOH and THF (Fig. 4B, C and Table S47).
The samples also exhibited a sharp increase in the nitrogen
sorption isotherms in the low relative pressure range, indicating
that these samples retained their microporous structure
(Fig. 4C). All samples displayed narrow pore size distributions
with a sharp peak near 1.5 nm (Fig. S311). These findings are
consistent with the robustness observed in hexagonal COFs
with small pore sizes.

Next, we studied rhombic COFs with larger pore sizes but
without substituents (Fig. 4D-F). Py-2P COFs have a larger pore
size of 2.6 nm and exhibited excellent crystallinities and high BET
surface areas after activation with PFH or MeOH (3312 and 3121
m?® g, Fig. 4E and F). However, crystallinity and porosity were
completely disrupted after activation with THF. The samples
exhibited non-porous features with very low BET surface areas (91
m® g, Fig. 4F), and PXRD patterns revealed only a very weak and
broad primary diffraction peak (Fig. 4E). These results demon-
strate that Py-2P is more fragile compared with Py-1P, consistent
with the expected trend of fragility with pore size.
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Fig. 4 Schematics, PXRD, and nitrogen sorption isotherms demonstrating trends of fragility in rhombic topology COFs varying in pore size and
functionality. (A) Schematic showing that rnombic COFs with small pore size retain crystallinity and porosity after activation using PFH, MeOH and
THEF. (B) PXRD and (C) nitrogen sorption isotherms of Py-1P COF after activation using PFH, MeOH and THF. (D) Schematics showing that
rhombic COFs with moderate pore size retain crystallinity after activation using PFH and MeOH, but pore collapse occurs after THF activation. (E)
PXRD and (F) nitrogen sorption isotherms of Py-2P COF after activation using PFH, MeOH and THF. (G) Schematics showing that rhombic COFs
with small pore size and moderately-sized pore functionalities retain crystallinity after PFH and MeOH activation but not after THF activation. (H)
PXRD and (I) nitrogen sorption isotherms of Py-OH1P COF after activation using PFH, MeOH and THF. Note: the structures of all monomers
presented here are shown in Fig. 1. Py-1P COF, Py-2P COF, and Py-OH1P COF are composed of Py and PDA, Py and DFBP, and Py and OHPDA,
respectively.
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To understand the effect of pore substituents, we synthe-
sized a rhombic COF with a framework identical to Py-1P but
containing a hydroxyl functionality, termed Py-OH1P (Fig. 4G-
I). The resulting COFs exhibited improved structural robustness
compared with that of Py-1P. A loss of surface area was
measured only after activation by THF, and the BET surface
areas were 901, 938, and 763 m” g~ * for Py-OH1P after activation
with PFH, MeOH, and THF, respectively (Fig. 4G-I). We also
prepared a rhombic COF with a large pore size (3.0 nm) and
large pore functionalities (-OMe) (Fig. 1D and S37-S42%). It
maintained crystallinity and porosity when activated using PFH
or MeOH, but collapsed when activated by THF (Fig. S39 and
S407). Nitrogen sorption isotherms for the THF activated
sample reflected a complete loss of porosity, and the pore size
distributions also become disordered and broader (Fig. S417).

These results demonstrate that similar trends in pore size
and functionality apply to rhombic COFs as for hexagonal COFs.
Aswas observed for the series of hexagonal COFs, increasing the
pore size decreases robustness while introducing pore substit-
uents improves robustness. However, our data also demon-
strated that pore architecture does impact fragility. For
example, while hexagonal COFs with a pore size of 3.3 nm and
OMe substituent (TAPB-OMePDA) were very robust, rhombic
COFs with a smaller pore size (3.0 nm) and OMe substituent
were not as robust. Therefore, pore architecture has an impact
on robustness, but both topologies studied display the same
trends in pore size and pore substituents.

