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The synthesis of crystalline two-dimensional (2D) covalent organic frameworks (COFs) with fully unsatu-
rated carbon-carbon backbones via a solution approach remains a great challenge. In this work, we
report the first example of an olefin-linked 2D conjugated COF using a Knoevenagel polycondensation
reaction of 1,4-phenylene diacetonitrile and three armed aromatic aldehyde. The resulting 2D poly(phe-
nelyenevinylene) framework (2DPPV) possesses a sheet morphology, and a crystalline layered structure
featuring a fully spz-bonded carbon skeleton with pendant cyanide groups. Its unique alternating structure
with a serrated configuration has been essentially evaluated using HR-TEM TEM analysis, nitrogen physi-
sorption measurements, PXRD studies and theoretical simulations. Upon thermal and activation treat-
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ments, the as-prepared 2DPPV can be facilely converted into porous carbon nanosheets with large
specific surface areas of up to 880 m? g~ which exhibit an excellent electrochemical performance as
supercapacitor electrodes and electrocatalysts for the oxygen reduction reaction. This represents an
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Introduction

In the family of two-dimensional (2D) soft materials," 2D poly-
mers® have drawn increasing attention due to their laterally
infinite, one-atom or one-monomer-unit thick, freestanding
networks with topologically repeating units based on covalent/
non-covalent connection bonds. These unique structural fea-
tures of 2D polymers qualify their potential in optoelectronics,
catalysis, membrane technology, etc.> Most of the approaches
to covalent 2D polymers have been focused on the “bottom-
up” surface/interface synthesis® or “top-down” delamination/
exfoliation® of synthesized laminar structures, in particular for
crystalline covalent organic frameworks (COFs).® Fully conju-
gated COFs and 2D polymers remain less explored by far, with
only a few examples, limited to the imine-bond” and metal-
organic coordination derived frameworks.® The synthesis of
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economic non-template approach to 2D porous carbon materials for energy-related applications.

2D conjugated COFs based on unsaturated C-C linkages
remains a great challenge due to the lack of suitable synthetic
protocols. Electrochemical property studies are one of the
most important ways to get access to fundamental understand-
ing of new conjugated materials. Unfortunately, very rare
studies about the electrochemical properties of conjugated
COFs have been reported.

Herein, for the first time, we report the synthesis of a 2D
conjugated COF based on olefin (C=C) linkages using the
Knoevenagel condensation reaction. The Knoevenagel conden-
sation® is a widely used organic methodology that can convert
an aldehyde or ketone (C=O0) into a cyano-substituted and cis-
configuration preferred olefin using a base as catalyst (see
model reaction in Scheme 1).'"® The condensation has been
previously used for synthesizing high molecular weight cyano-
substituted linear poly(phenylenevinylenes).'® In this work,
employing 1,4-phenylenediacetonitrile and three armed aro-
matic aldehyde as the key monomers, the Knoevenagel poly-
condensation reaction successfully leads to the formation of a
2D poly(phenylenevinylene) framework (2DPPV) with a crystal-
line layered structure and a surface area of 472 m* g™*, as well
as a defined optical band gap of 2.10 eV and a lowest unoccu-
pied molecular orbital (LUMO) of —3.45 eV. Upon thermal and
activation treatments, it can be facilely converted into porous
carbon nanosheets with large specific surface areas of up to
880 m” g™, which exhibit an excellent electrochemical per-
formance as supercapacitor electrodes and electrocatalysts for
the oxygen reduction reaction (ORR), representing an econ-

This journal is © The Royal Society of Chemistry 2016
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Scheme 1 Synthesis and structures of the olefin-linked 2D conjugated
polymer framework (2DPPV). (i) Argon, cesium carbonate, 1,2-dichloro-
benzene, 150 °C, 3 days.

omic non-template approach to 2D porous carbon materials
for energy-related applications.

