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We show a facile building block exchange strategy for the preparation
of amino-functionalized imine-linked covalent organic frameworks
(COFs) due to its great significance for promoting the diverse appli-
cations of COFs, which are usually inaccessible via de novo methods.
The developed strategy offers a new method for the preparation of de
novo unreachable COFs.

Covalent organic frameworks (COFs) are crystalline porous
organic materials in which organic monomers are networked
with covalent bonds based on reticular chemistry." Their
unique properties encompassing inherent porosity, high
stability, low density, accessible modification, and predicable
structures give COFs high potential for applications like energy
storage,®” catalysis,* photoconduction,'>" sensing’ and
separation.'* As one of the most studied kinds of COF, imine-
linked COFs (ICOFs) are fabricated via the polymerization of
aldehydes and amines."™'® Amino groups, which contain lone
pairs of electrons, can form hydrogen bonds and are liable for
further derivatization. Thus, amino-functionalized materials,
such as metal organic frameworks (MOFs), persistent lumi-
nescence nanoparticles, quantum dots, carbon nanotubes, and
magnetic nanoparticles are prevalent in various emerging
areas."’" However, it is a great challenge to prepare de novo
amino-functionalized ICOFs (ICOFs-NH,) due to the participa-
tion of amino groups in the formation of ICOFs.*?

Herein, we report a facile building block exchange (BBE)
strategy for preparing de novo unreachable ICOFs-NH,. BBE
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presents various unique features for preparing unreachable
MOFs by direct synthesis methods, engineering the pores and
introducing the desired functional behavior of MOFs.>**
However, so far utilizing BBE for synthesizing unreachable
COFs remains mostly unexplored.* As a proof of concept, here
we show the design of the BBE strategy for the preparation of de
novo unreachable PTBD-NH, and PTPA-NH, (Fig. 1).

The BBE strategy started from the solvothermal preparation
of two new crystalline ICOFs PTPA and PTBD as the mother
COFs via the direct condensation of 1,3,5-tris(4-formyl-phenyl)
triazine (PT) with 1,4-phenylenediamine (PA) and benzidine
(BD), respectively (Fig. 1; ESIT). In our preliminary design, 3,3’
diaminobenzidine (BD-NH,) and 1,2,4-benzenetriamine (PA-
NH,) were used to displace the PA in PTPA and the BD in PTBD,
respectively. However, the same crystal structure between the
mother COFs and daughter COFs in this preliminary design led
to no obvious change in the main PXRD patterns of the
prepared COFs before and after BBE (Fig. S1 and S2, ESIY), so
this is unfavorable for the characterization of the BBE process.

To clearly elucidate the feasibility of the proposed BBE
methodology, the BBE preparation of daughter COFs with
different structures from their mother COFs was designed. We
employed BD-NH, and PA-NH, to displace the PA in PTPA and
the BD in PTBD to produce their daughter ICOFs-NH,, PTBD-
NH, and PTPA-NH,, respectively (Fig. 1; ESIT). The concentra-
tion of reactant, reaction time and reaction temperature are
critical to the BBE process. As for the BBE of PTPA, 1 equivalent
(equiv.) and 5 equiv. of BD-NH, resulted in the transformation
of the crystalline mother COF PTPA to an amorphous polymer
(Fig. S3, black and red lines, ESIT). A further increase of BD-NH,
to 10 equiv. led to a new crystalline product, indicating the
completion of the BBE process (Fig. S3, blue line, ESIf). In
contrast, only 1 equiv. of PA-NH, was sufficient to drive the
transformation of PTBD to PTPA-NH, (Fig. S4, black line, ESIY).
An increase of PA-NH, to 2 equiv. resulted in weak crystallinity
and a low yield (Fig. S4, red line, ESIt). However, a further
increase of PA-NH, to 5 equiv. led to no powder formation after
BBE.
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Fig. 1 BBE strategy for the preparation of de novo unreachable COFs PTBD-NH, and PTPA-NH,.

One or two days were insufficient for the BBE preparation of
PTBD-NH, and PTPA-NH, due to no obvious diffraction peaks
for the obtained powder (Fig. S5 and S6, black and red lines,
ESIT). However, a 3 day reaction significantly improved the
diffraction peaks of the BBE products, indicating that a long
reaction time is beneficial for the BBE process (Fig. S5 and S6,
blue lines, ESIT). Expanding the reaction time to 4 days resulted
in no obvious change in the diffraction peaks, demonstrating
that the replacement of PA and BD by BD-NH, and PA-NH, was
completed in 3 days, respectively (Fig. S5 and S6, magenta lines,
ESIT). The optimization of the reaction temperature indicated
that a high (80 °C and 120 °C) or low (room temperature)
temperature was unsuitable for the BBE process, and 40 °C was
the most favorable condition for the BBE preparation of PTBD-
NH, and PTPA-NH, (Fig. S7 and S8, ESIY).

