Downloaded viaUNIV OF SOUTH FLORIDA on August 23, 2019 at 15:53:45 (UTC)
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

' { ; ‘ , S @& Cite This: J. Am. Chem. Soc. XXXX, XXX, XXX=XXX

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JACS

De Novo Design and Facile Synthesis of 2D Covalent Organic
Frameworks: A Two-in-One Strategy

Yusen Li," (%ing Chen,” Tiantian Xu,” Zhen Xie," Jingjuan Liu," Xiang Yu,* Shenggian Ma,!

Tianshi Qin,” and Long Chen*"

"Department of Chemistry, Institute of Molecular Plus, and Tianjin Key Laboratory of Molecular Optoelectronic Science, Tianjin

University, Tianjin 300072, P. R. China

*Analytical and Testing Center, Jinan University, Guangzhou 510632, P. R. China
Snstitute of Advanced Materials (IAM), Nanjing Tech University (Nanjing Tech), Nanjing 210009, P. R. China
“Department of Chemistry, University of South Florida, 4202 East Fowler Avenue, Tampa, Florida 33620, United States

O Supporting Information

ABSTRACT: We herein develop a two-in-one molecular design {7~~~

iTwo in one Strategy}‘

strategy for facile synthesis of 2D imine based covalent organic ‘- ’

frameworks (COFs). The integration of two different functional
groups (i.e., formyl and amino groups) in one simple pyrene
molecule affords a bifunctional building block: 1,6-bis(4-formyl-
phenyl)-3,8-bis(4-aminophenyl)pyrene (BFBAPy). Highly crystal-
line and porous Py-COFs can be easily prepared by the self-
condensation of BFBAPy in various solvents, such as CH,CL,
CHCl,, tetrahydrofuran, methanol, ethanol, acetonitrile, and
dimethylacetamide, etc. The current work, to the best of our
knowledge, is a rare case of COF synthesis that exhibits excellent
solvent adaptability. Highly crystalline Py-COF thin films have
been facilely fabricated on various substrates and exhibit potential
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applications in hole transporting layers for perovskite solar cells. Furthermore, the versatility of this two-in-one strategy was also
verified by two additional examples. The current work dramatically reduces the difficulty of COF synthesis, and such two-in-one
strategy is anticipated to be applicable for the synthesis of other COFs constructed by different building blocks and linkages.

B INTRODUCTION

Covalent organic frameworks (COFs) are an emerging class of
crystalline porous materials which feature fascinating regular
structures and versatile functions.' Since the seminal work
reported by Yaghi in 2005,'* COFs have received increasing
research interest because of their promising applications in gas
sorption and separation,” catalysis,” environmental remedia-
tion,* sensing,5 drug delivery,(’ energy storage,7 and con-
version® and so forth. Many synthetic efforts have been
devoted to advance the development of COFs and great
successes have been achieved such as metal triflate assisted
COF synthesis,” p-toluene sulfonic acid monohydrate (PTSA-
H,0) assisted solid state synthesis,gb and mechanochemical
synthesis,” etc. However, most of the reported COFs are
synthesized either by two-component or multiple-compo-
nent'’ co-condensation of at least two monomers bearing
respectively different functional groups, with the exception of
self-condensation of boronic acid (e.g, COF-1"%) or aromatic
nitriles (i.e., CTFs'') (Scheme 1a). Furthermore, COFs are
mostly prepared in delicately screened solvent mixtures and
suffer from exhaustive trial-and-error procedures on selection
and adjustment of the synthetic condition parameters like
solvent combinations, temperature, reaction time, concen-
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trations, pressure, etc. * Thus, a de novo molecular design

strategy to simplify the synthesis of COFs in a more reliable
and versatile way is highly desirable for advancing this research
area.

