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Colloidal covalent organic framework (COF) synthesis enables morphological control of crystallite size and
shape. Despite numerous examples of 2D COF colloids with various linkage chemistries, 3D imine-linked
COF colloids are more challenging synthetic targets. Here we report a rapid (15 min—5 day) synthesis of
hydrated COF-300 colloids ranging in length (251 nm-4.6 um) with high crystallinity and moderate
surface areas (150 m? g~Y). These materials are characterized by pair distribution function analysis, which
is consistent with the known average structure for this material alongside different degrees of atomic
disorder at different length scales. Additionally, we investigate a series of para-substituted benzoic acid
catalysts, finding that 4-cyano and 4-fluoro substituted benzoic acids produce the largest COF-300
crystallites with lengths of 1-2 pm. In situ dynamic light scattering experiments are used to assess time
to nucleation in conjunction with *H NMR model compound studies to probe the impact of catalyst
acidity on the imine condensation equilibrium. We observe cationically stabilized colloids with a zeta
potential of up to +14.35 mV in benzonitrile as a result of the carboxylic acid catalyst protonating surface
amine groups. We leverage these surface chemistry insights to synthesize small COF-300 colloids using
sterically hindered diortho-substituted carboxylic acid catalysts. This fundamental study of COF-300
colloid synthesis and surface chemistry will provide new insights into the role of acid catalysts both as
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Introduction

Covalent organic frameworks (COFs) are crystalline polymers
featuring high porosity>* that enables applications including
gas storage,* catalysis,>® and pollutant remediation for both
metal-ion”® and organic pollutants.®** These polymers are
highly modular with pore sizes and shapes dictated by mono-
mer choice.” Based on monomer geometry, COFs are further
divided into two dimensional (2D) and three dimensional (3D)
network topologies. A majority of synthetic efforts focus on 2D
COFs comprised of covalently linked planar sheets stacked in
three dimensions via -7 interactions. 3D COFs that possess
covalent bonds extending in all three dimensions are more
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imine condensation catalysts and as colloid stabilizing agents.

challenging synthetic targets due to the absence of - inter-
actions to drive the crystallization process.**

Most successful COF syntheses have optimized reaction
conditions for covalent bond reversibility which enables “error
correction” in a growing COF." These simultaneous bond
formation and reversion processes are promoted via the addi-
tion of a mono-functional modulator compound that slows
down crystallization kinetics, resulting in the production of
thermodynamically favored crystalline products.**® To date,
four notable syntheses of single crystalline 3D COFs employing
modulator strategies have been reported as bulk powders"'”'®
or as colloids.” Modulators have also been employed for shape
and morphology control in 2D COF systems.”*** Although
modulator strategies have demonstrated success in increasing
crystalline domain sizes, particle size, and shape, COF growth
typically occurs under heterogeneous, solvothermal reaction
conditions. Using these solvothermal methods, precipitation
irreversibly traps kinetic defects, preventing formation of the
thermodynamically favored crystalline material. Homogeneous
initial reaction conditions including the use of protected
monomers> or colloidal synthesis strategies'**** seek to solve
this problem and have been employed towards the growth of
high-quality COFs. However, despite several reports on the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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synthesis of colloidal 3D boroxine-linked COF colloids™ and 2D
boronate ester-,****?* 2D boroxine-,** and 2D imine-linked COF
colloids,*****” 3D imine-linked COF colloids have only recently
been synthesized.”® High-quality 3D imine-linked COFs are
desirable synthetic targets due to their small pore sizes and
greater hydrolytic stability compared to their boron-containing
counterparts.***® Colloidal control over 3D COF crystallite size
and shape will enable further optimization of material
performance.*

Related porous framework literature demonstrates the
impact of control over crystallite size and shape. For example,
nanometer-sized metal organic frameworks (nanoMOFs)
demonstrate higher catalytic activity,®* faster adsorption
kinetics,* and enhanced dye adsorption®® compared to their
bulk counterparts. This enhanced performance is attributed to
mass transport limitations in the bulk. Studies on colloidal COF
synthesis to access smaller particle sizes could similarly
produce COF materials with enhanced capabilities. In some
instances, as for colloidal COF-300,% the reaction concentration
is varied in order to tune particle size. However, changes in
concentration can also affect the crystallinity of the material.
Another way to control size and shape of porous framework
materials relies on surface chemistry and functionalization.
Although many efforts have focused on seeded growth
methods*?® or post-synthetic functionalization or processing
methods,**?***¢ a more thorough understanding of colloidal
COF surface chemistry could provide another means to control
COF particle size. Indeed, recent reports have explored the
surface chemistry of unreacted pendant amines at the surfaces
of COF-300 colloids.”® Another notable example achieves size
control of a 2D COF using different amounts of acetic acid
catalyst.*” However in this example, it is unclear if the effect on
size is from enhanced dynamic bond exchange resulting in
higher error correction or if it is from an interaction of the acid
catalyst with surface amines. A more thorough understanding
of colloidal 3D COF surface chemistry will both enable control
of particle size and shape in addition to tuning particle dis-
persibility which would assist with material processing.

In this study, colloidal COF-300 crystallites are synthesized
with rapid (15 minute-5 day) reaction times producing hydrated
COF-300. This material is characterized via pair distribution
function analysis to show their long-range ordering and crys-
tallinity. A series of para-substituted benzoic acid catalysts are
studied as the imine condensation catalyst. This series of para-
substituted carboxylic acid catalysts offers fine-tuned control
over acidity, which we initially hypothesized to affect final
particle size via an effect on both imine condensation rates and
acid/base interactions with amine-rich COF-300 colloid
surfaces. Zeta potential experiments aimed at probing colloidal
surface chemistry are consistent with positively charged
ammonium benzoate surface species as a mechanism for
colloidal stability. Additionally, '"H NMR model compound
studies are used to elucidate the imine condensation vs. acid-
base neutralization equilibria hypothesized to be responsible
for the observed phenomena. Although we find that acidity of
para-substituted benzoic acids affects time to particle nucle-
ation, steric bulk of benzoic acids provides a more reliable way

© 2023 The Author(s). Published by the Royal Society of Chemistry
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to tune particle size. These experiments will deepen our
chemical understanding of colloidal 3D imine-linked COF
nucleation and growth processes, enabling synthesis of 3D
COFs with control of particle size.