Experimental section

All starting materials, unless otherwise noted, were purchased
from Aladdin and TCI. All of the reactions were carried out
under a nitrogen atmosphere and performed using Schlenk-
line techniques. 1,3,5-tris-(4-formylphenyl)benzene (M1) was
synthesized according to the reported procedures. Typically,
the synthesis of 2DPPV was given as follows:

To a 10 mL Pyrex tube, p-phenylenediacetonitrile (60 mg,
0.384 mmol), 1,3,5-tris(4-formylphenyl)benzene (100 mg,
0.256 mml), Cs,CO; (250 mg, 1.15 mmol) and o-dichloro-
benzene (4 ml) were added. This mixture was treated with
freeze-pump-thaw cycles three times and sealed under
vacuum. After heating at 150 °C for 3 days, the mixture was
cooled to room temperature to collect the precipitate by cen-
trifugation. After Soxhlet extraction using THF and ethanol for
3 days and further drying at 100 °C under vacuum for 10 h, a
yellowish powder was produced (~90%).

As a typical example, 2DPPV was pyrolyzed at 700, 800 and
900 °C under an argon atmosphere. The 800 °C pyrolyzed carbon
was further treated at 800 °C under an ammonia atmosphere for
15 min to produce activated pores. The resulting porous carbons
are denoted as 2DPPV-X (X = 700, 800 900 and 800a, respectively).

This journal is © The Royal Society of Chemistry 2016
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Characterization

Fourier transform infrared (FTIR) spectra were recorded with a
Spectrum 100 spectrometer (Perkin Elmer, Spectrum 100).
Elemental analysis was carried out using a Vario EL III/Iso-
prime. Solid-state '*C CPMAS NMR analysis was conducted
using a Bruker AVANCE III 300 Spectrometer. Samples were
spun at 5 kHz in a 4 mm zirconium rotor within a MAS probe.
An acquisition time of 20 ms, a contact time of 1 ms and a
6.5 ps pre-scan delay were used. The recycle time was 2 s to
obtain fully relaxed spectra. Chemical shifts were externally
referenced to adamantane at 38.48 ppm. The morphology of
the samples was investigated using a transmission electron
microscope (TEM, JEOL, JEM-2010). Scanning electron
microscopy (SEM) measurements were performed using a FEI
Sirion-200 field emission microscope. X-ray photoelectron
spectroscopy (XPS) was performed using a Kratos Axis X-ray
photoelectron spectrometer. The binding energy was cali-
brated using the C 1s photoelectron peak at 284.6 eV as a refer-
ence. The elemental percentages were calculated from XPS
spectra using the Casa XPS computer program with specific
relative sensitivity factors for the Kratos Axis XPS (Ti 2p: 2.001,
O 1s: 0.78, and N 1s: 0.47). Casa XPS was also used for peak
fitting on the XPS spectra. Thermogravimetric analysis (TGA)
was measured using a TAQ5000IR with a heating rate of 20 °C
min~" under a nitrogen flow. Nitrogen adsorption/desorption
isotherm measurements were performed using a Micromeri-
tics ASAP 2010 surface area and pore size analyzer at 77 K.
Prior to the measurement, the samples were degassed under
vacuum at 200 °C for 12 h.

Results and discussion

The strategy of the synthesis of 2DPPV is presented in
Scheme 1. Firstly, three-armed aromatic aldehyde (M1: 1,3,5-tri
(4-formylphenyl)benzene) and 1,4-phenylenediacetonitrile
(M2) were sealed with cesium carbonate and 0-DCB which
served as catalyst and solvent respectively after three freeze
and thaw cycles. Then, the mixture was heated to 150 °C and
kept for 3 days without stirring before termination of the reac-
tion by exposing it to ambient atmosphere. After washing with
water and tetrahydrofuran (THF) several times to remove the
residual inorganic catalyst, a yellow, fluffy and reflective
powder (yield > 90%) was produced after vacuum drying. The
resulting polymer is insoluble in conventional organic sol-
vents. Thermogravimetric analysis (TGA) reveals that as-pre-
pared 2DPPV is thermally stable up to 400 °C (weight loss
<10 wt%, see Fig. S1t). Further increasing the temperature to
800 °C, more than 60% of the weight is maintained,
suggesting the carbon-rich nature of 2DPPV.