We reason that one possible cause for the difficulties in
preparing highly crystalline COFs lies in the deviation of the
proper ratios among the dissolved comonomers due to the
solubility difference. In most cases, the monomers are only
partially dissolved during the solvothermal synthesis.'* It is
difficult to find a suitable solvent combination in which the
monomers are soluble and maintain the stoichiometry to
ensure sufficient 2D or 3D polymerization. To solve this
dilemma, we envision that merging two different functional
groups of the comonomers into a single molecule (i.e., “two-in-
one” strategy) could bring several advantages: (i) the ideal
stoichiometry could be perfectly maintained either in
homogeneous or heterogeneous states during the polymer-
ization process; (ii) the solvent adaptability could be greatly
improved which could benefit the premodification of the
substrate for COF films growth or postfabrication of the COF
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Scheme 1. Diagrams for 2D COFs Constructed by (a)
Conventional Self- and Co-condensation Methods and (b)
Our New Two-in-One Strategy
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films for device applications;'” last but not least (iii) the
reproducibility of COF synthesis and their crystallinity could
be greatly improved as well as the screening process of
synthetic conditions could be simplified and become much
easier.

For a proof-of-concept, herein we designed and synthesized
a new bifunctional monomer 1,6-bis(4-formylphenyl)-3,8-
bis(4-aminophenyl)pyrene (Figure la, BFBAPy) with two

formyl and two amino groups in a single pyrene core molecule
to construct 2D pyrene-based imine COF (Py-COF) through
intermolecular self-condensation. Unlike most reported COFs
which involve the co-condensation of two or more kinds of
monomers with separately different functional groups, this
bifunctional module can be facilely used for the construction of
crystalline Py-COF in various solvents (Table S1 of the
Supporting Information, SI). The stoichiometry of the two
different functional groups was strictly guaranteed (1:1) in
these systems, which is beneficial to the formation of regular
structures. Actually, highly crystalline Py-COFs were obtained
not only in mixed solvents (e.g., o-dichlorobenzene and n-butyl
alcohol) but also in a series of mono organic solvent systems
such as dichloromethane (DCM), chloroform, tetrahydrofuran
(THF), methanol, ethanol, acetonitrile (MeCN), and
dimethylacetamide (DMAc) and so forth. To the best of our
knowledge, this is a rare case of COF synthesis that exhibits
such excellent solvent adaptability. Besides, the reported Py-Py
COF>® which has similar structure with Py-COF was
synthesized as a counterpart by the conventional co-
condensation approach. By comparison of the PXRD patterns
and surface areas, it clearly indicates that Py-COF exhibits
higher crystallinity than Py-Py COF (Figure S34). Further-
more, the Py-Py COF constructed by co-condensation method
exhibits poor solvent adaptability with largely solvent depend-
ent crystallinity. (Figure S34b). Moreover, this two-in-one
design strategy also facilitates successful growth of high quality
Py-COF thin films on various substrates like transparent glass,
conducting indium tin oxide (ITO), and silicon wafer with
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Figure 1. (a) The synthesis of Py-COF using single bifunctional monomer BFBAPy; (b) experimental PXRD patterns of Py-COFp ¢y, (black),
Pawley refinement (red), their difference (green), simulated profiles using AA-stacking (purple), and AB-stacking (dark yellow) modes; (c) unit

cells of AA-stacking; and (d) AB-stacking mode.
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good crystallinity. In addition, two new COFs (BFBAEB-COF
and BFBAEPy-COF) with dual-pore structures, which cannot
be constructed by a dual monomer approach (Schemes S9 and
$10), had been successfully synthesized to verify the versatility
of this two-in-one strategy.