Results and discussion
COF-300 colloid synthesis

Briefly, colloidal COF-300 was synthesized via hot injection of
a terephthaldehyde (PDA) solution in benzonitrile, to a solution
of tetrakis(4-aminophenyl)methane (TAPM), aniline, water, and
a substituted benzoic acid catalyst in benzonitrile (Scheme 1
and Fig. S1; see ESIt for detailed procedure). After 3 hours of
reaction at 90 °C, a yellow colloid was observed, comprised of
400 nm diamondoid particles as observed via scanning electron
microscopy (SEM) (Fig. 1A). These colloidal crystallites were
purified by extraction using methanol and activated by super-
critical CO, drying for subsequent characterization by powder
X-ray diffraction (PXRD), Fourier transform infrared spectros-
copy (FTIR), and N, porosimetry. The PXRD pattern of the COF
exhibited sharp Bragg diffraction peaks, consistent with the
hydrated structure of COF-300 (Fig. 1B) and reported powder
patterns.” FT-IR spectroscopy indicated successful formation of
an imine bond via the appearance of a C=N imine bond stretch
located at 1620.5 cm ™", accompanied by the disappearance of
both the C-N stretch attributed to TAPM at 1271 em ™' and C=0
stretch from PDA at 1693 cm ™' (Fig. S21).*® Analysis of the N,
adsorption isotherm provided a Brunauer-Emmett-Teller (BET)
surface area of 150 m” g~ ' (Fig. 1C and S37). These bulk char-
acterization techniques collectively indicate that formation of
COF-300 colloids under these conditions provide the target
material with good quality.

The COF-300 reaction progress was monitored by taking
reaction aliquots and characterizing the products via SEM per-
formed on a Hitachi S4800 cFEG SEM. SEM imaging showed
that COF-300 particles continued to grow over the span of 5
days, reaching dimensions of approximately 4.6 pm in length
and 2.3 pm in width (Fig. 1A and D and S47). However, as the
particles grew, they began to precipitate, hindering the study of

aniline, H,O
benzonitrile
90 °C

N g A '"'0~*©V~@goz

TREM % CcoFs300

X = OH, OCH,, CH,, H, F, Cl, Br, |, CF,, CN, NO,

Scheme 1 COF-300 colloid synthesis.
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Fig. 1

(A) SEM images of colloidal COF-300 (X = H) particle growth at 90 °C, (B) PXRD: experimental data (top) and simulated hydrated COF-300

pattern (bottom),* (C) N, adsorption isotherm, and (D) dimensions as determined via SEM measurements.

colloidal growth and their surface chemistry. As such, the COF-
300 particles studied throughout the bulk of this manuscript
are characterized after a reaction time of 48 hours, optimizing
for reaction progress and colloidal stability.

Pair distribution function analysis

The structure of these COF-300 samples was examined by fitting
of the real space Pair Distribution Function (PDF) from X-ray
Total Scattering (Fig. 2). Research interest in porous and poly-
meric COFs has primarily focused on crystalline compounds as
assessed by low angle Bragg diffraction peaks in powder XRD
and single crystal XRD. However, recent studies that examine
both Bragg and diffuse scattering have suggested significant
local structural deviations from the average structure in these
supramolecular materials.***' In one example, Terban and co-
workers demonstrated that modeling of interlayer stacking
disorder not captured in the average structure was necessary to
account for the pair distribution functions.** While deviations
in the interlayer stacking of 2D COFs may be expected given the
relatively weak dispersive forces responsible for the ordering of
layers, the extent of disorder in 3D crystalline COFs is not well
studied.

Here we show that attempts to fit crystalline 3D COF-300
PDFs using a standard crystallographic “Real Space Rietveld,”
approach fails to properly account for the experimental PDFs for
local and average real space distance ranges simultaneously. In
particular, the local (low ) and average (high 7) distance ranges

14486 | RSC Adv, 2023, 13, 14484-14493

refine very different values for the atomic displacement
parameters (ADPs) needed to account for the line width of real
space correlations (Fig. S29%1). These deviations cannot be
simply accounted for with correlated atomic motion factors.*
Instead, we adopt a modeling approach analogous to prior
modeling of organic crystalline molecular materials, where
both “intermolecular” and “intramolecular,” ADPs are sepa-
rately refined for different real space pair distance ranges (See
ESIt).** Such models are known to account for deviations
from the average structure that arise in crystalline molecular
solids where deviations from intermolecular average distances
have less of an energetic barrier than intramolecular average
distances that arise from covalent bonds.** Surprisingly, similar
models are also consistent with these polymeric crystalline 3D
COFs across a wide range of dimensions (length = 251-936 nm),
suggesting that local structural deviations are far more ener-
getically accessible in these porous supramolecular materials
than conventional crystalline atomic solids.

Para-substituted benzoic acid catalysts

In an attempt to further tune particle size, a series of para-
substituted benzoic acid catalysts were screened (Table 1 and
Fig. S57). This fine-tuned control of acidity was hypothesized to
tune the rate of imine condensation, resulting in variable
colloidal particle sizes. Out of eleven para-substituted benzoic
acids screened, five were readily soluble in benzonitrile at
standard reaction conditions. Three initially insoluble ones (X

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (A) Standard one phase crystallographic pair distribution func-

tion model (red), data (blue), and difference (green) above and (B)
model with separate inter and intra monomer ADPs.