The chemical identity of 2DPPV was first characterized
using Fourier transform infrared (FTIR) spectroscopy. The
FTIR spectra (see Fig. S2) of 2DPPV clearly reveal the presence
of cyano groups at 2250 cm™'. The peak at 1693 cm ™" which
corresponds to the C=O stretching vibration for aldehyde

Polym. Chem., 2016, 7, 4176-4181 | 4177
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groups in monomers disappeared in the FT-IR spectrum of
2DPPV. Most importantly, the signal at 3020 ecm™' which is
attributable to C=CH, was found for the synthesized 2DPPV.
These results strongly suggest the high polymerization
efficiency of aromatic aldehydes and 1,4-phenylenediaceto-
nitrile into polymeric structures. Unfortunately, a heavy overlap
makes it difficult to clearly resolve the assignment of the indi-
vidual carbon signals for 2DPPV using solid-state "*C nuclear
magnetic resonance spectroscopy (Fig. S3at) due to the
carbon-rich skeleton. Therefore, X-ray photoelectron spec-
troscopy (XPS) was further used to disclose the structural infor-
mation for the as-synthesized polymer framework (see Fig. S3b
and S3ct). According to the C 1s XPS spectra, two kinds of
carbon signals, namely sp>hybridized and sp-hybridized
carbon, can be found, which can be ascribed to the aromatic/
olefin carbon (284.5 + 0.1 eV) and the cyano carbon (286.0 +
0.5 eV) respectively. In addition, 2DPPV shows a similar N1s
binding energy at 398.0 + 0.1 eV which originates from the
nitrogen moiety in the cyano group. All of these results high-
light that an olefin-linked conjugated structure has been suc-
cessfully built up within 2DPPV.

An optical microscopy inspection of the powders of 2DPPV
demonstrated their large-size (up to 100 pm), crystalline flake
morphology and yellow semitransparent features (see Fig. 1a,
b and S4}). The morphology and microstructure of the as-pre-
pared 2DPPV were further investigated using scanning electron
microscopy (SEM) and atomic force microscopy (AFM). As
shown in Fig. 1e and S5, many sheet-like flakes with sizes
ranging from several to a hundred microns were observed. The
thickness of 2DPPV measured using AFM ranged from 50 to

T
Pore Width /nm

0.2 04 06 08 1.0
PiPy

Fig.1 2DPPV: (a, b) optical microscope images; (c) HR-TEM image;
(d) the white line trace from (c) shows the resolution of the interlayer
distance at about ~0.35 nm; (e) SEM image; (f) nitrogen adsorption—de-
sorption isotherms, with the pore size distribution shown in the inset.
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300 nm (Fig. S61). All of these results indicate that the as-syn-
thesized polymer framework may possess a crystalline lamellar
structure. To gain insight into the thin layer morphology of the
materials, steel ball milling exfoliation on as-synthesized
2DPPV was attempted to produce thinner nano-sheets for high
resolution transmission electron microscopy (HR-TEM)
studies. It was found that it was very difficult to achieve single
layer sheets of 2DPPV using such an exfoliation method
(Fig. S77), while other solution exfoliation protocols also gener-
ated multilayer flakes.®? Nevertheless, it is notable that
HR-TEM images of 2DPPV clearly demonstrate the local struc-
tural ordering with apparent layered textures (see Fig. 1c and
S8t), which have an average layer distance of 0.35 + 0.01 nm
(see Fig. 1d), one of the most typical 2D structural character-
istics for the COFs as disclosed in some recent reports.**

The porosity of 2DPPV was investigated using nitrogen physi-
sorption measurements at 77 K. As shown in Fig. 1f, 2DPPV
exhibits type II isotherms according to IUPAC classification."?
The Brunauer-Emmett-Teller (BET) surface area and pore
volume were found to be 472 m* ¢! and 0.37 cm® g™*, respect-
ively. The pore size distribution was calculated on the basis of
nonlocal density functional theory (NLDFT) to give a major
pore diameter of around 1.6 nm. Such low surface area and
small pore sizes are distinctly different from the values of the
previously reported COFs comprising similar size building
blocks,'*” probably implying the unique porous structural
natures of 2DPPV.