B RESULTS AND DISCUSSION

Synthesis and Characterization. As shown in Scheme
S1, BFBAPy was prepared via a facile three-step route in high
yield and unambiguously characterized by NMR, MALDI-
TOF MS and single crystal X-ray diffraction analysis (Figure
S16). In a typical synthetic procedure of Py-COFs (Figure
$22), BFBAPy (29.6 mg, 0.05 mmol) was suspended in a
mixture of organic solvent (2 mL) and 6 M acetic acid (0.2
mL) followed by refluxing for 72 h to afford orange crystalline
solids (denoted as Py-COF.,) in high yields. Fourier
transform infrared (FT-IR) spectra of Py-COFpcy and the
monomer BFBAPy were compared in Figure S1. The
disappearance of N—H (~3470 and 3360 cm™') vibration,
dramatically attenuation of C=0 (1680 cm™') stretching
bands and the appearance of new intensive imine (C=N)
band at 1628 cm™' confirmed the high polycondensation
degree of Py-COF.'* All the IR spectra of Py-COFs
synthesized from different solvents are nearly identical (Figure
S1b). The formation of imine linkages was further verified by
BC solid-state NMR spectroscopy, with an obvious character-
istic peak at 156 ppm assignable to the carbon of C=N double
bonds."* Other aromatic carbon signals can be properly
assigned as well (Figure S2). Elemental analysis indicated that
the C, H, and N contents of the COFs were in good agreement
with the theoretical values expected for an infinite 2D sheet.

Interestingly, Py-COFs prepared from varied solvents
exhibited significantly different morphologies as revealed by
the scanning electron microscopies (Figure S6). For example,
spherical, rodlike, and platelike aggregates composed of small
nanoparticles (Figure S6c, d) or nanoflakes (Figure S6a, e, h)
were observed. These differences were probabléy caused by the
solvent polarity variation as reported before.'®* Transmission
electron microscopy proved a nearly uniform porous texture
(Figure S7).

Crystalline Structure. The crystallinity of Py-COFs
synthesized from different solvents was examined by powder
X-ray diffraction (PXRD) measurements. Actually, all the Py-
COFs exhibited strong diffraction peaks at 5.02°, 7.04°, 10.18°,
11.19°, 15.28° and 22.75°(Figure S4), which could be indexed
to (110), (020), (220), (040), (240), and (001) facets,
respectively. The first dominant diffraction peak at 5.02°
corresponded to the d-spacing of 1.70 nm, which was in good
agreement with the calculated length of the tetragon (1.59 nm,
Figure 1a). The PXRD pattern of Py-COFpcy, was selected as
the representative experimental data to simulate the lattice
packing model. As shown in Figure 1b, the calculated PXRD
pattern of AA stacking model (purple) was in accordance with
the experimental ones (black), whereas the staggered AB
stacking pattern (dark yellow) exhibits significant difference
from the experimental PXRD data. Furthermore, the profile of
Pawley refinement matched well with the observed signals as
evident by their negligible deviation (green) (Figure 1b) with
the final R,, and R, values converged to 5.57% and 4.16%,
respectively. The Pawley refinement afforded a P21 monoclinic
space group with unit cell parameters of a = 24.3740 A, b =
262134 A, c = 4.0287 A, @ = y = 90°, and 8 = 72.1°.

Porosity of Py-COFs. The permanent porosity of Py-COFs
was assessed by N, sorption measurements at 77 K (Figure
2a). All the Py-COFs displayed reversible type I isotherms with
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Figure 2. (a) Nitrogen adsorption (solid) and desorption (open)
isotherms at 77 K and (b) pore size distribution curves based on
NLDFT calculation for Py-COFoy (black), Py-COFpcy (red), Py-
COFpya. (blue), Py-COFg,oy (dark yellow), Py-COF e (wine), and

Py-COF, pcp/n-BuoH (purple).

rapid N, uptakes at the low relative pressure range P/P, < 0.0S,
characteristic of microporous materials.'> Brunauer—Emmett—
Teller (BET) surface areas calculated from the N, adsorption
isotherms in the low pressure region revealed that all the Py-
COFs exhibited high specific surface areas (1200—1370 m?/g,
Figure S17) which are close to the theoretical value (1537 m?/
g) calculated by High-Throughput-based Complex Adsorption
and Diffusion Simulation Suite (HT-CADSS) according to the
literature method.'>* The pore size distribution analysis of Py-
COFs based on the nonlocal density functional theory
(NLDFT) indicated one main distribution centered at the
range of 1.20—1.45 nm (Figure 2b), which is close to the
theoretical value (1.38 nm, Figure 1a).

