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ABSTRACT: The synthesis of crystalline polyphenylene covalent organic frameworks (COFs) was accomplished by linking
fluorinated tris(4-acetylphenyl)benzene building units using aldol cyclotrimerization. The structures of the two COFs, reported here,
were confirmed by powder X-ray diffraction techniques, Fourier transform infrared, and solid-state 3C CP/MAS NMR
spectroscopy. The results showed that the COFs were porous and chemically stable in corrosive, harsh environments for at least 1
week. Accordingly, postsynthetically modified derivatives of these COFs using primary amines showed CO, uptake from air and flue

gas.
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objective is to crystallize COFs based on C—C linkages so that
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such structures could be deployed for many years in capturing m-Xylene, COF-284
carbon dioxide from air and flue gas, among many applications. 8°C, 72 (TAB)pneny

We report the use of aldol cyclotrimerization (Figure 1) to

form polyphenylene COFs.  1,35-Trifluoro-2,4,6-
. . . . . tris(4-acetylphenyl)benzene
Specifically, the cyclotrimerization of 1,3,5-trifluoro-2,4,6- (TAB)

tris(4-acetylphenyl)benzene (TAB) or 1,3,5-trifluoro-2,4,6-
tris(4-acetylphenylethynyl)benzene (TAEB) yields crystalline
2D frameworks with hcb topology, termed COF-284 and
COF-285 (Figures 1b and 1c). The phenyl linkages of these
COFs were unambiguously confirmed by Fourier transform
infrared (FTIR) spectroscopy and solid state '3C cross-
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. : . . . TfOH COF-285
polarization magic angle spinning (CP-MAS) NMR spectros- 55, 72h (TAES) oyt

copy. The irreversible phenyl linkage endows the COFs with
exceptionally high stability under extreme chemical conditions.
Following postsynthetic modification, alkyl amines can be 13,5 Trluoro-2.4,6-ris
anchored onto the backbone of the COFs, resulting in a CO, (4-acatylphenylethynyl)benzene
uptake capacity at low pressure (0.4 mbar). TR

The molecular reaction of aldol cyclotrimerization of the

. . Figure 1. (a) Aldol cyclotrimerization by acetophenone yielded the
acetophenone has been used to synthesize a variety of 8

. model compound TPB. (b, c) Synthesis of COF-284 and COF-285
molecules and polymers (e.g, 1,3,5-triphenylbenzene, TPB, by aldol cyclotrimerization with the fluorinated linkers TAB and

Figures la and S1). The reaction is typically performed in the TAEB.
presence of a strong Bronsted acid.””*® However, applying
these reaction conditions directly to the synthesis of COFs
leads to the expected formation of amorphous materials,
indicating insufficient reversibility for defect correction.””* Received:  October 19, 2023
Extensive efforts were applied to screen various synthetic Revised:  December 11, 2023
conditions, including linkers, solvent mixtures, temperature, Accepted: December 13, 2023
and reaction time. For reactions that exhibit irreversible

characteristics and therefore lack the ability to self-correct

defects, careful modulation of the reaction conditions is crucial
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Figure 2. PXRD patterns and Pawley refinement of COF-284 (a) and COF-285 (b), respectively. The experimental pattern (red) is in good

agreement with that of the eclipsed stacking model (black).

Figure 3. (a, b) Top views and (¢, d) side views of the space-filling models of COF-284 and -28S in eclipsed stacking mode. Color code: H, white;

C, gray; and F, orange.

to reduce the reaction rate. This ensures that linkers connect
slowly enough to assemble and stack in an orderly fashion, thus
yielding a crystalline structure. However, a common trade-off
with this approach is a potential reduction in the reaction yield.
A crystalline framework, termed COF-284, was successfully
synthesized under solvothermal conditions in a mixture of 1,4-
dioxane, and m-xylene, with aqueous trifluoromethanesulfonic
acid (TfOH) as a catalyst at 85 °C for 72 h in moderate yield
(32%) (Section S2.6).

In this process, we employed a two-pronged strategy for
synthesizing COF-284. Initially, we conducted a human-centric
screening, which was later augmented with a machine learning
(ML) guided approach for optimizing the synthesis conditions.
This methodology efficiently identifies optimal conditions
from a potentially vast space of combinations derived from
seven key synthesis parameters (Section S$2.10). The ML
component involved the Bayesian Optimization (BO)
algorithm,*' ~*® known for efficiently sampling parameters to
find a global optimum in minimal steps.”” The implementation