The crystallinity of 2DPPV was determined with powder
X-ray diffraction (PXRD) experiments using a synchrotron radi-
ation source at Shanghai Synchrotron Radiation Facility, SSRF.
A series of high-resolution diffraction peaks were obtained in
the PXRD pattern (see Fig. 2a and S9t). We did not find the
diffraction data from the starting materials as carefully com-
pared with their PXRD patterns (see Fig. S107). It should also
be noted that an important feature of the diffraction pattern is
that the first peak exhibits the strongest diffraction intensity,
indicating that a highly periodic structure and crystalline fea-
tures exist in 2DPPV. In addition, a peak at ¢ = 17.9 nm ™" cor-
relating to the value of the interlayer distance was observed,
and the d-spacing of the 2DPPV was calculated as being about
0.35 nm, which is consistent with the HR-TEM characteriz-
ation (see Fig. 1c and S87).

To gain insight into the exact structure of 2DPPV, simu-
lations were further conducted using Reflex in the Accelrys
Material Studio software package and then compared with the
experimental results. Considering the structure of 2DPPV and
its low-pressure nitrogen adsorption uptake, an “A-B-A-B”
type alternating structure based on a serrated stacking mode,
in which adjacent sheets were slipped by 1/4 of the unit cell
distance, was the first to be proposed and examined (see
Fig. 2¢, S11 and S137). In this case, the first three diffractions
can be assigned to the 110, 020 and 220 reflections of an
orthorhombic lattice with the parameters a = 6.35 nm, b =
3.62 nm and ¢ = 1.40 nm (see Fig. 2a and Table S17). From
Pawley refinement, using the space group of Cmcm with opti-
mized parameters of a = 6.32 nm, b = 3.57 nm and ¢ =

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 (a) and (d) Experimental (red) and refined (green) PXRD pattern

of the serrated and eclipsed stacking mode of the as-prepared 2DPPV,
with the difference plot between the experimental and refined patterns
shown as a black line; (b), (e) and (f) simulated PXRD patterns of the ser-
rated, eclipsed and staggered stacking mode of the 2DPPV; (c), (g) and
(h) snapshots of the simulated structure of the serrated, eclipsed and
staggered stacking modes, where the bottom row is the side view of the
cell and for (c) and (h), the 2DPPV are colored according to their relative
positions in the unit cell; please also see Fig. S13b.}

1.39 nm, a PXRD pattern in good agreement with the experi-
mentally observed pattern was achieved (see Fig. 2a, b and
S127), as also evidenced by their negligible difference (black
curve of Fig. 2a), with an R, of 3.40% and R, of 7.12%,
respectively. Furthermore, we also considered alternative struc-
tures wherein adjacent sheets are either eclipsed based on the
space group of P6/mmm (see Fig. 2g and S14}) or staggered
based on the space group of P63/mmc (see Fig. 2h and S167).
For the eclipsed stacking mode with a hexagonal periodic
structure, a simulated PXRD pattern was also obtained in
excellent agreement with the experimental ones, with an Ry,
of 5.39% and R, of 2.94%, respectively (see Fig. 2d, e and
S15%). However, for such a model, 2DPPV should possess a
pore size distribution with a theoretical value of 3.5 nm (see
Scheme 1), much larger than that of the pore size (1.6 nm) cal-
culated from NLDFT on the basis of the porosity analyses, and
the gas uptake observed at low-pressure (472 m”> g~') is less
consistent with such a structure. For a staggered model, in
which adjacent sheets were slipped by distances of a/2 and b/2
(see Fig. 2h and S167), its simulated PXRD patterns did not
match the observed data very well (see Fig. 2f and S177), so the
staggered model could be ruled out.