2.4 DFT calculations

We conducted DFT calculations to understand how pore size
and functionalities influence COF activation stability. COFs
have been previously reported to switch between crystalline and
non-crystalline morphologies due to reversibility of weak link-
ages or interlayer interactions,* and therefore we used DFT
calculations to quantify interlayer binding energies for COFs of
different pore size and functionality. We calculated the inter-
layer binding energy (Ep,) of COFs, where E}, was defined as the
difference between the energy of a bilayer and that of two
monolayers, E, = Epjlayer — 2Emonolayer- A larger value of Ey
reflects stronger interlayer interactions, which serve to stabilize
interlayer crystallinity. The DFT calculations were conducted
based on the crystal model for each COF (Fig. S557). As shown in
Fig. 5A, E;, decreased with the increase of pore size, presumably
due to reduced interlayer interactions per unit area. This is
consistent with our experimental results which revealed
increased fragility with pore size. Next, we calculated Ey, for
COFs with pore substituents by relying on molecular models for
-H, -OH and -OMe substituents (i.e. TAPB-PDA, TAPB-OHPDA
COF and TAPB-OMePDA COF), as shown in Fig. S56.1 These
calculations revealed that E}, increased with the increased size
of side functionalities, possibly due to the dispersion interac-
tions between the side chains (Fig. 5B). These results are
consistent with our experimental observations that showed that
pore functionalities can dramatically enhance COF activation
stability and suggest that interlayer interactions play an
important role in stabilizing 2D COFs.

9662 | Chem. Sci,, 2022, 13, 9655-9667
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We also performed DFT calculations to understand the
potential effect of distortions due to stretching and twisting of
network bonds within a single COF layer. Using simplified
molecular models, we calculated the energy barrier for twisting
within a layer, as reflected in the values of dihedral angles U1
and U2 (see molecular models in Fig. 5C). We studied confor-
mational changes for COFs with H and Br side functionalities
(i.e. TAPB-PDA and TAPB-BrPDA COF). The moieties linked at
both sides of -C=N- bonds have two types of dihedral angles U
and Z in the molecular models (Fig. 5C and Fig. S57A¥), but we
found that the distortion energy along Z dihedral angles was
significantly higher than that along the U direction, indicating
that distortions in the Z-direction were suppressed (Fig. S57,f
see details in ESIT). Therefore, when calculating the molecular
models (model 1 and model 2 in Fig. 5C) with two -C=N-
bonds, we focused on distortions along Ul and U2. The DFT
calculations revealed that COFs with either H or Br pore func-
tionality both had a lowest energy conformation at the dihedral
angle Ul = U2 = 40° (Fig. S581). However, the presence of Br
substituents increased steric repulsion in the twisted confor-
mation, and therefore Br substituents increased the energy for
rotation about U1 and U2 (Fig. 5D and S587). This suggests that
substituents may also stabilize the intra-layer structure and
reduce the amplitude of deformations associated with twisting
and rotation of 2D COF sheets.

2.5 Engineering of robustness in 2D COFs

Our studies of hexagonal and rhombic 2D COFs clearly
demonstrated that pore substituents improved the structural
stability of COFs. The trend in fragility as a function of pore
functionality suggested that robustness could be systematically
engineered. We sought to demonstrate this by synthesizing
a series of COFs using a single node (TAPB) and a combination
of two linear linkers, one of which (2,5-bis(octyloxy)tereph-
thalaldehyde, C8PDA) contained octyloxy functionality while
the other (PDA) remained unfunctionalized (Fig. 6A). This
approach enabled us to systematically control the quantity of
octyloxy substituent in the final COF by varying the feed ratio of
C8PDA and PDA. For simplicity, these COFs will be referred to
as TAPB-PDA,-C8PDA,, where x and y represent the feed ratio of
PDA and C8PDA, respectively. The presence and quantities of
octyloxy chains in the final COFs were monitored by FTIR
analysis (see highlights in Fig. S591). Consistent with increasing
presence of C8PDA repeat unit in the final COF, the intensity of
vibration peaks near 2900 cm~' and 2800 ¢cm ' increased
relative to the peak intensity at 550 cm™* with increasing
amount of C8PDA.

