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11 ABSTRACT: The synthesis of periodic two-dimensional
12 (2D) polymers and characterization of their optoelectronic
13 behaviors are challenges at the forefront of polymer chemistry
14 and materials science. Recently, we showed that layered 2D
15 polymers known as 2D covalent organic frameworks (COFs)
16 can be synthesized as single crystals by preparing COF
17 particles as colloidal suspensions. Here we expand this
18 approach from the condensation of boronic acids and
19 catechols to the dehydrative trimerization of polyboronic
20  acids. The resulting boroxine-linked colloids are the next class
21 of 2D COFs to be obtained as single-crystalline particles, as
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22 demonstrated here for four 2D COFs and one 3D COF. Colloidal stabilization enables detailed structural analysis by

23 synchrotron X-ray di raction and high-resolution transmission electron microscopy. Solution

uorescence spectroscopy

24 revealed that the COF crystallites are highly emissive compared to their respective monomer solutions. Excitation emission
25 matrix uorescence spectroscopy indicated that the origin of this enhanced emission can be attributed to through-space
26 communication of chromophores between COF sheets. These observations will motivate the development of colloidal COF
27 systems as a platform to organize functional aromatic systems into precise and predictable assemblies with emergent properties.

28 INTRODUCTION

29 The structural and functional diversity of layered, two-
30 dimensional (2D) materials provides them with a collection
a1 of technologically useful properties.” However, synthetically
32 engineering 2D organic materials through polymerization with
33 a desired combination of chemical functionality, porosity,
34 topology, and electronic structure remains a challenge at the
35 frontier of materials chemistry.®> ® Two-dimensional covalent
36 organic frameworks (COFs) are a class of stable,® layered,
37 permanently porous polymers formed from the simultaneous
3s polymerization and crystallization of directional subunits. Two-
39 dimensional COFs are synthetically versatile materials, with
40 several hundred reported structures to date,”® which have
41 inspired interest in applications such as gas separations,
42 catalysis, environmental remediation, energy storage, and
43 optoelectronic devices.”? ** A limitation of 2D COFs is that
44 they are typically isolated as polycrystalline powders, which
45 complicates their structural, electronic, and optical character-
s ization.” '® Recently, we overcame this limitation by
47 stabilizing boronate ester-linked COFs as colloidal suspensions
48 by including nitrile-containing cosolvents in the reaction
a9 mixture (Figure 1A).**?° We attributed this stabilization to
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the interaction of nitriles with boron-containing functional so
groups in the framework.?® This hypothesis led us to postulate s1
that other classes of boron-linked COFs might be stabilized in sz
a similar way. 53

The well-dispersed and isolable nature of these COF s4
particles enables their structural analysis using low-dose high- ss
resolution transmission electron microscopy (HR-TEM) and s6
synchrotron X-ray di raction (XRD). By combining these s7
techniques, we can gain insight into the interlayer arrangement sg
of 2D polymer sheets, which is challenging to assign in powder sg
COF systems but strongly a ects their electronic structure.*? g9
While performing these investigations, we noted that COF ¢
colloids were highly uorescent compared to their respective 62
monomers. Although the uorescence of COF powders has 63
been reported,”® ?’ these experiments are typically compli- 64
cated by the highly scattering nature of powder samples and &5
the inherent ambiguities associated with possible emission es
from species at grain boundaries or impurities trapped in the 7
solid state. Here, dispersed, well-de ned COF colloids enable 68
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Figure 1. (A) Previous work demonstrating stabilization of 2D
boronate-ester COFs as a colloidal suspensions. (B) This work
reports the colloidal stabilization of 2D and 3D boroxine-linked
COFs, expanding the topological and chemical versatility of this
strategy. Self-condensation of polyboronic acids in the presence of
electron-donating solvents produces colloidal boroxine-linked COFs.
This approach is also amenable to the synthesis of a 3D framework,
further extending the generality of this polymerization method.

69 sophisticated and informative spectroscopic characterization,
70 including excitation emission matrix uorescence spectrosco-
71 py (EEMS). EEMS revealed that the enhanced emission of the
72 COFs originates from the organization of uorophores into 2D
73 layered structures. We anticipate that these results will greatly
74 impact approaches to COF synthesis and inform the
75 understanding of through-space electronic communication in
76 2D polymers and other framework materials.