Table1 Para-substituted benzoic acids studied and the stability of the
resulting COF-300 colloids

Hammett parameter Colloidally
X (0) stable?
OH -0.37 Yes
OCH, —0.288 Yes
CHj3; —0.17 Yes
H 0 Yes
F 0.062 Yes
Cl 0.227 No
Br 0.232 No
1 0.276 No
CF; 0.54 Yes
CN 0.66 Yes
NO, 0.778 No

= CF3, CN, C]) did not fully solubilize at elevated temperatures
until after the addition of water and aniline. Three additional
benzoic acid derivatives (X = Br, I, NO,) never fully dissolved,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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and thus were not pursued further. Upon hot injection of PDA,
one reaction (X = Cl) produced an aggregated, heterogeneous
mixture. A primary benefit of colloidal COF synthesis is avoid-
ing premature aggregation to increase crystallite size via error
correction.”** Thus the para-substituted benzoic acids that did
not produce colloidal products (X = Cl, Br, I, NO,) were not
pursued further.

The remaining benzoic acid derivatives, as shown in Table
1, produced colloidally stable COFs, as measured by FTIR and
PXRD. Prior to characterization, the COF colloids were puri-
fied via successive precipitation, centrifugation, and resus-
pension cycles to remove unreacted monomers, excess
benzoic acid, and benzonitrile solvent (see ESIt). The result-
ing COFs were dried under vacuum and isolated as solids
before further characterization. FTIR measurements indicate
successful formation of an imine bond linkage (Fig. S6-S117).
COF crystallinity was measured by a Siemens D5000 Diffrac-
tometer and a Rigaku MiniFlex-600, indicating formation of
the hydrated COF-300 (Fig. S12 and S13t)."*® Use of benzo-
nitrile as the reaction solvent was crucial for both colloidal
stability and crystallinity of the resulting materials.

To investigate the impact of these substituted benzoic
acids on final particle size and morphology, SEM data was
obtained on a FEI Quanta 200 ESEM. These SEM measure-
ments demonstrate formation of well-faceted COF-300 crys-
tallites (Fig. 3A-D, F-H) consistent with the morphology of
COF-300 crystallites observed in the literature." An average of
250 particle lengths and widths were sized in Image] for each
sample, to ensure representative sizing statistics (Fig. S147).
To assess the impact of para-substituted benzoic acid cata-
lysts on particle morphology, the particle dimensions (length
and width) were plotted against the Hammett parameter (o)
which is a measure of carboxylic acid strength (Fig. 3E).
Interestingly, COF-300 colloids synthesized with 4-fluo-
robenzoic acid (X = F; ¢ = +0.062) and 4-cyanobenzoic acid (X
= CN; ¢ = +0.66) were significantly larger than COF-300
particles synthesized with other substituted benzoic acids (X
= OH, OCHj3;, CHj3, H, CF3). These larger samples possessed
average particle lengths and width of 1964 nm-936 nm and
904 nm-622 nm, respectively, compared with average lengths
between 539 nm-646 nm and average widths between
353 nm-389 nm, respectively (Fig. 3 and S147). Notably, the
colloids synthesized with 4-fluorobenzoic acid and 4-cyano-
benzoic acid possessed the largest size distributions.

Decreasing particle size dispersity is desirable for appli-
cations requiring monodisperse populations of particle sizes
such as morphology-dependent adsorption studies.** Among
samples with similar particle dimensions (length and width),
the particle size dispersity was studied to assess which ben-
zoic acid derivatives resulted in highest monodispersity
(Fig. S147). The particle size dispersity was quantified as (o/d)
x 100 where ¢ is the standard deviation as measured by SEM
sizing in Image]J and d = particle dimension. A size dispersity
was calculated for both the particle length and width.
Notably, among the samples that were similarly-sized
(average lengths between 539 nm-646 nm and average
widths between 353 nm-389 nm), colloids synthesized with

RSC Adv, 2023, 13, 14484-14493 | 14487
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benzoic acid (X = H) possessed slightly narrower size distri-
butions (0/diength = 23%, 0/dwiagen = 23%) than colloids
synthesized with p-anisic acid (X = OCHj;) (0/diength = 34%, 0/
dwidth = 31%). As observed by electron microscopy, carboxylic
acid identity is observed to have a relatively minor impact on
particle size and aspect ratio with the exception of the 4-
cyanobenzoic acid and 4-fluorobenzoic acid derivatives. To
rationalize the observed changes in particle size and size
dispersities, we turned to a model study to understand the
role of the carboxylic acid catalyst's role in imine condensa-
tion reactions.

H NMR model compound studies

To probe the effect of para-substituted benzoic acids on the
reaction progress of reversible reactions relevant for COF
formation, model compound experiments were performed
using aniline (a monofunctional amine) and benzaldehyde (a
monofunctional aldehyde) in place of the multifunctional
TAPM and PDA COF-300 monomers. '"H NMR experiments
were set up in acetonitrile-d3 at a sixfold dilution compared
to reaction conditions, in order to achieve good solubility of
all compounds at room temperature. "H NMR distinguishes
between the aldehyde and imine protons that appear at
10.0 ppm and 8.57 ppm, respectively (Scheme 2).

Imine and aldehyde concentrations are quantified via
integration relative to a 1,4-dinitrobenzene internal standard
(1.25 M). As the para-substituted benzoic acid becomes more
acidic, an acid-base neutralization reaction between the
carboxylic acid and the amine will occur, decreasing the
amount of amine available and shifting the imine conden-
sation equilibrium towards the reactants (Scheme 2). Thus,

14488 | RSC Adv, 2023, 13, 14484-14493
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(A—D, F—H) SEM of COF-300 colloids synthesized at 90 °C for 48 hours made from different benzoic acids. (E) Average colloid length and

we observe that more acidic benzoic acids result in a higher
benzaldehyde to imine ratio (Fig. 4). This was true for all
benzoic acids tested with the exception of the 4-hydrox-
ybenzoic acid which had a much lower imine concentration
than expected.

