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ABSTRACT: Functionalizing graphene with exact pore size,
specific functional groups, and precision doping poses many
significant challenges. Current methods lack precision and produce
random pore sizes, sites of attachment, and amounts of dopant,
leading to compromised structural integrity and affecting
graphene’s applications. In this work, we report a strategy for the
synthesis of functionalized graphitic materials with modifiable
nanometer-sized pores via a Pictet—Spengler polymerization
reaction. This one-pot, four-step synthesis uses concepts based
on covalent organic frameworks (COFs) synthesis to produce
crystalline two-dimensional materials that were confirmed by
PXRD, TEM measurements, and DFT studies. These new
materials are structurally analogous to doped graphene and
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graphene oxide (GO) but, unlike GO, maintain their semiconductive properties when fully functionalized.

B INTRODUCTION

Graphene, a single layer of carbon atoms arranged in a two-
dimensional (2D) honeycomb lattice, has revolutionized the
field of materials science with its extraordinary electrical
conductivity and mechanical strength. However, the practical
applications of pristine graphene have been somewhat limited
due to challenges in its functionalization. Graphene oxide
(GO) was developed to emulate graphene modified by
introducing oxygenated functionalities into the structure via
random pore formation. This modified structure incorporates
hydroxyl and epoxides on the basal plane and carboxylic
moieties on the sheet edges. GO does exhibit varied electrical
conductivity; however, when fully functionalized it behaves as
an insulator,”> and in order to regain conductivity the
functional groups must be chemically removed.”™> The
elemental ratio of C:O:H in GO can vary from ~6:2:1 to
6:4:3, and these high oxidation levels result in band gaps of
~2—4 eV,° reducing conductivity. Reduced GO (rGO),
produced by chemically removing the functional groups,
results in band gaps below 2 eV, thus regaining conductivity.
As apparent, a divergence exists between graphene, GO, and
rGO involving maintaining conductivity while retaining a level
of functionality. Furthermore, procedures such as ion

43 bombardment,” etching,® or oxidation’ produce GO with a
44 high degree of polydispersity in both size and density of the
45 pores.” When produced at high density, these randomly
46 distributed pores start to overlap, leading to larger openings
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that weaken the material. It has been stated that “variations in 47
the degree of oxidation caused by differences in starting 48
materials (principally the graphite source) or oxidation 49
protocol can cause substantial variation in the structure and so
properties of the material”.'’ This lack of adaptability presents s1
significant barriers to technological implementation and broad s2
use. A bottom-up synthesis of a nanoporous “graphene” has s3
been reported,'’ providing a material with ordered nanopores s4
while maintaining the integrity of the graphene, but this nine- ss
step synthesis provided only nanogram quantities without the s6
flexibility of pore functionalization. 57

Covalent organic frameworks (COFs) are a class of ss
crystalline materials composed of organic building blocks s9
linked together through covalent bonds, resulting in extended 6o
periodic structures. They have emerged as a versatile class of 61
crystalline materials'>~"” with tunable structures and function- 62
alities, which would make the 2D versions attractive candidates 63
as ordered alternatives to GO. Their uniqueness is their 64
modularity that enables flexible tailoring of properties through s
rational design and synthesis. The quest for advanced materials 66
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75 Between 2010 and 2020, Wei and co-workers developed a MeO * (/ , I — Ms0—4 )R
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77 Pictet—Spengler reaction, Figure 1.” = The reaction begins ON—4 2 Poiouy, P, s N 4
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Figure 1. Pyranoazacoronene synthesis using a three-fold Pictet—
Spengler reaction.

78 with attack of the triphenylene triamines on the aldehyde,
79 shown in blue, to form imine linkages, followed by electro-
80 philic aromatic cyclization to produce the new ring, shown in
81 yellow (intermediate I). This intermediate cation is intercepted
82 by the ortho hydroxyl group of the salicylaldehyde with
83 subsequent loss of methanol to form a second ring, highlighted
s4 in green.'””' Dehydrogenation under an air atmosphere
85 completes the sequence to form the aromatic pyridine ring
86 (green bond). These pyranoazacoronenes (PACs) are 2D,
87 highly conjugated structures generally formed in excellent
88 yields of 80—96%. To the best of our knowledge, only one
89 attempt at polymer formation using the triphenylene node has
90 been attempted. In this, Coskun and co-workers used a
o1 triphenylene without methoxy groups and a non-hydroxyl
92 dialdehyde, i.e., terephthaldehyde, to produce a nonplanar,
93 microporous polymer.”* However, as stated in their report, the
94 reaction resulted in an amorphous polymer as evident from the
9s PXRD.