7 RESULTS AND DISCUSSION

78 We synthesized Ph  COF (previously reported®® as COF-1) in
79 mixtures of CH;CN and 4:1 1,4-dioxane:mesitylene. The 1,4-
8o phenylenebis(boronic acid) (PBBA) monomer was rst
81 dissolved in the speci ed solvent mixture at a concentration
82 of 10 mM, and then the container was sealed, sonicated, and
83 heated to 90 °C for an additional 3 days (Figure 2A). When

0 30 vol % CH;CN was included in the reaction mixture, a
white precipitate formed over the course of 3 days. These
precipitates were isolated and characterized via Fourier-
transform infrared spectroscopy (FT-IR) and XRD, the results
of which were consistent with previous reports of Ph  COF
(Figure $11).°® In contrast, no precipitation was observed
when 30 80 vol % of CH;CN was included in the reaction
mixture, while over the course of 3 days these solutions
changed from transparent to opaque-white suspensions (Figure
2B) that were stable for at least 6 months. When >80 vol % of
CH4CN was included in the reaction mixture, the heated
monomer solution never became transparent, which we
attribute to the insu cient solubility of PBBA under these
conditions. These observations indicate that boroxine polymer-
ization is not inhibited by the presence of CH;CN and that a
speci ¢ range of solvent mixtures is necessary for the successful
solubilization of PBBA and stabilization of the Ph COF
particles.

Inclusion of other nitrile cosolvents (butyronitrile [BuCN],
propionitrile [PrCN], and benzonitrile [PhCN]) at 50 vol % of
the solvent mixture stabilized Ph COF particles in a similar
fashion to CH4CN, in which transparent solutions became
cloudy during heating over 3 days (Figure 2B). The inclusion
of pyridine in the reaction mixture also resulted in a colloidal
suspension of Ph  COF particles. However, the transition to a
cloudy suspension occurred within approximately 1 min
(Supplementary Video 1), which may be due to its stronger
interaction with boroxines because of its increased basicity.*
These results show that the inclusion of Lewis-basic cosolvents
in boroxine-linked COF syntheses results in stable colloidal
suspensions. These observations are consistent with previous
reports that described Lewis-basic cosolvents coordinated to
the Lewis-acidic sites of boron-linked COFs*® ** Taken
together, stabilization by electron-donating solvents suggests a
direct interaction between the cosolvent and COF surface,
which we speculate is responsible for the observed colloidal
stability, as has been found for other classes of nanoparticles.*®
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Figure 2. (A) Synthesis of boroxine-linked Ph  COF particles through solvothermal condensation of PBBA (10 mM). (B) Photograph comparing

the transparent monomer solution to typically isolated Ph COF powders™

and dispersed Ph COF crystallites synthesized in the presence of

electron-donating solvents. (C) Dynamic light scattering (DLS) Z-average size and polydispersity index (PDI) of Ph COF synthesized with

variable initial PBBA concentrations.
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121 A central advantage of stable nanocrystal suspensions is that
122 their size can be controlled by varying the synthesis and growth
123 conditions.'® Ph COF particle sizes were controlled by
124 varying the initial PBBA concentration. We found that
125 concentrations lower than 5 mM did not produce colloidal
126 particles, presumably because this is below the critical
127 nucleation concentration for these conditions.® In contrast,
128 concentrations above 15 mM were not initially soluble and
129 produced a mixture of Ph  COF nanoparticles and powder
130 precipitate. However, within the regime where Ph COF
131 nanoparticles were formed exclusively (5 15 mM PBBA),
132 dynamic light scattering (DLS) measurements indicate that
133 initial monomer concentration is positively correlated with the
134 Z-average size, with particle sizes ranging between 100 and 400
135 nm, and a polydispersity index (PDI) width between 50 and
136 200 nm (Figure 2C).* This behavior is consistent with linear
137 condensation polymerizations in which the starting monomer
138 concentration leads to larger average chain length and
139 dispersity.®® This observation highlights the potential of
140 using colloidal nanocrystals as a platform to explore
141 mechanisms of COF nucleation and elongation.*®*%3*

142 A de ning feature of COF chemistry is the modular
143 approach used to synthesize isoreticular crystalline, porous,
144 organic polymers. Interested in understanding the synthetic
145 versatility of boroxine-linked COF colloid stabilization, we self-
146 condensed several polyfunctional boronic acids to form their
147 corresponding boroxine-linked COFs, including 2,7-pyrene-
148 bisboronic acid (Py-COF), tetraphenylmethylboronic acid
149 (TMPh COF), and two previously unreported COF
150 structures condensed from 4,4 -biphenylbisboronic acid
151 (BPh COF) and diphenylbutadiynebisboronic acid (DBD-
152 COF). All self-condensations were performed in a solvent
153 mixture of CH;CN:1,4-dioxane:mesitylene (50:40:10 vol %)
154 by heating the respective monomers of each COF at 90 °C for
155 3 days. The solutions became cloudy for all reactions
156 investigated, indicating the formation of solution-stabilized
157 nanoparticles (Figure 3A).*’
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Figure 3. (A) Monomer structures and optical images of structurally
diverse COF nanoparticle suspensions. (B) X-ray di raction (grazing
incidence of drop-cast crystallites TMPh COF or in solvo wide-angle
X-ray scattering Ph  COF, BPh COF, DBD-COF, Py-COF) of
boroxine-linked COF nanocrystals.