We rationalize our results by contrasting this model
compound study with the actual COF synthesis, where crystal-
lization is a driving force that consumes aldehyde and disfavors
depolymerization.*” Any initial bias towards benzaldehyde for
more acidic benzoic acids is hypothesized to lead to faster
productive imine-condensation reactions. We sought to probe
this effect further by looking at nucleation induction delay
times (Fig. 5B).

A imine condensation

(10.0 ppm) H (8.57 ppm)
o H

+ - =N +Ho
H,N
aldehyde amine imine
B neutralization
HO oe
o e}
—_— +
+ —_—
HoN
X 2 X HN@®
carboxylic acid amine anilinium benzoate

Scheme 2 Carboxylic acid identity affects a series of equilibria: (A)
imine condensation and (B) acid/base neutralization.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A) *H NMR of model compound study displays the ratio of
imine (blue diamonds) vs. aldehyde (green circles) quantified relative to
a 1,4-dinitrobenzene internal standard (*), (B) the relative concentra-
tions of imine (blue diamonds) to aldehyde (green circles) changes as
a function of para-substituted benzoic acid catalyst acidity as quan-
tified via Hammett parameter. The total concentration of imine +
aldehyde (yellow triangles) is plotted relative to the expected total
concentration (grey line).

In situ dynamic light scattering studies

Having observed the imine condensation equilibrium position
via model compound studies, we sought to study the effects of
benzoic acid derivative on nucleation induction delay times. In
situ dynamic light scattering (DLS) experiments were performed
to probe the time to colloid nucleation. All syntheses were

View Article Online
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performed under standard reaction conditions inside
a temperature-controlled Malvern Zetasizer Pro. DLS measure-
ments are attempted at approximately five minute intervals and
measured for approximately one hour past the initial observa-
tion of light scattering. At the beginning of the reaction, the
small molecules present in the reaction mixture do not scatter
light.*** However, after colloid nucleation, the derived mean
count rate increases and scattering objects of measurable sizes
are detected. These experiments could not be performed for the
entire duration of the COF reactions (48 hours), as a high
reaction yield of COF-300 colloid results in high turbidity that
can produce multiple scattering events.

Using the series of substituted benzoic acids, different times
to nucleation are observed, as measured by an increase in
derived mean scattering count rate (Fig. 5A, B and S15%). We
observe that 4-cyanobenzoic acid, the most acidic benzoic acid,
results in the shortest time to nucleation, while 4-methox-
ybenzoic acid results in the longest time to nucleation. There
appears to be a negative correlation between Hammett param-
eter and nucleation induction delay, although several deriva-
tives studied appear to be within error.

Interpretation of the in situ DLS studies brought up several
additional questions. Although we hypothesized that COF-300
nucleation induction delay would track with the Hammett
parameter of each benzoic acid, there appeared to be no
correlation between nucleation induction delay times and final
particle sizes as measured via SEM. Based on these results, we
concluded that the final particle size is not solely linked to the
carboxylic acid catalyst's acidity and activation of imine
condensation.

Surface chemistry studies

In addition to imine-formation and transimination kinetics, we
hypothesized that the benzoic acid catalyst is responsible for
colloid stabilization via acid-base chemistry (Scheme 3). We
observe this through a series of experiments and observations.

A B
’g_‘ Benzoic Acid
g 4x 105 - Substitution 80 4
9] OH =
kS . OCH * = -
 3x10° - 3 I!I Sce0{ ™
S £E ~ —
8 IIMH c > e
c 2x10° 7 % 5401 e
é o0 T
[$]
> gy i 3 20 —
"12’ 1x10° i e
= 3
[m) 0 T T
0 -0.5 0.0 0.5

time (min)

180 Hammett Parameter

Fig.5 Effect of different benzoic acids on (A) derived mean count rate during synthesis as measured via in situ DLS and (B) nucleation induction
delay as a function of Hammett parameter. Error bars come from experiments performed in triplicate.

© 2023 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2023, 13, 14484-14493 | 14489


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ra02202a

Open Access Article. Published on 12 May 2023. Downloaded on 4/22/2026 1:11:57 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

A imine condensation

6 protonatlon

aldehyde

O

+H,0
+HA

imine

H
+H,0 (0]
< 5\ +

aldehyde amine

D 4
d

more electrophilic

B imine hydrolysis

O LD
=N ‘H——A— =N® a0
protonation H

imine more electrophilic

C transimination

H @ Q
H-A H
=N — _N\® AO
protonation H

amine 1

imine more electrophilic imine  amine 2
'D colloid stabilizing counterion !
1 1

A©
! O NH, !
1 1
1 1
: protonatlon i
1 1
' this work 1

Scheme 3 Acid plays multiple roles in imine-linked COF colloid
synthesis including (A) acid-catalyzed imine condensation, (B) acid-
catalyzed imine hydrolysis, (C) acid-catalyzed transimination, and (D)
a colloid stabilizing counterion via formation of an acid—base adduct.

Traditionally in the COF colloid literature, upon completion of
synthesis, COF colloids are flocculated by the addition of satu-
rated sodium chloride (brine).”>** The flocculated COF solids
are collected in a teabag and purified via methanol Soxhlet
extraction. The Soxhlet removes unreacted monomers and
small oligomers from the reaction without checking the
resulting material's colloidal stability. In this study, we sought
to purify our smallest size of COF-300 colloids synthesized with
benzoic acid and heated for 15 minutes at 90 °C via centrifu-
gation, where the as-synthesized colloids were purified via
addition of a nonpolar antisolvent (hexane) followed by centri-
fugation, decanting the supernatant containing unreacted
monomers and small oligomers. Subsequent cleaning proce-
dures used acetonitrile/toluene as the solvent/antisolvent (See
ESIYT). Interestingly, after three rounds of centrifugation and
resuspension, the purified colloid was no longer colloidally
stable in acetonitrile. At this point, GC/MS analysis of the
supernatant from each round of centrifugation and FTIR of the
isolated COF solids indicate full removal of benzoic acid from
the COF-300 material (Fig. S16, S6-S117). Benzoic acid was
subsequently titrated back into the purified COF sample,
resulting in resuspension of the colloids in acetonitrile.
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Fig. 6 (A) COF-300 colloids that have been fully purified via centri-
fugation are colloidally stable in acetonitrile only in the presence of
added benzoic acid. (B) Z-average size (nm) (represented as filled
triangles) and zeta potential (mV) (represented as unfilled triangles) of
COF-300 colloids purified via centrifugation and resuspended in
benzonitrile as a function of carboxylic acid concentration.