of the BO process begins by defining an objective function, in
our case, the crystallinity of the studied COF, and builds a
surrogate model over the vast experimental space defined by
synthesis parameters. These include a myriad of combinations
involving choices of solvents and modulators, their respective
volumes, linker amounts, reaction times, and temperature. The
combinations stemmed from seven key synthesis parameters
hypothesized to influence the crystallinity of the resulting
COF-284 (Tables S1 and $2).** In particular, a random forest
(RF) model was used as the surrogate model due to its
capacity to handle both the continuous synthesis parameters
and the categorical parameters, such as the choice of solvent
and modulator. Utilizing an acquisition function, Expected
Improvement (EI), the algorithm strikes a balance between
exploiting areas of a high predicted objective and exploring
areas of high uncertainty. The iterative process within the
Bayesian Optimization framework, which involves updating the
model with each batch of experiments, enhances its efficiency
in suggesting synthesis conditions that yield optimal
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Figure 4. (a) Schematics of the synthesis of COF-284-NH,, (b) PXRD patterns, (c) N, sorption isotherms (77 K), and (d) single component CO,
isotherms (25 °C) of COFs. The inset of panel (d) shows a zoomed-in view of the adsorption branch for COF-284-NH, between 0 and 2 mbar,
highlighting the uptake at the pressure range relevant for DAC (Direct Air Capture).

crystallinity parameters (Section S$2.10). This method
simultaneously reduces human bias and adeptly balances the
dual needs of exploration and exploitation in the search for
optimal conditions (Figure S2).

We further extended the reaction scope by crystallizing
COF-285 through the cyclotrimerization of TAEB using
similar conditions. COF-285 demonstrates improved crystal-
linity compared to COF-284. This enhancement is attributed
to the acetylene groups present in COF-285, which reduce
steric repulsion and consequently facilitate the crystallization
process. COF-284 and -285 were obtained as pale-yellow
microcrystalline powders, insoluble in common organic
solvents such as dichloromethane, acetone, N,N-dimethylfor-
mamide, alcohols, and tetrahydrofuran. It should be noted that
incorporating fluorine substituents onto the periphery of the
building units of the COFs plays an important role in the
ability to crystallize these structures. We hypothesized that
fluorine being an electron-withdrawing group enhances
aromatic stacking interactions without introducing significant
steric effects.”” The nonfluorinated analogous building blocks
only form amorphous solids under similar synthetic conditions
(Figure S19).

In the FTIR spectra of COF-284 and COF-28S5, the peaks
attributed to the C=0O and C—H stretching of the acetyl
linkers, found at approximately 1680 and 3040 cm™,
respectively, are markedly reduced compared to the spectra
of TAB and TAEB (Figures S3 and S4). Concurrently, there is
an increased intensity at approximately 1600 to 1605 cm™}
corresponding to the aromatic C=C stretch in the phenyl ring
formed during the COF synthesis. The residual C=0 stretch
at 1686 to 1688 cm™' can be assigned to the defects and
intermediates formed during the COF’s synthesis. Further
support for the presence of the phenyl linkages was obtained

by solid-state '*C cross-polarization magic angle spinning (CP-
MAS) NMR analysis. The *C CP-MAS NMR spectra of COF-
284 and COF-28S revealed the almost complete disappearance
of signals at chemical shifts of 195 and 25 ppm, which
correspond to the carbonyl and alkyl carbons of the acetyl
group, respectively (Figures S7 and S8). Although there is an
overlap of aromatic carbon signals between the linkage and the
backbone, an increased peak intensity at 126 ppm was
observed, which is attributed to the newly formed phenyl rings.

The crystallinity of COF-284 and COF-285 was confirmed
by Powder X-ray diffraction (PXRD) (Figure 2). Structural
models of COF-284 and COF-285 were constructed using an
hcb topology, guided by the planar geometry observed in the
model compound TPB and its analogs within single-crystal
structures (Figure 3). A variety of interlayer stacking modes
were simulated and then compared to the experimental PXRD
pattern. Among these, the model featuring an eclipsed (AA)
stacking mode in the P3 space group showed the best fit
(Figures S17 and S18). Full profile Pawley refinement of the
model against the experimental pattern yielded a unit cell
parameters of a = b= 1498 Aand c=4.01 A, 2 = f=90° y =
120° with good agreement factors (R,, = 2.58%, R, = 1.87%)
for COF-284 anda=b=1944 Aand c = 3.65 A, a = f = 90°,
y = 120° with agreement factors (R,,, = 1.83%, R, = 1.40%) for
COF-285, respectively.

The porosity and surface areas of COF-284 and COF-285
were evaluated following the removal of solvent molecules
from the pores by activation in vacuo. The N, sorption
isotherm measurements performed on COF-284 and COF-285
at 77 K revealed that the pores of the two COFs were
accessible to N,, with a Brunauer—Emmett—Teller (BET)
surface area of 812 m* g™' and 395 m® g!, respectively
(Figures 4c, S21 and S22). The analysis of the isotherm using
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nonlocal density functional theory revealed a uniform pore size
distribution in COF-284 and COF-285, characterized by
narrow peaks at diameters of 9.2 and 12.6 A, respectively,
which closely align with the expected diameters of 9.3 and 13.0
A, as predicted from the calculated van der Waals surface of the
structural model (Figure S23).