158 Synchrotron X-ray di raction of the colloidal boroxine-
159 linked COF suspensions con rmed their crystallinity and
160 identity (Figure 3B). Di raction features were observed for
161 Ph COF at 0.55 and 0.85 A %, corresponding to the (100)
162 and (110) Bragg features, respectively. The location of these
163 features is consistent with those reported by Cote et al., which
164 were assigned to an AB o set structure of Ph  COF in which
165 adjacent layers are o set by one-half a unit cell (Figure $23).7°
166 However, the relative intensities of these features were

inconsistent with this report. Due to the solvated nature of 167
these crystallites, it was challenging for us to de nitively assign 168
their interlayer arrangement based on the few, weak di raction 169
signals observed here. The (100) di raction features for both 170
the known Py-COF and the previously unexplored BPh COF 171
occur at 0.39 A %, consistent with the nearly equivalent lattice 172
dimensions of these two COFs (Figures S24 and S26). This 173
feature, along with higher order di ractions, allowed us to 174
assign these materials as having AA eclipsed structures. The 175
location of the primary di raction feature ((200) at 0.21 A 1) 176
for the newly synthesized DBD-COF was consistent with the 177
hexagonal unit cell size expected for a linker of this length. 178
However, its relative intensity pattern was unusual when 179
compared to those of other hexagonally symmetric COFs.*® 1s0
Ultimately, we attributed this di raction pattern to a partially 181
0 set structure. We hypothesize that this stacking is governed 1s2
by the interaction of stacked boroxines given the relatively 183
weak van der Waals forces associated with the COF 184
diphenylbutadiyne moieties.> Finally, the 3D boroxine-linked 185
COF, TMPh COF, produced di raction features at 0.59, 186
0.62, 091, and 0.96 A % which correspond to the (211), 187
(220), (310), and (321) features, respectively. This di raction 188
pattern is consistent with the previously reported (then called 189
COF-102) noninterpenetrated ctn net for this material.** 100
Together, these results show that colloidally stable particles 191
exhibit the de ning structural regularity of COF materials. 192
Additionally, these di raction results demonstrate that chemi- 193
cally and topologically diverse framework materials are 194
amenable to colloidal stabilization. The limited number and 195
strength of the di raction features for 2D COFs, including 196
those reported here, impedes de nitive assignments of stacking 197
arrangements.'® Secondary structural characterization of 198
agglomerated polycrystalline COF powders is also challenging 199
and has limited the number of reports aimed at in-depth 200
structural characterization using direct imaging techniques, 201
such as electron microscopy.”* In contrast, dispersed 202
crystallites are an ideal morphology for microscopic structural 203
characterization. With this in mind, we set out to explore COF 204
nanocrystals via high-resolution transmission electron micros- 205
copy (HR-TEM). 206

By TEM, 2D COFs are visible in micrographs as layered 207
single crystallites with sizes in agreement with DLS measure- 208
ments (Figures 4A E and S17 S21). When the images of 209 14
COF crystallites (Figure 4F J) were subjected to a fast Fourier 210
transform (FFT) (Figure 4K O), we found that all COF 211
particles produced crystalline spot patterns rather than ring 212
patterns, indicative of single-grain crystallinity. This supports 213
the existence of COF crystallites as single-crystalline particles 214
when suspended, as was observed previously for colloidal 215
boronate ester-linked 2D COFs.*® For Ph COF, discrete 216
particles agglomerated upon drop casting, but they maintained 217
their hexagonal morphology with clearly visible lattice fringes 218
extending from one end of the particles to the other, 219
con rming the single-crystalline nature of the Ph COF 220
dispersed crystallites (Figure 4A). For Ph COF, FFT images 221
exhibited a preeminent lattice spacing of 10 A (d;y). This 222
spacing is consistent with structural models of Ph - COF sheets 223
stacked as alternating o set layers.”®> Py-COF appeared as 224
agglomerated hexagonally faceted particles with lattice fringes 225
observed at 7.1 A (dy), consistent with the in solvo XRD 226
patterns of these materials. In addition to the d,, feature, the 227
FFT pattern of Py-COF also exhibited d,y, features at 4.1 A. 228
Similarly, the well-dispersed hexagonal BPh COF particles 229
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Figure 4. (Orange) Ph COF; (Yellow) BPh COF; (Green) DBD-COF; (Blue) Py-COF; (Red) TMPh COF. (A E) Low-resolution TEM
images of COF particles. (F J) High-resolution TEM images of COF particles. (Inset) Lattice fringes of COF particles. (K O) FFTs of COF