To quantify the effect of benzoic acid concentration on COF-
300 colloidal stability, DLS experiments and zeta potential
measurements were performed. Visibly, a threshold concen-
tration of 0.05 M benzoic acid in acetonitrile is observed to
result in colloidal stability (Fig. 6A, S17-S19%). At 0.025 M
benzoic acid in acetonitrile, particle sedimentation is observed.
Aggregation is observed via the shifting intensity size distribu-
tion and corresponding correlograms (Fig. $20-S227). Interest-
ingly, in benzonitrile, the COF-300 particles remain colloidally
stable over a range of benzoic acid concentrations even after full
purification (Fig. 6B). This may be due to a difference in solvent
dielectric coefficients (at 293.16 K, benzonitrile: ¢ = 25.66;
acetonitrile: ¢ = 36.60)*° with acetonitrile stabilizing charged
ammonium benzoate species. To probe the interaction of ben-
zoic acid with the COF colloid surface, zeta potential experi-
ments were performed in slow field reversal mode to
accommodate slower particle movement in organic solvents in
response to the applied electric field. Over a range of 0 to 0.4 M
benzoic acid in benzonitrile, the measured zeta potential
increases from +5.6 mV to +14.35 mV. This indicates increasing
positive charge on the surface of the colloid with increasing
carboxylic acid concentration, which we attribute to increasing
surface amine protonation. Thus, we conclude that the inter-
action of benzoic acid with the COF surface is an important
component of colloidal stability. Benzoic acid derivative

© 2023 The Author(s). Published by the Royal Society of Chemistry
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solubility effects (Table S31) may also be important and must be
studied in future work.

Seeking further evidence of the interaction of benzoic acid
with the COF particle surfaces, we performed diffusion ordered
spectroscopy (DOSY). We hypothesized that we would observe
a decrease in the experimental diffusion constant (D) from
benzoic acid's "H NMR signals, attributable to slowed diffusion
via interaction with a slow-diffusing COF colloid surface. DOSY
experiments were performed on a 400 MHz Bruker Avance III
HD 400 MHz spectrometer. See ESIT for sample preparation and
experimental details. The extracted diffusion constant for free
benzoic acid (2.007 x 10~° m* s™') was compared to a benzoic
acid in the presence of purified COF-300 colloid (1.981 x 107°
m?® s7') in acetonitrile-d3. In accordance with the Stokes-Ein-
stein equation, D is inversely correlated with the solute's
hydrodynamic radius. The extremely minor change in diffusion
constant observed is not fully conclusive and is likely within
error of the experiment. It is likely that the lability of the acid-
base neutralization reaction prevents observation of a larger
decrease in diffusion constant.

Based on our new model of colloidal 3D imine-linked COF
surface chemistry featuring acid/base chemistry (Scheme 3D),
we predicted that sterically hindered carboxylic acids would
result in smaller particle sizes. Smaller particles possess higher
surface curvature which can more easily accommodate steric
bulk near the reactive carboxylic acid functional group. This
phenomenon has been proposed for other colloidal particle
systems such as CdSe magic size clusters showing higher
surface ligand densities than larger CdSe nanoparticles.>* To
probe this hypothesis, colloidal COF-300 particles were
synthesized using our standard reaction conditions (90 °C, 48
hours) and 2,6-dimethylbenzoic acid, 2,6-difluorobenzoic acid,
or 2,6-bis(trifluoromethyl)benzoic acid. Upon purification of the
resulting products, we confirmed successful imine condensa-
tion and crystallization via FTIR and XRD (Fig. S23-5267).
Subsequent SEM imaging showed that sterically bulky diortho-
substituted benzoic acids across all tested substitutions (X =
CH3, F, CF;) resulted in smaller particle sizes compared to their
para-substituted counterparts (average length = 158 nm (2,6-
dimethylbenzoic acid) vs. 672 nm (4-methylbenzoic acid);
436 nm (2,6-difluorobenzoic acid) vs. 1964 nm (4-fluorobenzoic

para-substituted
e
AAA

steric hindrance
favors smaller particles

Fig. 7 SEM images comparing COF-300 particle sizes as synthesized
with (A—C) para-substituted benzoic acids (X = CHs, F, CF3) vs. parti-
cles synthesized with (D-F) diortho-substituted benzoic acids (X =
CHs, F, CF3).
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acid); 244 nm (2,6-bis(trifluoromethyl)benzoic acid) vs. 539 nm
(4-trifluoromethylbenzoic acid)) (Fig. 7 and S27%). Further
investigation is required to more thoroughly explore the impact
that sterically bulky carboxylic acids have on particle nucleation
kinetics and final particle sizes.

