Article published online: 2021-02-16

THIEME

(o] VELITMETCEIIM S, Wu et al.

Two-Dimensional Conjugated Covalent Organic Framework Films
via Oxidative C-C Coupling Reactions at a Liquid-Liquid Interface

Shaofei Wu?®

Hoa Phan?®

Jing Li®

Haomin Xu®
Xing Li®
Dingguan Wang?®
Tun Seng Herngb
Yi Han?

Andrew Wee*®
Jun Ding®

Jiong Lu?®

Jishan Wu*24

?Department of Chemistry, National University of Singapore, 3 Science Drive 3,
117543, Singapore

b Department of Materials Science & Engineering, National University of Singapore,
119260, Singapore

“Department of Physics, National University of Singapore, 2 Science Drive 3, 117542,
Singapore

9Joint School of National University of Singapore and Tianjin University, International
Campus of Tianjin University, Binhai New City, Fuzhou 350207, China
chmwuj@nus.edu.sg

Received: 11.11.2020
Accepted after revision: 2.01.2021
DOI: 10.1055/s-0041-1723767; Art ID: om-20-00410a

License terms: @@@@

© 2021. The Author(s). This is an open access article published by Thieme under the
terms of the Creative Commons Attribution-NonDerivative-NonCommercial License,
permitting copying and reproduction so long as the original work is given appropriate
credit. Contents may not be used for commercial purposes, or adapted, remixed,
transformed or built upon. (https://creativecommons.org/licenses/by-nc-nd/4.0/)

Abstract The construction of conjugated covalent organic frameworks
(COFs) with strong C-C bond linkage remains a big challenge. Herein,
we report a new strategy by using an oxidative C-C coupling reaction
between electron-rich pyrrole rings at a liquid-liquid interface. Two
threefold symmetric monomers containing three terminal pyrrole units
were tested, and both gave two-dimensional conjugated COF films with
good crystallinity. The bipyrrole units in the as-formed COFs are partially
doped, which can be reduced to the neutral form by hydrazine and
redoped by I, vapor. The I>-doped films showed high conductivity (1.35
S/m). Meanwhile, the unpaired electrons exhibited moderate interlayer
antiferromagnetic coupling.

Key words covalent organic frameworks, oxidative C-C coupling,
liquid-liquid interfaces, conducting polymers, polypyrroles

Introduction

The past decade has witnessed a rapid growth of the
research area of covalent organic frameworks (COFs).!
Different design strategies> and postsynthetic modifica-