During the BBE process, the color of the mother ICOFs PTPA
and PTBD evidently changed from yellow to dark red and
tangerine, respectively (Fig. S9 and S10, ESIT). The BBE process
from PTPA to PTBD-NH, was proved by powder X-ray diffrac-
tometry (PXRD). The PXRD pattern of PTPA showed several
peaks at 2.90° 4.96°, 7.53°, 9.98°, and 25.89°, which coincided
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with the simulated pattern for PTPA (Fig. S11-S14, and Table S1,
ESIT) produced with the space group P6/m (a = b = 35.58449 A,
¢ =3.504939 A, « = 8 = 90° and y = 120°). The BBE process
resulted in an obvious change in the PXRD pattern. The ob-
tained daughter COF from PTPA exhibited a PXRD pattern with
several peaks at 2.40°, 4.21°, 4.88°, 6.41°, and 25.85° (Fig. 2a),
which agreed well with that of the simulated structure of PTBD-
NH, produced with eclipsed AA stacking mode with the unit cell
parameters a = b = 41.870403 A, ¢ = 3.76792 A, « = § = 90° and
v = 120° (Fig. 2b and ¢, S15, S16 and Table S2, ESIY).
Similarly, the BBE preparation of PTPA-NH, from PTBD was
also assessed by PXRD. The diffraction pattern for PTBD
showed seven peaks at 2.30°, 4.02°, 6.20°, 8.06°, 8.31°, 10.18°
and 25.77°, which was consistent with the simulated PTBD
structure (Fig. S17-S20 and Table S3, ESIt). The diffraction
peaks of the generated powder after BBE at 2.81°, 4.73°, 5.53°,
7.35° and 25.44° are indexed to the simulated PTPA-NH,
structure (Fig. 2d-f, S21, S22 and Table S4, ESIt). The significant
changes in the PXRD patterns indicated that the structures of
PTPA and PTBD were rearranged to form PTBD-NH, and PTPA-
NH, via BBE transformation, respectively. Additionally, the

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 (a and d) PXRD patterns of the ICOFs before and after BBE. (b and e) Experimental and simulated patterns (AA eclipsed model and AB
staggered model) of ICOFs-NHo. (c and f) Graphic top and side view of ICOFs-NH, (gray, C; yellow, N; white, H).

daughter COFs PTBD-NH, and PTPA-NH,, as well as the parent
ICOFs PTPA and PTBD, do not conform with the staggered AB
model of the simulated structures, indicating that all of the
prepared ICOFs have an AA eclipse structure. In contrast, the
conventional de novo approach is inaccessible for the synthesis
of ICOFs-NH, PTPA-NH, and PTBD-NH, as the powders ob-
tained via the direct condensation of PT with PA-NH, and BD-
NH, are amorphous polymers rather than crystalline COFs
(Fig. $23, ESIYt).

The BBE process was also confirmed by Fourier transform
infrared (FTIR) spectroscopy, '>C cross-polarization magic angle
spinning solid-state nuclear magnetic resonance (CP-MAS
SNMR) spectroscopy, elemental analysis, and zeta potential
measurements. The FTIR spectra of the BBE product from PTPA
show similar vibration bands to that of PTBD, but also show an
additional two N-H stretching bands for the -NH, groups
(3411 em™ !, stretching of one N-H overlaid with the N-H
stretching of incompletely reacted groups at the defects;
3197 cm™', stretching of the other N-H), indicating the
successful conversion of PTPA to PTPB-NH, (Fig. 3a, S24 and
S25, ESIT). The BBE product of PTBD also exhibited similar
vibration bands to that of PTPA and an additional two N-H
stretching bands (3418 cm™', 3170 ecm™'), confirming the
transfer from PTBD to PTPA-NH, (Fig. 3d). >C CP-MAS SNMR
spectroscopy offers more strong evidence for BBE. Compared
with the CP-MAS-SNMR spectra of the original PTPA, great
changes were observed after the BBE process. In addition to the
peak of 164 ppm, corresponding to the carbon of the amines,
the >C CP-MAS SNMR spectra of PTBD-NH, show a peak at
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143 ppm for the carbon of the aromatic amine (Fig. 3b). The
BBE of PTBD also led to great changes and the carbon peaks of
the amine and aromatic amine shifted to 164 ppm and
146 ppm, respectively (Fig. 3c). Additionally, elemental analysis
gave the content of C (73.51 + 2.39%), H (4.78 & 0.44%), and N
(20.15 + 1.21%) for the as-prepared PTBD-NH, via BBE, which
was in good agreement with the analytically calculated content
of C (76.35%), H (4.58%) and N (19.08%) for the simulated
infinite PTBD-NH,. Meanwhile, the measured elemental
content (C, 73.73 & 1.94%; H, 4.67 + 0.40%; N, 20.26 + 1.16%)
for the as-prepared PTPA-NH, via BBE also coincided with the
theoretical values (C, 75.63%; H, 4.33%; N, 20.04%). The zeta
potentials of the obtained PTBD-NH, (—3.89 mV) and PTPA-NH,
(—10.63 mV) were less negative than those of PTBD (—32.03 mV)
and PTPA (—38.54 mV), respectively, due to the introduction of
-NH, to the COFs (Fig. S26 and S27, ESI{). All of the above
results strongly support the reality of the BBE process.