Stability of Py-COFs. The chemical stability of Py-
COFpcy was further examined by keeping the samples
under boiling water, aqueous NaOH (12 M) and HCI (12
M) solutions for 3 days. All the samples retained their
crystallinity, porosity, and chemical constitution upon treat-
ments in these harsh conditions. For example, after the
treatments, the PXRD patterns (Figure S9a), surface areas
(Figure S9b) and FT—IR spectra (Figure S10) remained
unchanged. Interestingly, crystalline Py-COF can also be
obtained in 6 M AcOH and 12 M HCI without adding any
organic solvents (denoted as Py-COF4p acon and Py-
COFy, y nep Figure S24), which indicates Py-COF can also
be formed and survived in those harsh conditions. These
control experiments reasonably corroborate the extraordinary
chemical stability of Py-COF in strong acidic condition.
Furthermore, the high hydrophobicity (Figure $23) might also
contribute to the high stability of Py-COFpcy, toward strong
acid and base, which protecting Py-COFpcy; from hydro-
lysis'®> and remains their high crystallinity (Figure S4).
However, the thermogravimetric analysis (TGA) result
indicated that Py-COFpcy was thermally stable up to 400
°C, and displayed only 25% weight loss even heated at 800 °C
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(Figure S3). Such superior stabilities render Py-COFs to be
good candidates for potential applications in catalysis,”
environmental remediation,” and energy storage related areas.’

Monitoring of Py-COF Formation Process. To shed
more insights into the growth of Py-COFs, time-dependent
condensations were conducted in CH,Cl, for monitoring the
evolution of the porous crystalline network. The condensation
reactions were thus carried out at 0.5, 1, 2, 5, 9, 15, and 24 h.
PXRD measurements were utilized to monitor their crystal-
linity. As shown in Figure 3a, the characteristic peak (260 =
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Figure 3. PXRD patterns of Py-COFpcy; at different reaction times:
(a) 0—5 h; (b) 5—24 h.

5.02°) for Py-COFs became visible after 0.5 h and increased to
be distinctive at ca. 1 h. With further elongation of reaction
time, the characteristic peak of Py-COF became dominant
while the diffraction peak for the monomer BFBAPy (20 =
7.90°) exhibited dramatic attenuations (0—S h) and
completely disappeared after ca. 9 h (Figure 3b). A highly
crystalline Py-COF sample can be obtained after 24 h (Figure
3b) and the intensity of diffraction peak did not exhibit further
enhancement after 36 h (Figure S14). Unlike the rapid
formation of crystalline boronate ester COFs at the nucleation
stage (within minutes),'” the growth of Py-COFs were
consistent with most reported imine-based COFs, which
involved an initial rapid precipitation of amorphous polymer
network (ca. 0—0.5 h) followed by gradual amorphous-to-
crystalline transformation step (0.5—24 h).'” Furthermore,
highly crystalline Py-COFs can be synthesized under different
atmospheres and at relative low concentrations (Figures S11—
S$13), which greatly simplified the synthetic procedure.
Meanwhile, the impact of stoichiometric imbalance on Py-
COF was also explored.'”® The intensity of Py-COF exhibited
obvious decrement while the full width at half-maximum
(fwhm) of the (100) diffraction peak at 5.02° showcased
gradual increase when different amounts (5%, 10%, 25%, and
50%) of 1,3,6,8-tetrakis(4-aminophenyl)pyrene (Py(NH,),)
were added in Py-COFpy, reaction system. The surface areas
of these controlled samples also exhibited distinct decrease
(Figure S33c). These results jointly indicated that the more
Py(NH,), was added, the worse the crystallinity became
(Figure S33a). The similar tendency was observed when
different amounts of aniline modulator'* were added to the
reaction system (Figures S33b, d). These observations are
different from the previous reported examples using co-
condensation strategy where the addition of modulator and the
stoichiometric imbalance did §reatly improved the crystallinity
of the resultant COFs.'®"'7%'®¥ Thus, in our current cases, the

stoichiometric imbalance might be insensitive to the
crystallinity of the COFs because both functional moieties
either are or are not soluble in different reaction conditions,
and it became easier to find suitable conditions that work for
COFs formation in this “two-in-one” systems that leads to the
good solvent adaptability.