On the basis of the results discussed above, the exact archi-
tecture of 2DPPV is proposed to adopt the serrated stacking
mode with neighboring layers slipped by 1/4 of the unit cell
distance on average, separated by a distance of 0.35 nm
(Fig. 2c, bottom row). Since the direction of the translation

This journal is © The Royal Society of Chemistry 2016
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among those adjacent layers is random, calculation from rotat-
ing three in-plane orientations gives a pore size of about
1.6 nm (see Fig. S137), which is well in line with the result pre-
dicted from NLDFT as shown above (Fig. 1f, inset). The
detailed porosity analysis was summarized in Fig. S13 and
Table S3.1 Therefore, the results demonstrate that Knoevenagel
polycondensation successfully leads to the formation of a 2D
COF that consists of the serrated-type stacking of 2DPPV
sheets with an “A-B-A-B” type alternating arrangement.*®

Encouraged by these interesting results, we can rationally
consider that in the course of Knoevenagel condensation: (1)
the resulting cyano stilbene motif with cis-conformation is
favorable for the formation of hexagonal repeat units in the 2D
sheet;'? (2) the generated carbon anion intermediate can be
partly stabilized by the cyanide group, which contributes to
the certain reversibility of the reaction under experimental
conditions leading to eventual C=C linkage formation (see
Scheme S17). Thus, here the Knoevenagel condensation can be
considered as a quasi-dynamic covalent reaction which is
essential for a high-degree polymerization efficiency and for
the formation of a crystalline layered framework.

Given the sp”-bonded carbon skeleton of the resulting
2DPPV, we investigated its photophysical properties using UV-
vis spectroscopy and cyclic voltammetry (CV). According to the
UV-is absorption spectrum of 2DPPV (see Fig. S18%), the
absorption edge was found to be 587 nm. Therefore, the optical
band gap for 2DPPV was calculated as 2.10 eV (see Table S47),
which is much lower than that of linear cyano-substituted PPV
(2.5 eV)." The electrochemical measurement was further carried
out using cyclic voltammetry (CV) in deaerated acetonitrile con-
taining recrystallized nBuy,NPFs (0.1 M) at room temperature.
Due to the strong electron-withdrawing effect of cyano groups,
2DPPV exhibits quasi-reversible negative redox couples (see
Fig. $19t). Based on this, the LUMO level of 2DPPV can be calcu-
lated as —3.45 eV. Thus with the optical band gap, the HOMO
level of 2DPPV can be derived as —5.55 eV (see Table $41)."*

Polymer frameworks can serve as carbon-rich precursors by
preserving their elemental composition and porous structure
for the preparation of various porous carbon materials appli-
cable for energy conversion and storage."” Thanks to the high
carbon yield (more than 60% even at 800 °C) for the as-pre-
pared 2DPPV on the basis of TGA analysis (see Fig. S17),
2DPPV was pyrolyzed at 700, 800 and 900 °C under an argon
atmosphere. The resulting porous carbons are denoted as
2DPPV-X (X = 700, 800 and 900, respectively). 2DPPV-800 was
further treated at 800 °C under an ammonia atmosphere for
15 min to produce activated pores. This sample is denoted as
2DPPV-800a. Nitrogen physisorption (see Fig. 3a, S20 and
Table S51) and SEM images (see Fig. 3b and S217) reveal that
2DPPV-X maintained a nanosheet morphology with a remark-
ably improved specific surface area of up to 880 m* g~ (see
Table S51). To our knowledge, this is the first example of the
preparation of large-sized (>10 um) porous carbon nanosheets
without using any 2D templates'® or inorganic porous tem-
plates."” The N-doping character of the 2DPPV-X was further
evaluated using XPS analysis (see Fig. S22 and Table S67).