96 In this Article, we present a new family of graphene-like 2D
97 COFs that have a highly stable, aromatic backbone with
98 intrinsically ordered nanometer-sized pores that can be
99 modified with functional groups. These materials are the first
100 PAC COFs and greatly expand the repertoire of functional
101 graphitic materials.
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102 l RESULTS AND DISCUSSION

103 Triphenylenes are typically synthesized in three high-yielding
104 steps from catechol derivatives via Scholl reaction® and
105 nitration”® to provide the trinitro 1, followed by reduction
106 (Route A) to produce 2a, Figure 2. Synthesis of the
107 trinitrotriphenylene 1 is easily achieved in 200 g amounts. At
108 this stage, we developed a new triphenylene motif that
109 involved selective demethylation of the methoxy ortho to the
110 nitro moiety in 1. Precedents for ortho demethylations have
111 been reported using carbonyls as directing groups,”’ and
112 fortunately boron tribromide was highly efficient at removing
113 the targeted methyl group. The resulting trihydroxy 1b can be
114 manipulated in a variety of ways, such as reduction of the nitro
115 groups to produce 2b; alternatively, triflation followed by a

A

0~ -
[ | ! )
A ANA H

Ph

Figure 2. Synthesis of modified triphenylenes. Step 2 Suzuki coupling
optimization is illustrated in SI Table 1.

carbon—carbon bond-forming Suzuki reaction with subsequent 116
reduction gives 2c. All are highly efficient reactions with good 117
to excellent yields and, importantly, provide a method for pore 118
functionalization. A successful Pictet—Spengler reaction was 119
performed using 2c with characterization of the resulting 120
coronene 3c¢ to verify the regiochemistry of the demethylation 121
step. Formation of 3¢ requires the displacement of the MeO 122
group in 2¢, and '"H NMR and IR spectra clearly indicated the 123
disappearance of the methoxy group and the presence of the 124
Ph group (SI Figures S16 and S18). MALDI mass spectros- 125
copy also firmly established 3c with the expected isotopic 126
distribution from the bromines (SI Figure S17). 127

Conditions for a COF-forming reaction were also estab- 128
lished during the synthesis of 3¢, in which DMF and TfOH 129
under an air atmosphere appeared to be optimal. Using these 130
conditions, formation of COFs was next attempted and 131
achieved by heating 2a—2c with dihydroxyterephthaldehyde 132
(TA) or with dihydroxynaphthaldehyde (NA) under the same 133
conditions, Figure 3. It should be noted that additional 13483
conditions using NMP as a solvent, microwave heating, and 135
inert atmosphere were investigated. However, the aforemen-
tioned conditions appeared to be optimal based on XRD and 137
TEM analyses. These reactions produced crystalline solids that 138
were characterized as discussed below. 139

Indications of successful PAC COF formation were initially 140
established using Fourier transform infrared (FTIR) spectros- 141
copy. In the reaction of 2a with dihydroxyterephthaldehyde, 142
disappearance of the amine (3395, 3320 cm™") and carbonyl 143
(1690 cm™) stretches with the appearance of the imine stretch 144
(1600 cm™) in COF 4a indicated its formation (SI Figure 14s
S19). Additionally, weaker 2930 cm™" C—H stretches in PAC 146
COF 4a further established formation. Furthermore, a 147
comparison of the FTIR for PAC COF 4c to that for coronene 148
3c (SI Figures S56 and S16) corroborates formation, as the 149
coronene displayed nearly identical stretches. 150