N, adsorption-desorption analysis was used to characterize
the pore properties of the prepared ICOFs (Fig. 3c and f). The
Brunauer-Emmett-Teller (BET) surface areas and the pore sizes
of PTPA and PTBD-NH, via BBE were calculated to be 579 m?
g ' and 398 m* g, and ca. 38 A and 41 A (Fig. S28 ESI{),
respectively. The prepared PTBD and PTPA-NH, gave BET
surface areas of 605 m”> g~ ' and 369 m” g~ !, and pore sizes of ca.
43 A and 36 A (Fig. S29 ESI{), respectively. The loss in BET
surface area after BBE was a result of the smaller pieces of the
obtained ICOF-NH, (Fig. S30, ESI{).

The scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) images show that the daughters

J. Mater. Chem. A, 2018, 6, 17307-17311 | 17309
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Fig.3 (aand d) FTIR spectra of the ICOFs before and after BBE. (b and e) 1*C CP-MAS SNMR spectra of the ICOFs before and after BBE. (c and f)
N, adsorption—desorption isotherms for the ICOFs before and after BBE.

PTBD-NH, and PTPA-NH, exhibited obviously different
morphologies from their mother COFs PTPA and PTBD, but
were similar to PTBD and PTPA, respectively (Fig. S31 and S32,
ESIt). Thermogravimetric curves indicated that the as-prepared
COFs exhibit high thermal stability with no unusual weight loss
up to 400 °C (Fig. S33 and S34, ESIt).

All of the above characterization data have confirmed the
successful preparation of ICOFs-NH,, indicating that BBE is
a promising synthetic strategy to resolve the challenge of
preparing de novo unreachable COFs. The preparation of COFs
is on the basis of dynamic covalent chemistry (DCC),>**** which
is also a key mechanism of BBE. Due to the linkage of organic
monomers with reversible covalent bonds, the substituting
monomers can exchange the building blocks as long as suffi-
cient driving forces are provided.

The formation of ICOFs is based on the nucleophilic addi-
tion reaction of aldehydes and amines. Compared with PA, the
enhancement of the p-m conjugated system of BD-NH, reduces
the electronic cloud density of the amino group, leading to BD-
NH, having a lower nucleophilicity than PA. Therefore, a high
concentration (10 equiv.) of BD-NH, is required to drive the
nucleophilic substitution between the PA in PTPA and BD-NH,.
In contrast, the higher nucleophilicity of PA-NH, compared to
that of BD results in only 1 equiv. of PA-NH, being sufficient to
drive the nucleophilic substitution for the preparation of PTPA-
NH, from PTBD. A further increase in the concentration of PA-
NH, results in a rapid reaction which is favorable for the
formation of amorphous polymers and oligomers.** The
reversibility of the covalent bonds in COFs results in the
repeated formation and breakage of the linkage. The formation
of polymers is always alongside the self-healing feedback

17310 | J. Mater. Chem. A, 2018, 6, 17307-17311

process which includes “error checking” and “proof-reading”,
which is a key process for the formation of ordered struc-
tures.*>** This self-healing feedback needs sufficient time to
reduce the incidence of defects in the structure. Therefore,
a three day reaction is required to complete the formation of the
stable crystalline structure of PTPA-NH, and PTBD-NH,. DCC is
a thermodynamically controlled process and the temperature is
essential to guarantee the reversibility of the reaction.*?
Different from the traditional synthesis of COFs at high
temperatures, the BBE process occurs under moderate
temperatures. A high temperature leads to high solubility for
the reactant and a high reaction rate, which are unsuitable for
the replacement reaction.

Conclusions

We have proposed a BBE strategy for the preparation of de novo
inaccessible COFs. The higher reactivity of the substituting
monomers provides sufficient driving force for BBE. In contrast,
a higher concentration is needed to drive the BBE process in the
case of the substituting monomers with a lower reactivity.
Adequate reaction time and suitable reaction temperature are
also critical to the BBE process. The proposed strategy not only
extends amino-function into COF materials, but also opens up
a new way to prepare de novo inaccessible functionalized COFs.
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