Growth and Characterization of Py-COF Films. COFs
are usually obtained as insoluble powders, which hamper their
practical applications to some extent, especially for electronic
devices. Recently, oriented COF thin films have been
developed and served as active materials in optoelectronic
devices'” and photoelectrodes for water splitting.”” These
studies prompted us to grow Py-COF thin films using our
bifunctional monomer BFBAPy on various substrates such as
glass, ITO substrate, and silicon wafer. The successful growth
of highly crystalline Py-COF films on these substrates was
proven by their appearance of strong diffraction peaks at 5.02°
as that of Py-COF powder (Figure 4a). UV—vis absorption

(@)
Py-COF film on silicon wafer

Py-COF film on glass

pro— g
. Py-COF film on ITO 3

5 1’0 1% 20 25 30
20 (degree)

()

5 3.75
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Figure 4. (a) Photograph and grazing incidence XRD (GI-XRD)
patterns of Py-COF films grown on different substrates (3.75 mg/
mL) with an incidence angle of 0.2°. (b) Optical images of Py-COF
films obtained in varied monomer concentrations on glass. (c¢) SEM
image of Py-COF film grown on glass; (d) AFM images of Py-COF
thin film (3.75 mg/mL).

spectra of Py-COF film and powder were compared with that
of the monomer in Figure S8. Both of them exhibited intensive
light absorption in the visible light region. The absorption
onset of Py-COF powder and film were 552 and 557 nm,
which displayed a slight red shift compared with that of
BFBAPy (544 nm). SEM images of the transparent Py-COF
film on glass indicated the thin films were continuous and
composed of evenly distributed crystalline particles up to ca.
500 nm in size (Figure 4c). AFM images of the Py-COF thin
film (3.75 mg/mL) revealed a thickness of 105 nm (Figure 4d)
with root-mean-square (RMS) roughness of 10.14 nm (Figure
S19). The orientation of Py-COF film was investigated by 2D
synchrotron radiation grazing incidence wide-angle X-ray
scattering (2D-GIWAXS). The ring-like scattering pattern
indicated Py-COF film exhibited almost no preferred
orientation (Figure $32). The film thickness could be readily
tuned (Figure S18) by controlling the “initial concentration” of
the monomer, which can be recognized by the naked eye
(Figure 4b). Compared with other reported COF films,'”*°
the current Py-COF films exhibit better substrate adaptability
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(Figure 4a), less solvent dependence (Figure S20) and better
transparency (Figure S21). And such solvent adaptability for
Py-COF synthesis make it possible to grow high quality film on
ITO substrate with PEDOT/PSS coating (Figure S26). These
features would §reaﬂy facilitate their potential applications in
optoelectronics.” For example, a preliminary trial of such ﬁlm
applied as the hole transporting layers in perovskite solar cell**

was demonstrated. As shown in Figure 5, the device based on

Py-COF Film Glass Py COF Film Device
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Figure 5. (a) The schematic illustration of the device (with an
exposed active area of 0.03 cm?) fabrication process; (b) the device
architecture; and (c) current density—voltage (J—V) characteristic
curve under AM 1.5G 100 mW cm ™ simulated solar light by utilizing
Py-COF film as the hole transporting layer in perovskite solar cell.

the mixed perovskite (FAO_SSMAO‘ISPb(IO‘SSBr0_15)3)22b that
comprising formamidine lead iodide (FAPbI;, 85%) and
methylammonium lead bromide (MAPbBr;, 15%) showed an
open-circuit voltage (V,.) of 0.76 V, a short-circuit current
(J..) of 15.38 mA/cm? and a filled factor (FF) of 54.33%,
which resulted in a power conversion efficiency (PCE) of
6.36%.”* The performance of the resulting device is moderate
(Table S6); this experiment is a proof-of-concept demon-
stration of using transparent COF thin films for optoelec-
tronics. Improved photoenergy conversion efficiency would be
achievable when more matched energy gaps, better interfacial
quality, and large-area-oriented COFs films with less grain
boundaries are available.