(NH,),S,0g aqueous

tions> have been used to strengthen the COFs with
reversible imine or hydrazine linkages. In addition, various
synthetic methods have been developed to construct COFs
with less reversible linkages such as phenazine,* triazine,’
oxazole® PB-ketoenamine,” or dioxin linkages.® Ideally,
unsaturated C-C linkage not only provides structural
robustness, but also allows m-electron delocalization along
the framework. However, the synthesis of C-C bond-linked
conjugated COFs is very challenging and so far, there have
been only a few examples. Metal-mediated C-C coupling
under ultrahigh vacuum conditions has been used to
construct two-dimensional (2D) conjugated polymers on
surface,® but the domain size is normally less than 100 nm.
Loh’s group demonstrated the formation of crystalline 2D
conjugated aromatic polymers by C-C coupling between
aryl halogens at high temperature (>500 °C) in single
crystals.!® Feng and Jiang’s groups reported the bulk
synthesis of olefin (C = C bond) linked conjugated COFs
by using the Knoevenagel condensation.!! Recently, Yaghi,
Perepichka, and Zhang’s groups successfully constructed
similar type COFs by applying the Aldol condensation
reaction.!? In addition, transition-metal-mediated C-C
coupling reactions at a liquid/liquid or a liquid/gas interface
have been used to form thin crystalline conjugated COF
films, and so far, [Cu]-mediated Ellington homocoupling'3
and [Pd]-catalyzed Suzuki cross-coupling’® have been
successfully demonstrated. Herein, we report a new
approach to construct 2D-conjugated COF films by using
oxidative C-C coupling between the electron-rich pyrrole
rings at a liquid/liquid interface.
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It is well known that polypyrroles are usually synthesized
by direct oxidative homocoupling of pyrrole monomers.'> One
common oxidant is ammonium persulfate (APS), which is
soluble in water. On the other hand, the pyrrole monomers are
soluble in organic solvents. Therefore, we came up with the
idea to synthesize crystalline COF films at the dichloro-
methane (DCM)/water interface. The immiscibility between
DCM and water will allow the oxidative coupling between the
pyrrole rings to take place slowly. To test this idea, two
threefold symmetric monomers 1 and 2 with three terminal
pyrrole rings were synthesized [see the Supporting Informa-
tion (SI)] and used for the interfacial synthesis of two
crystalline COF films, PhPy-COF and TPhPy-COF, respectively
(Scheme 1). The bipyrrole units in the as-formed COFs are
partially doped, which can be reduced to the neutral form
(PhPy-COF-N and TPhPy-COF-N) by hydrazine and redoped
by I, vapor (PhPy-COF-I and TPhPy-COF-I). The iodine-doped
COFfilm showed an excellent conjugated nature as well as high
lateral conductivities (1.35 S/m for PhPy-COF-I and 0.17 S/m
for TPhPy-COF-I). Meanwhile, a strong interlayer spin-spin
coupling was observed, and this led to moderate antiferro-
magnetic property of the COFs.

Results and Discussion

The threefold symmetric monomers 1 and 2 with three
terminal pyrrole rings were used for the interfacial synthesis of
crystalline COF films (Scheme 1). In both cases, yellow brown
thin films were formed at the interface after 2 days (Figure 1a).
However, under similar reaction conditions, an N-methylated
analogue of 2 (denoted as compound 3, see SI) failed to give

TPhPy-COF (n = 1, X" = SO,2) NG )

Original Article

NH,NH,H;0

PhPy-COF-N (n = 0) \i
TPhPy-COF-N (n = 1) =

Figure 1 Liquid/liquid interfacial synthesis and microscopic observa-
tions of PhPy-COF. (a) A photograph of the liquid/liquid interfacial
synthesis in a glass vial. (b) Optical microscopy image on a silicon
substrate. (c) AFM image on a silicon substrate and the inset is a cross-
sectional analysis along the white line. (d, e) HR-TEM images and the
insets are the d-spacing profiles.

any crystalline film, implying that the hydrogen bonding
between the free pyrrole rings and the water may help to
preorganize the molecules at the interface and facilitate
formation of a crystalline 2D polymer after oxidative C-C
coupling (Figure S3 in SI). A low concentration of APS
(Caps = 2 x 107> mol/L for PhPy-COF) is preferred; however,
increasing the concentration gave thicker films with deceased
crystallinity (see optimization in SI). The proposed C-C

© 2021. The Author(s). Organic Materials 2021, 3, 60-66
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coupling at the a-position of the pyrrole ring was supported by
oxidative dimerization of a model compound (Py-M, see SI).
The PhPy-COF and TPhPy-COF samples prepared under
optimal conditions showed a crimp and overlay film with
typical lateral dimension of 400-600 ym under a normal
optical microscope (Figure 1b)and birefringence was observed
under a polarized optical microscope (Figures S5 and S6 in SI),
implying an anisotropic and crystalline nature. Scanning
electron microscopy images of the films showed sheet-like
structures and element mapping revealed uniform distribu-
tion of the carbon and nitrogen atoms (Figures S7 and S8 in SI).
Atomic force microscopy (AFM) measurements showed a
uniform and smooth film with a thickness of about 37 and
100 nm for PhPy-COF and TPhPy-COF, respectively (Figure 1c
and Figure S10in SI). The high-resolution transmission electron
microscopy (HR-TEM) image showed lattice fringes with a d-
spacing of 1.67 nm (Figure 1d), which can be correlated to the
(100) plane, and the lattice fringes with a d-spacing of 0.34 nm
(Figure 1e) present the interlayer distance (see more TEM
images in Figure S9). On the other hand, TPhPy-COF also
showed polycrystalline character (Figure S11 in SI).