Powder X-ray diffraction (PXRD) was performed to evaluate 151
the crystallinity of the materials. COF-forming reactions 152
involving 2—3-step sequences are known,”*”*" and our 153
sequence herein involves four sequential reactions as discussed 154
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the 100, 200, and 002 facets, respectively. For comparison, 161
pristine graphite exhibits a sharp 002 interlayer spacing peak at 162
20 = 26.4° corresponding to a d spacing of 3.37 A (see SI 163
Figure S67 for PXRDs of graphite, GO, and rGO). Upon 164
oxidation of graphite and then chemical removal of the 165
function groups to produce rGO, a peak centered around 20 = 166
26.4° reappears that is very broad, with a range >10. Thus, to 167
claim formation of a graphitic material, an interlayer spacing 168
must be evident, and in all our materials this is readily 169
apparent. Furthermore, distinct from GO or rGO, the pore
spacing is also evident in our materials. Thus, for the first time,
graphitic materials have been synthesized demonstrating both 172
ordered pores and layer spacing in the PXRD. Although these
new COFs do not display an 002 peak equal to that of pristine 174
graphite, they are significantly better compared to many GO, 175
rGO, and nitrogen-doped samples (SI Figure S67). High- 176
resolution transmission electron microscopy (HRTEM), 177
o oo ! Figure 4c—e, displayed outstanding order for COF 4a and 178

O TIOH, DMF with all the other COFs (see SI Figures). The as-synthesized 179
COFs displayed crystalline hexagonal structures with notice- 180
able lattice fringes in agreement with simulated stacking motifs. 181
For example, simulated single-area electron diffraction images 1s2
of 4a (SI Figure S88) gave excellent agreement with the TEM 183
patterns and measurement of AB staggered in SI Figures S25
and S28. The distance across the largest hexagon in Figure 4e 185
(0.6 A) matches exactly with the largest hexagonal distance in 186
the simulated ABC-stacked 4a (SI Figure S88c). The smaller
inner hexagons in the experimental diffraction (1.3—2 A) also 1ss
agree with measurements from both simulated ABD and AB 189
staggered stacking (SI Figure S88a). Measurements from all 190
simulated SAED images are included in the associated captions
in the SL 192

The stacking details were calculated with density functional
theory (DFT) calculations with the Vienna Ab Initio 194
Simulation Package (VASP) using the generalized gradient
approximation (GGA) Perdew—Burke—Ernzerhof (PBE) func- 196
tional (see SI for additional details and methods used). 197
Theoretical structural simulations of COF 4a (black in Figure 19s
4a) confirmed an AB stacking mode with a unit cell of a = b = 199
26 A, ¢ =15 A (a = 36° B = 153° y = 120°). Lattice 200
parameters for all modeled structures are included in the SI. In 201
most cases, the XRD of the COFs illustrated good agreement 202
with an AB stacking mode (see SI for the remainder), and in 203
the case of Sc (R = Ph) an additional peak at 11.3° was present 204
(SI Figure S64). Good crystallinity appears to be present, with 205
an interlayer spacing of 3.3 A based on the peak at 20 = 27.3°, 206
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N N0 in near perfect agreement with the theoretical layer spacing for 207
ANl T the AB-stacked Sc geometry (3.19 A). Excellent agreement in 208
o/ Sa between experiment and theory is also observed for the 209
peaks at 20 = 6.3°, 14.0°, and 26.2°. Moreover, matching peaks 210

Q in the 45° range are also observed, and, importantly, a clear 211

shift for the pore size is observed between Sa and 4a. In 212
instances where comparison of XRD patterns did not provide 213
absolute clarity on the stacking configuration, additional 214
stacking motifs were modeled (see SI Figures $S87—592), and 21s
SAED images were generated with the software Crystal- 216
Maker* and SingleCrystal. For these COFs—4a, 4b, and 217

Figure 3. PAC COFs 4a—c from dihydroxyterephthaldehyde (TA)
and Sa—c using dihydroxynaphthaldehyde (NA) with a space-filling
five-pore model depicted in the NA pore.

155 above; reversibility in steps 2—4 is highly improbable, so a Sb—the XRD indicated random stacking configurations for 218

156 more amorphous PXRD was expected. However, the resulting long-range order. The modeled SAED patterns, when 219

157 PXRDs of COFs 4a and Sa illustrated in Figure 4 exceeded compared to the experimental TEM diffraction, point toward 220

158 expectations. Figure 4a illustrates the PXRD of 4a in yellow localized AB or ABC stacking, resulting in clear hexagonal 221

159 and that of Sa in blue, with the theoretical PXRD of Sa in patterns. Greater linker lengths and smaller R group sizes lead 222

160 black. In 4a, peaks at 8.8°, 16.5° and 27.3° are assignable to to increased waviness in the 2D-COF geometries, as illustrated 223 5
C https://doi.org/10.1021/jacs.4c10529
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Figure 4. (a) PXRD of COFs 4a (yellow) and Sa (blue), with theoretical PXRD of Sa in black. (b, ¢) COF 4a N, sorption and PSD curves. (d, f)
TEM images of COF 4a, with diffraction pattern in (e) from panel d.