particles.

230 have visible higher order lattice fringes (daq), consistent with
231 their XRD pattern. For these three materials, a set of spots at
232 90° to the in-plane di raction features is observed which is in
233 accordance with the expected interlayer distance of 3 4 A for
234 van der Waals heterostructures. These dyg; spacing suggests the
235 interlayer distance associated with BPh COF is smaller than
236 that associated with Py-COF. We attribute this di erence to a
237 synchronized o set stacking of alternating Ehenyl rings that has
238 been reported in other COF systems.*” In contrast, such
239 stacking is not possible in Py-COF because of its forced
240 planarity. DBD-COF particles were present as predominantly
241 trigonal particles. Furthermore, the observed preeminent
242 lattice spacing of 11 A is consistent with the model of these
243 crystallites (dq10) generated through Pawley re nement of the
244 experimentally collected X-ray di raction patterns (Figures
245 S29 S32). We expect that the prominence of the d,, lattice
246 Spacing in these crystallites is related to the o set structure
247 assigned from the in solvo XRD patterns. The interlayer
248 arrangement of 2D COF sheets seen here adds to a growing
249 body of evidence that interlayer arrangements of polymer
250 sheets are governed by an array of intermolecular forces.*”” “°
251 Finally, the 3D TMPh COF crystals were observed to be
252 regularly faceted crystals with a preeminent lattice spacing of
253 10 A, This observation is consistent with their previously
254 reported noninterpenetrated ctn net.“® Taken together, TEM
255 imaging demonstrates that a second class of 2D COFs and 3D
256 COFs can be synthesized as single-crystalline particles using a
257 colloidal stabilization approach. Furthermore, these results
258 indicate that emerging TEM technologies, such as direct
259 electron detectors facilitating low-dose imaging, are promising
260 tools in the exploration of interlayer arrangements of 2D
261 polymer sheets and electron beam sensitive materials more
262 generally. This interlayer arrangement remains challenging to

observe using other characterization methods but is vastly 263
important for a suite of emergent material properties. 264

Another limitation of precipitated polycrystalline 2D COF 265
powders is the di culty associated with characterizing their 266
intrinsic optical or electronic properties because of their 267
propensity to scatter light.*” However, because 2D materials 268
are of interest for many electronic applications, it is of 269
paramount importance to explore the optoelectronic nature of 270
these materials. During the course of our investigation, we 271
observed that all of the colloidal 2D COF suspensions were 272
noticeably more uorescent than their boronic acid monomers 273
at the same uorophore concentrations (Figure 5). Motivated 27415
by the results of our previous investigations into enhanced 275
optical characterization of 2D COF colloids,"*“® we set out to 276
explore the origin of enhanced nanocrystal uorescence using 277
EEMS. While EEMS showed that all 2D COF colloids were 278
more emissive than their respective monomers, we chose to 279
focus our investigation on the highly uorescent Py-COF and 2s0
DBD-COF materials. 281

EEMS shows that both DBD-COF (Figure 6A) and its 28216
respective DPBBA monomer have absorbance maxima at 365 283
nm (Figure 6C). However, the emission of DBD-COF at this 284
wavelength is an order of magnitude more intense than the 285
DPBBA monomer (Figure 6C). This electronic communica- 286
tion was surprising because boroxines are not conjugated and 2s7
therefore not thought to allow electronic coupling in the plane 2ss
of covalent bonding.”® However, the di erence in monomer 2s9
and COF uorescence seen here indicates there is some 290
electronic coupling between chromophores in the COF 291
structure. We probed this e ect further by quantifying the 202
quantum yields of several of the COF colloids and their 293
respective monomers. Absorption/emission measurements of 204
the DBD-COF showed nearly an order of magnitude more 295
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Figure 5. (Orange) Ph COF; (Yellow) BPh COF; (Green) DBD-
COF; (Blue) Py-COF. Photographs of COF monomer solutions and
their resultant COF nanocrystals (A) under natural light and (B)
under UV irradiation.