Conclusions

As a result of our evidence for the interaction of benzoic acid
with the surface of the COF colloid being responsible for
colloidal stability in high dielectric solvents, we were able to
leverage our findings to rationally control particle size. Contrary
to our hypothesis, looking at electronic effects of para-
substituted benzoic acids, we observe the largest particle sizes
with 4-fluorobenzoic acid and 4-cyanobenzoic acid which differ
significantly in terms of acidity as measured via influence on
the imine/aldehyde equilibrium in our model compound
studies and nucleation induction delay times as measured by in
situ DLS. However, the use of sterically hindered diortho-
substituted carboxylic acid catalysts was demonstrated to
result in smaller particle sizes across all substitutions tested.
These results taken together provide insight into 3D imine-
linked COF colloid surface chemistry. Previously, researchers
have studied a variety of organic and Lewis acids' role in imine
condensation, imine hydrolysis, and transimination reactions
(Scheme 3A-C).>>* Here we propose that the carboxylic acid
catalyst also serves as a colloid stabilizing counterion via
surface amine protonation (Scheme 3D). We also note that
imine protonation could similarly provide colloidal stabiliza-
tion, as iminium protonation has previously been invoked in
macrocycle self-assembly.>® The full potential of understanding
COF colloid surface chemistry lies in accessing COF crystallites
with different sizes and morphologies. Several examples in the
colloidal and non-colloidal porous framework literature
demonstrate size tunability with the addition of molecules that
can interact with the colloid surfaces (e.g. modulators)t3*49:5¢
or the addition of different amounts of acetic acid.*”

As identification and optimization of functional COF
monomers reaches maturity, the next frontier of materials
property optimization will occur in particle size and shape
control. To date, most property studies focus on tuning the
chemical affinity and pore size via monomer choice. Because
dynamic crystallization conditions have thus far proven to be
challenging, most research has optimized for the largest
possible crystalline domain sizes. With the introduction of
robust, facile COF syntheses enabled by colloidal synthesis,
further optimization of applications centered on COF crystallite
morphology become possible. Small COF particle sizes enabled
by sterically hindered carboxylic acid catalysts possess
increased surface to volume ratios, and the chemistry of
unreacted monomer functional groups, or polymer end groups,
will lead to enhanced materials performance.

Author contributions

W.J.,D.M.K,,B.M.P,,K.J.C.,A.C.C,,A.].C.,A.F.M, S. M. O.,
D. V. T, and L. S. H. performed and interpreted COF growth and

RSC Adv, 2023, 13, 14484-14493 | 14491


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ra02202a

Open Access Article. Published on 12 May 2023. Downloaded on 4/22/2026 1:11:57 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

characterization experiments. W. J., B. M. P., A. C. C,, K. J. C.,
and L. S. H. performed and interpreted SEM experiments. D. M.
K. and L. S. H. performed and interpreted NMR experiments.
B.M.P.,S.M. O, A.F. M. and L. S. H. performed and interpreted
DLS experiments. A. J. C., D. V. T., and L. S. H. performed and
interpreted GC/MS experiments. M. H. and M. W. G. performed
and interpreted PDF analysis. All authors wrote and revised the
manuscript.

Conflicts of interest

The authors declare no conflicts of interest.

Acknowledgements

Acknowledgement is made to the Donors of the American
Chemical Society Petroleum Research Fund for support of this
research. B. M. P. acknowledges the Kenneth N. Edwards
Western Coatings Technology Center for funding. A. C. C.
acknowledges the Golden Gate Society for Coatings Technology
for summer research funding. S. M. O.,K.J.C.,A.]J. C.,,D. M. K,,
and A. F. M. acknowledge The William and Linda Frost Fund for
summer research funding as Frost Research Fellows. All
authors acknowledge the Kenneth N. Edwards Western Coat-
ings Technology Center where research was performed. The
authors acknowledge Eric Beaton and Kevin Dunham for
instrumental assistance. X-ray scattering data was collected
using beamline 28-ID-2 of the National Synchrotron Light
Source II, a U.S. DOE Office of Science User Facility operated for
the DOE Office of Science by Brookhaven National Laboratory
under Contract No. DE- SC0012704. M. W. G. acknowledges
support from Brookhaven National Laboratory, National
Synchrotron Light Source II Director's Student & Postdoc
support program. M. W. G and M. H. acknowledge support from
the Bard Summer Research Institute. Sanjit K. Ghose and
Cheng-Hung Lin are thanked for their assistance in beamline
measurements. This work made use of the EPIC facility of
Northwestern University's NUANCE Center, which has received
support from the SHyNE Resource (NSF ECCS-2025633), the IIN,
and Northwestern's MRSEC program (NSF DMR-1720139). The
research reported here made use of shared facilities of the UCSB
MRSEC (NSF DMR 1720256).

Notes and references

1 T. Ma, E. A. Kapustin, S. X. Yin, L. Liang, Z. Zhou, J. Niu,
L.-H. Li, Y. Wang, J. Su, ]J. Li, X. Wang, W. D. Wang,
W. Wang, J. Sun and O. M. Yaghi, Science, 2018, 361, 48-52.

2 X. Feng, X. Ding and D. Jiang, Chem. Soc. Rev., 2012, 41,
6010-6022.

3 K. T. Tan, S. Ghosh, Z. Wang, F. Wen, D. Rodriguez-San-
Miguel, J. Feng, N. Huang, W. Wang, F. Zamora and
X. Feng, Nat. Rev. Methods Primers, 2023, 3, 1-19.

4Y. Zeng, R. Zou and Y. Zhao, Adv. Mater., 2016, 28, 2855—
2873.

14492 | RSC Adv, 2023, 13, 14484-14493

View Article Online

Paper

58S. Lin, C. S. Diercks, Y.-B. Zhang, N. Kornienko,
E. M. Nichols, Y. Zhao, A. R. Paris, D. Kim, P. Yang and
O. M. Yaghi, Science, 2015, 349, 1208-1213.

6 X. Wang, X. Han, J. Zhang, X. Wu, Y. Liu and Y. Cui, J. Am.
Chem. Soc., 2016, 138, 12332-12335.

7 S.-Y. Ding, M. Dong, Y.-W. Wang, Y.-T. Chen, H.-Z. Wang,
C.-Y. Su and W. Wang, J. Am. Chem. Soc., 2016, 138, 3031-
3037.