Layer Position

High .

Figure 5. AB stacking of all modeled PACs COFs: (a) 4a, (b) 4b, (c) 4¢, (d) Sa, (e) Sb, and (f) Sc. Images show both top-down and side views for
each COF. The structures have been colored to show variations in height, where red indicates higher positions and blue indicates lower positions.

224 in Figure S. The layers of COF 4a (Figure Sa) are relatively
225 planar, while in Sa (Figure 5d) they become wavy. The length
226 of the naphthalene linker and the small size of the methoxy R
227 group allow the PACs’ nodes over a pore to sink down closer
228 to the node in the alternating layer. This feature is also seen in
229 4b and Sb (Figure Sb and e, respectively). This is also evident
230 in the top-down images, where the topmost layer color

fluctuates from red to yellow as the node rises above the node 231
stacked below (red) and sinks into the pore below (yellow). 232
COFs 4c and Sc (Figure Sc and f), however, are relatively 233
planar, regardless of the length of the linker. This can be 234
attributed to the phenyl R groups being too bulky in size to 235
allow the PACs’ nodes to sink into the pore. The waviness of 236
Sa and Sb results in a changing interlayer spacing that 237
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238 corresponds to broader peaks in the experimental XRDs.
239 Finally, a zoomed-out view of the theoretically predicted
240 geometry for 4a (SI Figure S82) illustrates how the lattice
241 fringes and hexagonal diffraction pattern emerge in the AB-
242 stacked framework.

243 Surface area and porosity were calculated with Zeo++* for
244 each of the modeled geometries (SI Table S4). Nitrogen
245 adsorption isotherms (BET), Figure 4b,c, confirmed a pore
246 spacing of 14.8 A for 4a, which is in agreement with the
247 calculated distance between methyl groups of 14.4 A. The
248 experimental PXRD is in good agreement with the theoretical
249 AB-stacked optimized geometry. This, in turn, suggests that
250 BET is only measuring the surface area at the surface of the
251 stacked COF flakes and/or that some AA-stacking character is
252 present in 4a, given that nitrogen could not penetrate the bulk
253 of the material for any of the AB-stacked PAC COFs (SI Table
254 $4) due to a predicted pore-limiting diameter that is smaller
255 than the kinetic diameter of nitrogen. The .vasp files for all
256 modeled geometries and stacking, example INCAR and
257 KPOINTS files, and a bash script for running Zeo++ have
258 all been uploaded to a Zenodo data set (see Data Availability
259 statement).

260 The importance of thermal stability for semiconducting
261 applications significantly influences the reliability, longevity,
262 performance, and efficiency over time due to derating. DSC-
263 TGA revealed the remarkable stability of these materials. For
264 example, 4a showed a small water loss of ~10% (SI Figure
265 $23), followed by only small weight loss up to 800 °C, in
266 which 60% of the material was still intact. COFs Sa (SI Figure
267 $36) and Sc (SI Figure S65) were also analyzed and were
268 equally stable.

269 As discussed in the Introduction, graphene is converted to
270 GO to tune the electrical, thermal, and physical properties via
271 pore functionality, increasing its usefulness in a variety of
272 applications. At issue, though, is that highly oxidized GO’s
273 electrical conductivity drastically decreases, resulting in an
274 insulating material, and regaining semiconducting properties
275 requires a near complete removal of functional groups.”’
276 Testing of the semiconductor properties of these PAC COFs
277 for comparison to those of GO was therefore undertaken.
278 Two-point measurements were employed to determine carrier
279 mobility and the temperature dependence of conductivity (see
280 SI for procedures). The results in Table 1 illustrate the

Table 1. Band Gaps and Electrical Conductivities ¢ at 300 K
for COFs 4 and 5

Band Gap (eV) o (Sm™)
COF Exp  Theor Exp Theor

2 TA OMe (4a) 1.3 1.03 12 x 1071 1.8 x 10*
3 NA OMe (5a) 1.0 1.08 3.9 x 10710 2.1 x 10*
4 TA OH (4b) 1.3 0.98 2.5 x 10710 2.3 x 10*
S NA OH (5b) 1.0 0.96 2.7 x 10710 1.4 x 10*
6 TA Ph (4c) 1.9 1.26 6.7 X 10712 83 x 10°
7 NA Ph (5¢) 1.9 1.3 2.9 x 107" 1.9 x 10*