The crystallinity of PhPy-COF and TPhPy-COF was further
confirmed by powder X-ray diffraction (PXRD). The thin films
were dispersed in ethanol and loaded on a low-background
silicon-wafer. A 2D trigonal layered structure was expected to
form and thus both eclipsed and staggered stacking modes
were considered. It was found that the ratio of occupying anions
(SO4%7) could lead to remarkable variation of the simulated
X-ray diffraction (XRD) pattern (Figure S12 in SI), similar to a
previous report.’® The PXRD pattern of PhPy-COF showed
peaks centered at 5.26° and 8.67°, which can be ascribed to
(100) and (110) reflection planes, respectively (Figure 2a).
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Figure 2 Left: experimental (black) and refined (red) PXRD patterns of
PhPy-COF (a) and TPhPy-COF (c), with the difference shown as a pink
line. The simulated XRD patterns of the eclipsed and staggered stacking
modes are shown in blue and purple lines, respectively. Right: snapshots
of the simulated structures of PhPy-COF (b) and TPhPy-COF (d).

Pawley refinement gave unit cell parametersa = b = 19.82 A,
¢ = 6.79 A, with R, = 3.40% and Ry, = 2.12% for PhPy-COF.
The experimental PXRD patterns agreed better with the
staggered stacking mode (AB stacking). For TPhPy-COF, two
strong peaks at 26 = 3.04° and 7.98° were observed, which can
be attributed to (100) and (210) reflection planes, respectively
(Figure 2c). Pawley refinement afforded unit cell parameters
a=b=3413 A, ¢ =340A, with R, =2.55% and Ry, =
3.61%, which matched better with an eclipsed stacking mode
(AA stacking). It should be noted that the experimental results
did not match very well the theoretical simulation, mainly due
to disorder induced by partial doping of the COFs during the
synthesis (vide infra). PhPy-COF has a higher doping level,
which causes a larger interlayer repulsion and leads to a
different packing mode from TPhPy-COF.

Nitrogen sorption isotherm analysis revealed a porous
nature with a Brunauer-Emmett-Teller (BET) surface area
of about 233 and 435 m?/g for PhPy-COF and TPhPy-COF,
respectively (Figure S13 in SI). Such low BET values indicate
that some anions occupy the pores.!” X-ray photoelectron
spectroscopy (XPS) N1s spectra of PhPy-COF and TPhPy-
COF could be deconvoluted into two Gaussian peaks
centered at 401.4 and 399.4 eV, which are originated
from TC-N and C-N, respectively (Figure 3). That means,
parts of the bipyrrole units have been already oxidized into
radical cations. The counter ion (X~) should be mainly
sulfate (SO427), which was evidenced by the energy
dispersive spectroscopy mapping and XPS S2ps/, spectra
(Figures S15 and S16 in SI). The paramagnetic nature of the
sample (vide infra) limited NMR analysis. Fourier-transform
infrared (FT-IR) spectra (Figure 4) of the monomers 1 and 2
revealed typical bands at about 3230, 1620, and 1460 cm™!,
which can be correlated to the N-H, C=C, and C-N
stretching vibrations, respectively. In PhPy-COF and TPhPy-
COF, these bands remained but became broad, and a new
band at 1670 cm~! related to the C = C-C* stretching
vibration appeared.