The thermal stability of COF-284 and COF-285 was
evaluated using thermogravimetric analysis. Both COFs
exhibited high thermal stability, showing no significant weight
loss up to 400 °C under a N, atmosphere (Figures S13 and
S14). The chemical stability of the polyphenylene COFs was
tested by exposing the materials to various organic and
inorganic Brensted acids and bases. Specifically, the activated
COFs were immersed in solutions of 12.1 mol L™ aqueous
HCI (35 wt %), trifluoromethanesulfonic acid (>99%), H,SO,
(98 wt %), saturated aqueous KOH (55 wt %), and saturated
methanolic KOH (35 wt %), and maintained at room
temperature for a duration of 1 week. The structural integrity
of the treated COF powders was examined by PXRD (Figure
5). The framework structures were found to maintain their
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Figure 5. Chemical stability test of (a) COF-284 and (b) COF-285

with Brensted acid and base. PXRD patterns of treated materials

illustrate the retention of the crystallinity of COFs under these very
harsh conditions.

crystallinity under all conditions. This is demonstrated by the
observation that the PXRD patterns of all of the treated
samples largely retained their shape and intensity. Notably, the
stability of the COFs in aqueous acid or base solutions can also
be attributed to the hydrophobic nature of the materials. As
such, COF-284 and COF-28S were suspended in pure TfOH,
H,SO,, and saturated solutions of KOH in methanol, in which
the materials still retained their crystallinity. The fact that the
two COFs remain intact even under such harsh conditions for
this length of time suggests significant chemical stability.

To utilize the exceptional stability and accessible fluorine
functionalities, we developed a postsynthetic modification
process to generate open amine groups within the pores of
COF-284 and COF-285 (Figure 4a). The fluoride groups
undergo a substitution reaction with 2-(Boc-amino) ethane-
thiol that decorates the channel walls with Boc-protected alkyl
amines (Figures SS, S6, S9, and S10). The COFs-NH-Boc can
be readily deprotected using HCl, which results in the
exposure of the corresponding amines, producing COFs-

NH,. The PXRD patterns of the postmodified COF-284
exhibited a minor reduction in crystallinity, as shown in Figure
4b, whereas the postmodified COF-285 completely lost its
crystallinity (Figure S20). The apparent decrease in the N,
isotherm of COFs-NH-Boc can be attributed to the introduced
functional groups that block the pores of the framework
(Figures 4c and S21). After the Boc group was deprotected
during the amination step, the porosity of material was partially
restored, resulting in a BET surface area of 401 m> g_1 and 272
m* g~ 'for COF-284-NH, and COF-285-NH,, respectively.

Single-component CO, sorption isotherms of COFs before
and after postmodification were measured at 25 °C and
compared as shown in Figures 4d and S25. In the case of COF-
284, the absence of a sharp increase in uptake at low pressures
and minimal hysteresis suggested that the framework exhibits
physisorption-dominant characteristics. COF-284-NH-Boc
exhibited lower CO, uptake in the entire range of experiment
(0—1000 mbar), which was attributed to the blocked pores
after postmodification. In contrast, the CO, sorption isotherm
for COF-284-NH, showed a sharp increase in the adsorption
branch at very low CO, pressures. This was followed by a more
moderate slope between 50 and 1000 mbar along with a
noticeable hysteresis between the adsorption and desorption
branches. Specifically, COF-284-NH, and COF-285-NH,
adsorb 2.2 cm® g7 STP (0.10 mmol g™') and 1.5 cm® g™*
STP (0.07 mmol g') at 0.4 mbar CO, (conditions relevant to
DAC), respectively (Figures 4d, the inset and S25), whereas
COF-284, COF-285, and COF-284-NH-Boc, COF-285-NH-
Boc isotherms, as expected, did not take up any CO, at such a
low concentration. It should be noted that, at a pressure of 40
mbar, which is relevant for postcombustion capture from
natural gas flue gas, COF-284-NH, adsorbs 11.2 cm® g™ at
standard temperature and pressure (STP), equivalent to 0.5
mmol g~' of CO,. This represents a 6-fold increase compared
to COF-284, which adsorbs 1.79 cm? g_1 STP or 0.08 mmol
g™ of CO, under the same conditions. Additionally, at 150
mbar, relevant to postcombustion capture from coal flue gas,
the CO, uptake of COF-284-NH, is 16.6 cm® g~' STP (0.74
mmol g~ '), which is three times higher than that of COF-284,
with an uptake of 5.6 cm® g7' STP (0.25 mmol g™'). The
substantial enhancement in CO, uptake strongly suggests that
introducing chemisorption by incorporating aliphatic amines
into COFs indicates their promising potential as efficient
sorbents for DAC and postcombustion CO, capture (Figures
S11 and S12).
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