8 N. Zhang, B. Wei, T. Ma, Y. Tian and G. Wang, J. Mater. Sci.,
2021, 56, 11789-11800.

9 W.Ji, L. Xiao, Y. Ling, C. Ching, M. Matsumoto, R. P. Bisbey,
D. E. Helbling and W. R. Dichtel, J. Am. Chem. Soc., 2018, 140,
12677-12681.

10 N. Huang, P. Wang, M. A. Addicoat, T. Heine and D. Jiang,
Angew. Chem., Int. Ed., 2017, 56, 4982-4986.

11 G.-H. Ning, Z. Chen, Q. Gao, W. Tang, Z. Chen, C. Liu,
B. Tian, X. Li and K. P. Loh, J. Am. Chem. Soc., 2017, 139,
8897-8904.

12 C. Arqueros, F. Zamora and C. Montoro, Nanomaterials,
2021, 11, 1651.

13 A. P. Cote, A. I. Benin, N. W. Ockwig, M. O'Keeffe,
A. J. Matzger and O. M. Yaghi, Science, 2005, 310, 1166-1170.

14 X. Ma and T. F. Scott, Commun. Chem., 2018, 1, 1-15.

15 A. M. Evans, M. ]. Strauss, A. R. Corcos, Z. Hirani, W. Ji,
L. S. Hamachi, X. Aguilar-Enriquez, A. D. Chavez,
B.]J.Smith and W. R. Dichtel, Chem. Rev., 2021, 122, 442-564.

16 D. Zhu, L. B. Alemany, W. Guo and R. Verduzco, Polym.
Chem., 2020, 11, 4464-4468.

17 D. Beaudoin, T. Maris and J. D. Wuest, Nat. Chem., 2013, 5,
830-834.

18 T. Ma, Y. Zhou, C. S. Diercks, J. Kwon, F. Gandara, H. Lyu,
N. Hanikel, P. Pena-Sanchez, Y. Liu and N. J. Diercks, Nat.
Synth., 2023, 1-10.

19 A. M. Evans, 1. Castano, A. Brumberg, L. R. Parent,
A. R. Corcos, R. L. Li, N. C. Flanders, D. J. Gosztola,
N. C. Gianneschi and R. D. Schaller, J. Am. Chem. Soc.,
2019, 141, 19728-19735.

20 S. Wang, Z. Zhang, H. Zhang, A. G. Rajan, N. Xu, Y. Yang,
Y. Zeng, P. Liu, X. Zhang and Q. Mao, Matter, 2019, 1,
1592-1605.

21 1. Castano, A. M. Evans, H. Li, E. Vitaku, M. ]. Strauss,
J.-L. Brédas, N. C. Gianneschi and W. R. Dichtel, ACS Cent.
Sci., 2019, 5, 1892-1899.

22 A. Natraj, W. Ji, J. Xin, I. Castano, D. W. Burke, A. M. Evans,
M. J. Strauss, M. Ateia, L. S. Hamachi, N. C. Gianneschi,
Z. A. ALOthman, J. Sun, K. Yusuf and W. R. Dichtel, J. Am.
Chem. Soc., 2022, 144, 19813-19824.

23 Y. Zhao, L. Guo, F. Gandara, Y. Ma, Z. Liu, C. Zhu, H. Lyu,
C. A. Trickett, E. A. Kapustin and O. Terasaki, J. Am. Chem.
Soc., 2017, 139, 13166-13172.

24 B. J. Smith, L. R. Parent, A. C. Overholts, P. A. Beaucage,
R. P. Bisbey, A. D. Chavez, N. Hwang, C. Park, A. M. Evans
and N. C. Gianneschi, ACS Cent. Sci., 2017, 3, 58-65.

25 A. M. Evans, L. R. Parent, N. C. Flanders, R. P. Bisbey,
E. Vitaku, M. S. Kirschner, R. D. Schaller, L. X. Chen,
N. C. Gianneschi and W. R. Dichtel, Science, 2018, 361, 52—
57.

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ra02202a

Open Access Article. Published on 12 May 2023. Downloaded on 4/22/2026 1:11:57 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

26 R. L. Li, N. C. Flanders, A. M. Evans, W. Ji, I. Castano,
L. X. Chen, N. C. Gianneschi and W. R. Dichtel, Chem. Sci.,
2019, 10, 3796-3801.

27 P. Albacete, A. Lopez-Moreno, S. Mena-Hernando,
A. E. Platero-Prats, E. M. Pérez and F. Zamora, Chem.
Comm., 2019, 55, 1382-1385.

28 R. E. Mow, A. S. Lipton, S. Shulda, E. A. Gaulding, T. Gennett
and W. A. Braunecker, J. Mater. Chem. A, 2020, 8, 23455—
23462.

29 H. Xu, J. Gao and D. Jiang, Nat. Chem., 2015, 7, 905.

30 H. S. Sasmal, A. Kumar Mahato, P. Majumder and
R. Banerjee, J. Am. Chem. Soc., 2022, 144, 11482-11498.

31 K. H. Park, K. Jang, S. U. Son and D. A. Sweigart, J. Am. Chem.
Soc., 2006, 128, 8740-8741.

32 D. Tanaka, A. Henke, K. Albrecht, M. Moeller, K. Nakagawa,
S. Kitagawa and ]. Groll, Nat. Chem., 2010, 2, 410-416.

33 X. Feng, Y. Wang, F. Muhammad, F. Sun, Y. Tian and G. Zhu,
Cryst. Growth Des., 2018, 19, 889-895.

34 S. Wang, Y. Yang, P. Liu, Z. Zhang, C. Zhang, A. Chen,
O. O. Ajao, B.-G. Li, P. Braunstein and W.-J. Wang, Cell
Rep. Phys. Sci., 2020, 1, 100062.

35 D. Rodriguez-San-Miguel, C. Montoro and F. Zamora, Chem.
Soc. Rev., 2020, 49, 2291-2302.

36 M. Martinez-Fernandez, R. Gavara, S. Royuela, L. Fernandez-
Ecija, J. I. Martinez, F. Zamora and J. L. Segura, J. Mater.
Chem. A, 2022, 10, 4634-4643.