The PhPy-COF and TPhPy-COF films were then chemically
reduced by excessive hydrazine for 24 hours to give pale
yellow films, which are supposed to be the respective neutral
forms (PhPy-COF-N and TPhPy-COF-N). XPS N1s spectra
suggested a significant decrease of the fraction of the oxidized
bipyrrole unit. FT-IR and Raman spectra showed the same
trend (Figure 4, Figure S14 and Table S1in SI), but the reduction
could not be completed even in a longer reaction time. PXRD
measurements revealed that the films lost their crystallinity
after reduction. These reduced films were then exposed to
saturated I, vapor for 12 hours to give the redoped films
(denoted as PhPy-COF-I and TPhPy-COF-I) in black color. XPS
N1s spectra indicated that in both cases, the bipyrrole units
were almost fully oxidized and the IR band for the C = C-C*
bond became more intense. In addition, the XPS 13d spectra
showed a major peak at 619.5 eV and a shoulder peak at
623.8 eV, which could be correlated to I3~ and I5~, respectively

© 2021. The Author(s). Organic Materials 2021, 3, 60-66
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Figure 3 XPS N1s spectra of (a) 1, PhPy-COF, PhPy-COF-N, and PhPy-
COF-I films, and (b) 2, TPhPy-COF, TPhPy-COF-N and TPhPy-COF-I
films.

(Figure S18 in SI). Therefore, the dominant counter ion in the
I,-doped COFs is Is~. With increasing doping level, the lowest
energy absorption onset of PhPy-COF-N, PhPy-COF, and
PhPy-COF-I was red-shifted (Figures S19 and S20 in SI) and a
similar trend was observed for TPhPy-COFs. The optical energy
gap of PhPy-COF-I and TPhPy-COF-1 was estimated to be 1.42
and 1.47 eV, respectively. Cyclic voltammetry measurements
revealed that PhPy-COF-1/TPhPy-COF-I exhibited one reduc-
tion wave with E; /zred at —0.08 V/— 0.47 V and one oxidation
wave with E; ;% at 0.80/0.99 V (vs. Fc*/Fc) (Figure S21 in SI).
Thus, the electrochemical energy gap was estimated to be 1.12
and 1.46 eV, respectively. This also means that the bipyrrole
unitin the former is easier to undergo oxidation than the latter,
which can explain the higher doping level in PhPy-COF and
PhPy-COF-1.

N N
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Figure4 FT-IR spectra of (a) 1, PhPy-COF, PhPy-COF-N and PhPy-COF-
I films, and (b) 2, TPhPy-COF, TPhPy-COF-N, and TPhPy-COF-I films.

The electrical conductivity of all six films was measured
with a lateral two-electrode device with a channel length of
~50 pmand a channel width of ~200 pm (Figure 5, inset). The
COF films were carefully loaded on a SiO, substrate, followed
by deposition of 5 nm Cr and then 50 nm Au as electrodes
(Figures S22-S25 in SI). For all devices, a nonlinear I-V curve
was observed, indicating a Schottky contact. The conductivity
crossing the films was estimated to be 0.27, 0.72, 1.35, 0.017,
0.083, and 0.17 S/m (Figure 5 and Figure S26 in SI) for
PhPy-COF-N, PhPy-COF, PhPy-COF-I, TPhPy-COF-N,
TPhPy-COF, and TPhPy-COF-I, respectively. Among them,
PhPy-COF-I showed the highest conductivity due to the
highest doping level. Such high conductivities of the fully
doped films are comparable with or superior to many reported
COFs (Table S2).8

© 2021. The Author(s). Organic Materials 2021, 3, 60-66
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Figure 5 Ips—Vps characteristic curves of the PhPy-COF, PhPy-COF-N,
and PhPy-COF-I films; the inset is an optical image of the two-electrode
device as well as a schematic device structure.

An intense one-line ESR signal was observed for both
PhPy-COF and TPhPy-COF, with a g. value of 2.0038 and
2.0034, respectively (Figure S27 in SI), indicating a typical
carbon-centered radical with spin partially delocalized onto
the nitrogen atom. The reduced PhPy-COF-N and TPhPy-
COF-N showed a much weaker ESR signal, but the intensity
increased gradually during the doping and reached saturation
in about 3 hours (Figure 6a and Figure S28 in SI). Due to the
1,3,5-benzene linkage, the bipyrrole or the biphenylbipyrrole
units are cross-conjugated. Density functional theory calcu-
lations on two fragments of the fully doped PhPy-COF-I and
TPhPy-COF-I predict that the quartet state is the ground state
and the spin densities are mainly delocalized on the bipyrrole
units (Figure S30 in SI). Therefore, the oxidized radical cations
could be coupled in a ferromagnetic mode, which is desirable
for molecule-based magnets.!® However, superconducting
quantum interference device (SQUID) measurements on
PhPy-COF-I and TPhPy-COF-I at 2-300 K showed that the