Polym. Chem., 2016, 7, 4176-4181 | 4179
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Fig. 3 (a) Nitrogen adsorption—desorption isotherms of 2DPPV-800a
(inset: pore size distribution); (b) SEM image of 2DPPV-700; (c) CV
curves of 2DPPV-800a in N,-saturated and O,-saturated 0.1 M KOH at a
scan rate of 50 mV s™%; (d) RRDE voltammogram for 2DPPV-800a in 0.1
M KOH solution saturated with O, (the electrode rotation rate was 1600
rpm and the Pt ring electrode was held at 0.5V, inset: electron transfer
number of 2DPPV-800a as a function of potential); (e) CV curves of
2DPPV-X (X = 700, 800, 900) at 5 mV s~ in 6 M KOH aqueous solution;
and (f) galvanostatic charge/discharge curves for 2DPPV-X (X = 700,
800, 900) at a current density of 0.5 A g™

One of the most important functions of N-doped porous
carbons is as metal-free catalysts for the ORR. As a proof-of-
concept, examined the electrocatalytic activity of
2DPPV-800a, which possesses the highest specific surface area
among 2DPPV-X, towards the ORR under alkaline conditions
(0.1 M KOH) using both cyclic voltammetry (CV, Fig. 3c) and
rotating ring-disk electrode voltammetry (RRDE, Fig. 3d).
2DPPV-800a exhibits a low onset potential at 0.85 V vs. RHE
and primarily a four-electron pathway (n = 3.71 @ 0.4 V) based
on CV and RRDE analysis respectively.'® These results indicate
that as-prepared 2D porous carbon is a promising candidate
for the electrochemically catalyzed ORR with a primary 4 e
mechanism. These results are comparable to similar porous

we

carbon-based materials and commercial precious metal Pt/C
catalysts (Table S71). The high surface area, N-doping features
and 2D morphology of the as-prepared carbon nanosheets also
render them applicable for use as electrochemical capacitors.
As shown in Fig. 3e, the cyclic voltammetry profiles of 2DPPV-
X (X =700, 800, 900) in 6 M KOH show symmetric and horizon-
tal characters, indicating their ideal capacitive behavior. In
addition, an obviously higher current density was observed for
2DPPV-800 by comparison with others. The capacitive per-
formance was further investigated with galvanostatic charge/
discharge experiments (Fig. 3f). On the basis of the discharge
curve, the specific capacitance of 2DPPV-800 was calculated to

4180 | Polym. Chem., 2016, 7, 4176-4181
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be 334 Fg~" at 0.5 Ag™", which is about 85% and 27% higher
than those of 2DPPV-700 and 2DPPV-900, respectively (see
Fig. S237). This value is also among the highest performances
of similar porous carbon materials (see Table S8t).'° The
cycling stability of 2DPPV-800 (see Fig. S24t) was further evalu-
ated using galvanostatic charge-discharge measurements at
0.5 Ag"" in a 6 M KOH aqueous solution. Remarkably, almost
no capacitance loss was observed after 10 000 cycles. Based on
the Ragone plot, the power density and energy density of
2DPPV-800 were calculated at different rates (see Fig. S257).
Noticeably, a high energy density of 30 Wh kg™" and power
density of 6654 W kg~ " for 2DPPV-800 were attained. We con-
sider that ultrathin graphitic layers with a high electrical con-
ductivity for carbon nanosheets, combined with highly porous
features, can promote the ion and electron transport in electro-
chemical processes. These excellent ORR and supercapacitor
performances could be rationally attributed to the favorable
long distance in-plane charge transporting features, associated
with their unique porous structural characters.

Conclusions

In conclusion, for the first time, the olefin-linked 2D poly(phe-
nelyenevinylene)-based COF (2DPPV) featuring a fully sp> C-C
skeleton has been successfully synthesized using a Knoevena-
gel polycondensation reaction. The as-prepared 2DPPV shows
an intrinsic electronic structure related to its basic building
blocks. The crystalline layered framework and excellent carbon
yield at high temperatures mean that 2DPPV efficiently con-
verted to large-sized porous carbon nanosheets with high
surface areas through thermal treatment. These carbon
nanosheets exhibit an excellent electrochemical performance
as supercapacitor electrodes or as an electrocatalyst for the
ORR. This work might pave a new way to 2D polymer and
carbon materials with potential promising applications in a
broad range involving optoelectronics, sensing and catalysis,
as well as energy storage and conversion.
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