37 W.Ma, Q. Zheng, Y. He, G. Li, W. Guo, Z. Lin and L. Zhang, J.
Am. Chem. Soc., 2019, 141, 18271-18277.

38 F. ]J. Uribe-Romo, J. R. Hunt, H. Furukawa, C. Klock,
M. O'Keeffe and O. M. Yaghi, J. Am. Chem. Soc., 2009, 131,
4570-4571.

39 L. Grunenberg, G. Savasci, M. W. Terban, V. Duppel,
I. Moudrakovski, M. Etter, R. E. Dinnebier, C. Ochsenfeld
and B. V. Lotsch, J. Am. Chem. Soc., 2021, 143, 3430-3438.

40 C. Stahler, L. Grunenberg, M. W. Terban, W. R. Browne,
D. Doellerer, M. Kathan, M. Etter, B. V. Lotsch,
B. L. Feringa and S. Krause, Chem. Sci., 2022, 13, 8253-8264.

41 A. M. Putz, M. W. Terban, S. Bette, F. Haase, R. E. Dinnebier
and B. V. Lotsch, Chem. Sci., 2020, 11, 12647-12654.

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

42 I.-K. Jeong, R. Heffner, M. Graf and S. Billinge, Phys. Rev. B,
2003, 67, 104301.

43 D. Prill, P. Juhas, M. U. Schmidt and S. J. L. Billinge, J. Appl.
Crystallogr., 2015, 48, 171-178.

44 N. Rademacher, L. L. Daemen, E. L. Chronister and
T. Proffen, J. Appl. Crystallogr., 2012, 45, 482-488.

45 M. W. Terban and S. J. L. Billinge, Chem. Rev., 2022, 122,
1208-1272.

46 D. M. Fischbach, G. Rhoades, C. Espy, F. Goldberg and
B. J. Smith, Chem. Comm., 2019, 55, 3594-3597.

47 W. Ji, L. S. Hamachi, A. Natraj, N. C. Flanders, R. L. Li,
L. X. Chen and W. R. Dichtel, Chem. Sci., 2021, 12, 16014—
16022.

48 B. ]J. Smith, N. Hwang, A. D. Chavez, J. L. Novotney and
W. R. Dichtel, Chem. Comm., 2015, 51, 7532-7535.

49 J. Xuan, Y. Liu, X. Xu, Z. Ding, Z. Zhuang, Y. Zhang, Y. Yan,
M. Cao, S. Wang and Y. Xia, Langmuir, 2020, 36, 13981-
13988.

50 L. Jannelli, A. Lopez and S. Saiello, J. Chem. Eng. Data, 1983,
28, 169-173.

51 A.N. Beecher, X. Yang, J. H. Palmer, A. L. LaGrassa, P. Juhas,
S. J. L. Billinge and J. S. Owen, J. Am. Chem. Soc., 2014, 136,
10645-10653.

52 S. Karak, S. Kandambeth, B. P. Biswal, H. S. Sasmal,
S. Kumar, P. Pachfule and R. Banerjee, J. Am. Chem. Soc.,
2017, 139, 1856-1862.

53 H. S. Sasmal, A. Halder, S. Kunjattu H, K. Dey, A. Nadol,
T. G. Ajithkumar, P. Ravindra Bedadur and R. Banerjee, J.
Am. Chem. Soc., 2019, 141, 20371-20379.

54 M. Matsumoto, R. R. Dasari, W. Ji, C. H. Feriante,
T. C. Parker, S. R. Marder and W. R. Dichtel, J. Am. Chem.
Soc., 2017, 139, 4999-5002.

55 C. Sun, M. Shen, A. D. Chavez, A. M. Evans, X. Liu,
B. Harutyunyan, N. C. Flanders, M. C. Hersam,
M. J. Bedzyk and M. Olvera de la Cruz, Proc. Natl. Acad. Sci.
U. S. A., 2018, 115, 8883-8888.

56 H. Guo, Y. Zhu, S. Wang, S. Su, L. Zhou and H. Zhang, Chem.
Mater., 2012, 24, 444-450.

RSC Adv, 2023, 13, 14484-14493 | 14493


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ra02202a

	COF-300 synthesis and colloidal stabilization with substituted benzoic acidsElectronic supplementary information (ESI) available: Synthetic...
	COF-300 synthesis and colloidal stabilization with substituted benzoic acidsElectronic supplementary information (ESI) available: Synthetic...
	COF-300 synthesis and colloidal stabilization with substituted benzoic acidsElectronic supplementary information (ESI) available: Synthetic...
	COF-300 synthesis and colloidal stabilization with substituted benzoic acidsElectronic supplementary information (ESI) available: Synthetic...
	COF-300 synthesis and colloidal stabilization with substituted benzoic acidsElectronic supplementary information (ESI) available: Synthetic...
	COF-300 synthesis and colloidal stabilization with substituted benzoic acidsElectronic supplementary information (ESI) available: Synthetic...
	COF-300 synthesis and colloidal stabilization with substituted benzoic acidsElectronic supplementary information (ESI) available: Synthetic...
	COF-300 synthesis and colloidal stabilization with substituted benzoic acidsElectronic supplementary information (ESI) available: Synthetic...
	COF-300 synthesis and colloidal stabilization with substituted benzoic acidsElectronic supplementary information (ESI) available: Synthetic...

	COF-300 synthesis and colloidal stabilization with substituted benzoic acidsElectronic supplementary information (ESI) available: Synthetic...
	COF-300 synthesis and colloidal stabilization with substituted benzoic acidsElectronic supplementary information (ESI) available: Synthetic...
	COF-300 synthesis and colloidal stabilization with substituted benzoic acidsElectronic supplementary information (ESI) available: Synthetic...
	COF-300 synthesis and colloidal stabilization with substituted benzoic acidsElectronic supplementary information (ESI) available: Synthetic...