(a) (b)
2000
UD/D/D»—D 0.04{ = .
-
T N H \
1000 ¢ L :
. g00371 J
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[7] 4 ’
§ PhPy-COF-N S 0.02 4
= “omin [ AEg; = -3.4 keal/mol
-1000 3o min =
—60 min ¥0.01
90 min
120 min
-2000 —=A50min - N
0.00 2% P
323 0 50 100 150 200 250 300 350

324 325 326
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Figure 6 (a) ESR spectra of PhPy-COF-N during the I, doping process;
the inset shows the ESR intensity variation with time. (b) xuT-T plot of
PhPy-COF-1 in SQUID measurement and the red line is the fitted curve.
Inset is an interlayer stacked dimer model used for the data fitting.

product of molar magnetic susceptibility (xm) and tempera-
ture (T) increased with temperature, indicating an antiferro-
magnetic coupling (Figure 6b and Figure S29 in SI). Fitting of
the data based on a stacked dimer model using the Bleaney-
Bowers equation?® gave a moderate singlet-triplet energy gap
(AEs_1) of —3.4 and —2.8 kcal/mol for PhPy-COF-1 and TPhPy-
COF-I, respectively. Such a difference can be ascribed to the
close stacking of the radical cations between the neighboring
layers.

Conclusions

In summary, we have successfully developed a new
interfacial synthesis of 2D-conjugated COF films by using an
oxidative C-C coupling reaction between pyrrole rings. This
method likely can be extended to other electron-rich
monomers. The obtained COFs are partially doped and can
be de-doped or redoped. The fully doped COF films showed
high conductivities via electron transport between the
neighboring layers. However, these threefold symmetric
COFswiththe 1,3,5-benzenelinkage did not show the desired
FM coupling and long-range magnetization ordering mainly
due to the interlayer antiferromagnetic spin-spin coupling.
Therefore, for the future design of magnets, it is necessary to
choose abulkyredox-active unitor control the packing mode.
So far, the crystallinity of this type of C-C-linked COF has been
still limited by the irreversibility of the oxidative C-C
coupling reaction and partial doping, which could be further
improved by tuning the monomer structure and by using
surfactant-monolayer-assisted interface synthesis.?!

Experimental Section

The Ips—Vps datawere collected on a Keithley 4200 analyzer
at room temperature in air. The devices were fabricated as
follows: firstly, the COF films were carefully loaded onto a SiO,-
coated silicon wafer by immersing the wafer into the DCM/H,0
interface and taking it out gently with the films covered on the
surface. After drying under vacuum for 2 days, Cr (5 nm) and
Au (50 nm) were deposited onto the COF films through a
shadow mask as source/drain electrodes for the measurement
of conductivity. The Ips—Vps curves were measured between
the two electrodes with a channel length of ~50 pm (L) and a
channel width of ~200 pm (W). The thickness (T) of the COF
films was determined by AFM. The conductivity (o, S/m) was
calculated by the following equation:

R = AUJAI
6 = LJ(R'W*T)

where R is resistance; AU is fixed to 0.5V, while Al
corresponded to the current changes between —1.5and -2 V.