We then analyzed the crystallinities and porosities of TAPB-
PDA,-C8PDA,. All samples exhibited excellent crystallinities
(Fig. 6B) and porosities (Fig. S60t1) after PFH activation.
However, a lower BET surface area was measured for samples
with high loadings of C8PDA, and the sample with 75% C8PDA
had the lowest BET surface area of the entire series (see
Fig. S61). This is consistent with the observation reported in
prior studies that large pore substituents reduce the accessible
pore volume, resulting in a decrease in the BET surface area.*®*

© 2022 The Author(s). Published by the Royal Society of Chemistry
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This is also consistent with other studies of multivariant
COFs,* in which the pore size changed continuously and
became smaller with higher loadings of C8PDA feed ratios
(Fig. S617), due to occupation of the pore channels by long
octyloxy side chains. The decreased BET surface areas after PFH
activation (Fig. S60t1) and the decreased pore size (Fig. S61t)
therefore reflect the presence of both PDA and C8PDA in the
multivariate COFs.

To understand the impact of pore functionalities on activa-
tion stability, we analyzed each TAPB-PDA,-C8PDA, COF after
THF activation through PXRD and nitrogen sorption measure-
ments. These measurements revealed a clear trend in the acti-
vation stability of TAPB-PDA,-C8PDA, with the feed ratio of
C8PDA (Fig. 6C, S62, S63 and Table S6+). TAPB-PDA,-C8PDA,,
were amorphous after THF activations, while samples with
higher C8PDA (x > 10) contents exhibited a primary diffraction
peak, the intensity of which increased significantly as the
C8PDA content went up. We further found that a 50% feed ratio
of C8PDA resulted in a multivariate COF with highest crystal-
linity and BET surface area after THF activation, while the 75%
feed ratio led to a multivariate COF with slightly lower BET
surface area after THF activation. This shows that robustness
increases while maintaining a high accessible pore volume and
surface area up to a threshold value of octyloxy side chains.

© 2022 The Author(s). Published by the Royal Society of Chemistry

However, a larger number of octyloxy side chains results in
decreased accessible pore volume while also improving the
stability of the COF.

To quantitatively analyze trends in robustness, we turned to
nitrogen sorption measurements. For each TAPB-PDA,-C8PDA,
COF, we measured the surface area after THF activation
(Seer(THF), Fig. S62 and Table S61) and compared it with the
surface area measured after PFH activation (Sper(PFH), Fig. S60
and Table S67). By calculating the percentage of surface area
retained after THF activation relative to that measured after
PFH activation, we can get a quantitative measure of robustness
for each COF. As shown in Fig. 6D, we observed a steady
increase in this ratio of surface areas as a function of C8PDA
content from 10 to 75%. The percentage of surface area retained
increased from 0% at 10% C8PDA to approximately 90% for
75% C8PDA. This provides strong evidence that the pore
substituents improve COF activation stability, and that the
fragility of COFs can be suppressed by quantitative tuning of
pore substituents. We performed a similar set of experiments
using methoxy (OMe) functionality (ESI, Fig. S64-S727). Similar
results were disclosed except that a larger quantity of OMe
substituents (at least 50%) was needed to produce a measurable
impact on COF robustness.

Chem. Sci., 2022, 13, 9655-9667 | 9663
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We note that the reactivities of the PDA and C8PDA may be
different, and as a result the C8 pore substituents may not be
homogeneously distributed. Other factors such as steric inter-
action may prevent excessive crowding and clustering of the C8
chains, and dynamic rearrangements during synthesis likely
play a role in the distribution of C8 chains. Nevertheless, the
clear trend in activation stability as a function of C8 content
indicates that this is an effective approach to tune COF activa-
tion stability.

3 Conclusion

In summary, we systematically investigated the relationship
between activation stability or structural robustness, COF
molecular chemistry, and architecture including pore size, pore
functionalities, and pore architecture. We quantified the acti-
vation stability of a large series of COFs through solvent acti-
vation with solvents varying in surface tension. This process
enabled us to quantitatively analyze the fragility of COFs
through analysis of the crystallinity and surface area after acti-
vation. We found that increasing pore size produced increas-
ingly fragile COFs, while introducing pore functionalities
produce increasingly robust COFs. These trends applied to both
hexagonal and rhombic topologies, and DFT calculations
demonstrated that fragility was related to both inter- and intra-
layer interactions. Finally, we demonstrated that we could
systematically tune COF robustness using a multivariate

9664 | Chem. Sci, 2022, 13, 9655-9667

approach involving building blocks with and without side-
functionalities. This work is relevant to a wide range of prac-
tical applications of COFs and provides experimental and
theoretical insight into framework integrity in 2D COFs,
demonstrates a simple molecular-engineering approach to
reinforce COF materials, and gives specific guidelines for the
design of robust COFs that maintain crystallinity and porosity
during activation.