281 profound advantage these PAC COFs have over GO. With sp*-
282 hybridized functional groups in the pores (rows 2—S5), the
283 materials display semiconducting properties, with band gap
284 values in the 1.0—1.3 eV range, while functionalization with
285 phenyl groups increased the band gaps and decreases
286 conductivity (rows 6 and 7). Additionally, comparison of the
287 TA vs the NA systems (rows 2 vs 3 and 4 vs 5) illustrates how

increasing the conjugation lowers the band gap. The phenyl 2ss
group within the pore also has a noticeable effect and could be 289
changing conduction in a variety of ways: decreasing mobility 290
from flake to flake, decreasing flake size, increasing defects, or 291
even acting to localize electrons. 292

The computational results corroborate the experimental 293
findings. It is widely known that DFT calculations, particularly 294
those performed without hybrid functionals, tend to under- 295
estimate the value of the band gap. Therefore, focus was placed 296
on the relative changes and trends in the band gap across 297
structures. It is expected that the presence of oxygen lone pairs 298
in the methoxy- and hydroxy-functionalized COFs raises the 299
energy levels of the valence bands and narrows the band gap. 300
This can be seen in the projected density of states (PDOS) 301
(see SI Figure S83), where there is a noticeable contribution 302
from the O, orbitals in the hydroxy and methoxy compared to 303
the phenyl PAC COFs. Moreover, delocalized electrons in the 304
phenyl COFs can move either around the backbone of the 30s
framework (longer pathway) or over the phenyl group (shorter 306
pathway). Electrons in the phenyl groups are effectively 307
localized, resulting in flat in-plane (I'-K-M-I") valence bands 30s
and a larger band gap. The seeming disparity of the bang gap 309
trends between TA and NA systems, which are found to be 310
higher (identical) experimentally (theoretically), is easily 311
resolved by inspecting the COF band structures (SI Figure 312
S85). The band gap, obtained from the density of states 313
calculations, is narrowed in the TA COFs in the out-of-plane 314
region; however, conduction occurs largely in-plane (I'-K-M- 315
I'), where the band gap decreases in NA, compared to that in 316
TA for the methoxy and hydroxy COFs, as expected. 317

Electrical conductivity and charge mobility (SI) were 318
calculated with BoltzTraP2"® using the constant relaxation 319
time approximation. Computational and measured electrical 320
conductivity, o, values are included in Table 1. We again find 321
that the theoretical calculations agree with the observed trends. 322
Note that whereas the measured electrical conductivity 323
corresponds to undoped COFs (except for the presence of 324
defects), the theoretical predictions correspond to a “best-case 325
scenario”, where doping is assumed to be optimal (ie., 326
effectively placing the chemical potential at the conduction 327
band edge). For reference, undoped GO electrical conductivity 328
measurements range between 5 X 107°* and 5§ X 107> S 329
m™,%" compared to nitrogen-doped GO at 63—78 S m™".>" 330
Theoretical calculations predict optimally doped GO electrical 331
conductivity at 10* § m~'.%? 332

PAC COFs 4b and Sb are ideally structured for doping with 333
metals, as they contain a hydroxyquinoline moiety. Hydrox- 334
yquinoline moieties form metal coordination complexes, as 335
illustrated in orange at the top of Figure 6; thus, testing PAC 336 f6
COF 4b for metal complexation was undertaken. Heating a 337
mixture of 4b and CoCl, in refluxing ethanol resulted in a clear 338
color change and the formation of a reddish solid (see SI 339
Figure $87). FTIR and PXRD characterization (Figures SI88 340
and SI89, respectively) of the solid indicated a new cobalt- 341
doped material. The loss of the hydroxyl unit in 4b was clearly 342
noticeable in the IR, while the XRD spectrum displayed 343
expected cobalt peaks. Comparison of the XRD of the new 344
material to those of known cobalt nanoparticles (Figure SI90) 345
confirmed a Co-doped PAC COF. As with the PAC COFs 4 346
and 5, TEM images displayed highly ordered materials for the 347
Co-doped 4b (Figure SI91). While the exact nature of all the 348
ligands on the cobalt would be speculative, it is likely that a 349
chlorine and waters are present.>” 350
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