© 2021. The Author(s). Organic Materials 2021, 3, 60-66
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Magnetic Measurements

Continuous wave X-band ESR spectra were obtained
with a JEOL (FA200) spectrometer at room temperature. A
Quantum Design 7 Tesla SQUID-VSM system was used for
the SQUID measurements in this work. A powder sample
was sealed in a plastic capsule. The magnetic susceptibility
was measured in the temperature range of 2-300 Kwith an
applied field of 0.5 T. After correction of diamagnetic
contributions from the sample, sample holder, and para-
magnetic contamination, the magnetic data were fitted by
using the Bleaney-Bowers equation using tabulated con-
stants2? based on a monomer-dimer model:

2NB g2
kg[3+exp(—2]/ksT)]

AT

where, —2] is correlated to the excitation energy from the
singlet to the triplet state.

Procedures

PhPy-COF: Under an argon atmosphere at room
temperature, a DCM solution of monomer 1 (5 x 107>
mol/L, 200 mL) was poured into a glass cylinder with a
diameter of 600 mm. The solution was then covered with
pure water (200 mL), thus a two-phase system was formed.
An aqueous solution of (NH,),S;0s (2 x 107> mol/L) was
added gently on top of the water layer. The reaction system
was kept undisturbed for 2 days, and a yellow brown film of
PhPy-COF (1.9 mg, 69%) was generated at the interface.

TPhPy-COF: The synthetic procedure is the same as that of
PhPy-COF. Under an argon atmosphere at room temperature,
aDCM solution of monomer 2 (5 x 107> mol/L, 200 mL) was
poured into a glass cylinder with a diameter of 600 mm. The
solution was then covered with pure water (200 mL), thus a
two-phase system was formed. An aqueous solution of
(NH4),S50z (1 x 1073 mol/L) was added gently on top of the
water layer. The reaction system was kept undisturbed for
2 days, and a yellow brown film of TPhPy-COF (3.9 mg, 78%)
was generated at the interface.

PhPy-COF-N: Under an argon atmosphere at
room temperature, a DCM solution of monomer 1
(5 x 107> mol/L, 200 mL) was poured into a glass cylinder
with a diameter of 600 mm. The solution was then covered
with pure water (200 mL), thus a two-phase system was
formed. An aqueous solution of (NH,),S;0s (2 x 107>
mol/L) was added gently on top of the water phase. The
reaction system was kept undisturbed for 2 days, and a
yellow brown film of PhPy-COF was generated at the
interface. Then 0.2 mL N,H4H,0 was added gently to the
water phase. The reaction system was kept undisturbed for
another 1 day, and a light-yellow film (1.6 mg, 58%) was
obtained at the interface.

TPhPy-COF-N: The synthesis procedure is the same as
that of PhPy-COF-N. Under an argon atmosphere at room
temperature, a DCM solution of monomer 2 (5 x 10> mol/L,
200 mL) was poured into a glass cylinder with a diameter of
600 mm. The solution was then covered with pure water
(200 mL), thus a two-phase system was formed. An aqueous
solution of (NH4)»S,0g (1 x 1073 mol/L) was added gently on
top of the water layer. The reaction system was kept
undisturbed for 2 days, and a yellow-brown film of TPhPy-
COF was generated at the interface. Then 0.2 mL N,H4H,0
was added gently to the water phase. The reaction system was
kept undisturbed for another 1 day, and the yellow-brown
film (3.7 mg, 74%) was transformed into light yellow at the
interface.

PhPy-COF-I: Under an argon atmosphere and in the
dark, a 20 mL single-neck bottle containing PhPy-COF
loaded on a silicon or quartz plate was put into another
50 mL single-neck bottle with I, on the top of the bottom.
Then the 50 mL bottle was sealed and kept undisturbed for
1 day. After that, the solid was put under high vacuum to
remove excessive I, and a nearly black powder of PhPy-
COF-I was obtained.

TPhPy-COF-I: The synthesis procedure is the same as
that of PhPy-COF-1. Under an argon atmosphere and in the
dark, a 20 mL single-neck bottle containing TPhPy-COF
loaded on a silicon or quartz plate was put into another
50 mL single-neck bottle with I, on the top of the bottom.
Then the 50 mL bottle was sealed and kept undisturbed for
1 day. After that, the solid was put under high vacuum to
remove excessive I, and a nearly black powder of TPhPy-
COF-I was obtained.
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