206 intense emission than the DBD monomer but no changes in
297 the location of the optical features (Figure S40). We attribute
298 this increased uorescence to aggregation-induced emission,
299 which has been noted for molecular aromatic systems in
300 previous reports,”®>* here induced by restricted rotation of the
301 chromophores in the layered 2D architecture. Ph  COF and
302 BPh COF show similarly enhanced emission intensity and no
303 spectral shifts, albeit with lower quantum vyields. These
304 combined observations indicate that several boroxine-linked
305 2D COFs exhibit increased emission quantum yields
306 associated with their layered structure, which restricts
307 molecular motion.

308 Py-COF also exhibits more intense photoemission than its
309 corresponding monomer (PyBA), but the COF's emission is
310 blue shifted (Figure 5B). Similar to the DBD-COF, the local
311 excited-state emission of Py-COF broadened (Figure 6D),

which we attribute to perturbed electronic states of the pyrene 312
chromophores. EEMS of Py-COF shows that the emission 313
blue shifts 50 nm relative to the monomer at an excitation of 314
325 nm. This blue-shifted emission is accompanied by red- 3is
shifted absorption (Figure 6D). The quantum yield of the 316
PyBA monomer is 15%, which increases slightly to 18% for the 317
PyCOF. The shifts in absorption, emission, and quantum yield 318
are all consistent with the organization of the pyrene 319
chromophores into J-aggregates.®~>* Furthermore, Py-COF 320
has an additional emission feature at 435 nm when excited at 321
350 nm, which is consistent with the formation of an exciplex 322
structure and has been observed in previous reports of 323
organized molecular pyrenes (Figure 6E).>* This observation 324
is consistent with the assignment of Py-COF as an eclipsed 325
structure having intersheet pyrenes in physical contact. Taken 326
together, these results show how electronic communication in 327
framework materials can occur in stacked systems even when 328
not conjugated through covalent bonds. We expect that using 329
nonconjugated COFs to exploit through-space electronic 330
communication will feature prominently in future COF 331
systems. 332

CONCLUSIONS 333

Two-dimensional COFs are promising candidates for many 334
applications, but their investigation and utility has been greatly 335
hampered by the isolation of these materials as weakly 336
polycrystalline aggregates. In the interest of adding 2D COFs 337
to the ever-expanding suite of functional 2D materials, it is 338
imperative to improve their quality and level of character- 339
ization, including an understanding of how stacking in uences 340
their optical properties. These ndings demonstrate that 341
colloidal stabilization of boroxine-linked frameworks occurs 342
in the presence of electron-donating solvents. This strategy is 343
amenable to the synthesis of four single-crystalline 2D COF 344
materials, including two newly synthesized systems. Further, 345
we show how this strategy can be topologically expanded to 346
include a 3D COF. Synchrotron XRD and HR-TEM provided 347
insight into the interlayer arrangement of these materials and 348
con rmed their single-crystalline nature. Furthermore, stabiliz- 349

Figure 6. (A) EEMS of DBD-COF. (Inset) Optical image of DPBBA monomer (left) and DBD-COF (right) under UV irradiation. (B) EEMS of
Py-COF. (Inset) Optical image of PyBA monomer (left) and Py-COF (right) under UV irradiation. (C) Emission of DBD-COF compared to the
DPBBA monomer at the same concentration. (D) Normalized absorption and emission intensity of Py-COF compared to the PyBA monomer
showing a red shift of the absorption spectra and blue shift and broadening of the emission spectra. (E) Normalized emission of Py-COF under two
excitation wavelengths showing the emergence of an excimer emission (430 nm).
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350 ing COFs as colloidal suspensions allowed us to probe the
351 intrinsic optical properties of these materials with EEMS. The
352 high quality of the spectroscopy of these materials allowed us
353 t0 assign the origin of the optical features to the formation of
354 -exciplexes, which is indicative of through-space electronic
355 communication of chromophores brought into close proximity
356 in the COF structure. We expect that future colloidal COFs
357 will prove to be a versatile platform to investigate emergent
358 optoelectronic phenomena in 2D polymer systems, such as
359 triplet upconversion, singlet singlet annihilation, or photo-
360 redox processes.”® °" Understanding these processes, enabled
361 by access to highly crystalline materials obtained from
362 controlled COF polymerizations, will ultimately facilitate the
363 incorporation of 2D polymers into relevant optoelectronic
364 devices.
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