Versatility of the Two-in-One Strategy. In order to
illustrate the generality and tolerance of the two-in-one
strategy, another two bifunctional monomers, 1,4-bis(4-
formylphenyl)-2,5-bis((4-aminophenyl)ethynyl)) benzene
(BFBAEB) and 1,6-bis(4-formylphenyl)-3,8-bis((4-
aminophenyl)ethynyl) )pyrene (BFBAEPy) (Figure 6a), were
designed and synthesized to construct two new COFs. As
expected, two corresponding crystalline COFs were facilely
synthesized in at least three different simplex organic solvents
(Figure S27). The PXRD pattern of BFBAEB-COF displays
strong diffraction at 2.95°, 5.94°, 8.93° 11.95° 14.97°, and
24.07°, which could be assigned to (100), (200), (300), (400),
(500), and (001) facets. Similarly, the diffraction peaks for
BFBAEPy-COF appear at 2.54°, 4.55°, 5.30°, 6.97°, 9.29°, and
24.00°, which were ascribed to the (100), (110), (200), (210),
(310), and (001) diffractions. It is noteworthy that both the
experimental PXRD results coincide well with the simulated
hexagonal AA-stacking models (Figures 6b, c), which is
different from the Py-COF (orthorhombic structure). The
details of structural simulation are summarized in Figures S28
and S29 and Tables S4—S5. The chemical constitution and
porosity of the two COFs were further confirmed by FI-IR and
N, sorption isotherms (Figures S30 and S31). Interestingly,
these two COFs built from the bifunctional monomers
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Figure 6. (a) Self-condensation of two new bifunctional monomers
BFBAEB and BFBAEPy to obtain the corresponding COFs.
Experimental PXRD patterns (black), Pawley refinement (purple),
their difference (green), simulated profiles using AA-stacking (red),
and AB-stacking (blue) modes for (b) BFBAEB-COF and (c)
BEBAEPy-COF.

(BFBAEB and BFBAEPy) with different substituted arm
length preferred to form heteroporous COFs with dual pores,
which were demonstrated by both the PXRD results and the
pore size distribution analysis (Figure S31). It is noteworthy
that these two dual-pore COFs with Kagome structures cannot
be formed by co-condensation of corresponding building
blocks (Schemes S9 and S10) which were also demonstrated
by the control experiments. For example, the co-condensation
of TEAB and TFPB failed to give any crystalline COF upon 10
different conditions screening (Figure S35). However, the co-
condensation of TAEPy and Py(CHO), afforded TAEPy-COF
only in specific solvent combinations (Figure S36) but resulted
in a single pore rhombic structure (Figure S37). These results
further confirm the rationality and feasibility of our two-in-one
molecular design strategy for new COF synthesis.

B CONCLUSIONS

In summary, we successfully developed a two-in-one molecular
design strategy to construct 2D imine COFs in easy and
versatile conditions. The use of single organic solvent as the
reaction media greatly facilitates the preparation of COFs.
Furthermore, it is readily possible to grow continuous Py-COF
thin films in high quality on various substrates based on the
“two-in-one” monomer. This strategy is also demonstrated to
be applicable for other two COFs synthesis with different
building blocks. Moreover, it could also be extended to
different synthetic techniques hke chemlcal vapor deposition”**
and interface-assisted synthesis’*® of molecular frameworks.
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Although more synthetic efforts are needed for obtaining the
elaborately designed bifunctional monomers, it is worthwhile
to consider the merits mentioned above. The utilization of the
“two-in-one” approach to construct crystalline COFs based on
a series of new building blocks and/or new linkages is currently
ongoing in our laboratory.
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