4 Experimental section
4.1 COF synthesis

The typical synthesis procedure for TAPB-PDA COF is described
here. In detail, 0.16 mmol 1,3,5-tris(4-aminophenyl)benzene
(TAPB) and 0.24 mmol terephthaldehyde (PDA) were weighed
and placed in a Pyrex tube, then a solvent mixture of 3.2 mL
dioxane and 0.8 mL mesitylene was added. To uniformly
disperse or dissolve the monomers, the Pyrex tube was soni-
cated for 5 minutes and followed by addition of 0.4 mL 6 M
acetic acid as the catalyst. Finally, the Pyrex tube was flame
sealed and placed in an oven to react at 120 °C for 3 days. To
separate the dry COF powders, the produced precipitates were
thoroughly washed using THF and acetone through centrifu-
gation. Then, the wet powder samples were averagely separated
into three aliquots. In the last washing step, the three aliquots
were washed using perfluorohexane, methanol and THF
respectively. After filtration, all samples were placed in

© 2022 The Author(s). Published by the Royal Society of Chemistry
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a vacuum oven at 80 °C to dry overnight, and the as-prepared
samples were measured for PXRD, BET and FTIR analysis. All
the other COFs follow the same procedure except for the reac-
tion solvents used, which are listed in Table S1.}

4.2 Instrumentations and characterizations

PXRD data were detected on a Rigaku SmartLab XRD with 26
ranging from 1° to 30° with 0.02° increment in a continuous
mode. Powder samples without prior grinding were directly
placed on zero background sample holders and leveled flat
using a glass microscope slide. Fourier-transform infrared
spectroscopy (FTIR) of all solid samples was tested using
a ThermoNicolet iS10 FT-IR spectrometer with a diamond ATR
attachment. The spectra were tested using 64 scans with
a resolution of 4. The testing range was set from 4000 to
500 cm™'. The spectra shown are uncorrected. Nitrogen sorp-
tion measurements were conducted on Quantachrome
Autosorb-iQ-MP/Kr BET Surface Analyzer. All samples were
washed using different solvents (PFH, MeOH and THF) and
dried under vacuum at 80 °C overnight in a laboratory heating
oven. All samples were tested directly without grinding. BET
surface areas for all samples were calculated using BET
adsorption models (P/P, ranging from 0.05-0.2) included in the
instrument software (ASiQwin version 5.2). Pore size distribu-
tions were calculated using the quenched solid density func-
tional theory (QSDFT) model included in the instrument
software, which is mostly used for COF pore size calculations
and matches the COF models best.

4.3 DFT calculation

The crystal model was performed using the plane wave basis
Vienna ab initio simulation package (VASP) code."* The gener-
alized gradient approximation in the Perdew-Burke-Ernzerhof
(GGA-PBE) formulation is used with a cutoff energy of 600 eV.
The vacuum space of ~20 A is intercalated into interlamination
to eliminate the interaction between layers. A 6 x 6 2D grid
uniform k-points is applied for Density-functional theatrical
(DFT) calculations. The van der Waals (vdW) corrections were
employed (DFT-D3) to calculate the interlayer distance in bulk
phases.

The molecular model was carried out with the Gaussian 16
code based on DFT.? The Becke exchange functional (B) and the
Lee-Yang-Parr (LYP) correlation functional within a general-
ized gradient approximation (GGA) was used to describe the
interaction between the ionic cores and electrons.** The hybrid
basic set b3lyp/6-311 + g(d,p) was employed to optimize all
structures and calculate total energy.
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