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ABSTRACT: Conjugated microporous polymers (CMPs) are prom-
ising light harvesters for photocatalytic H2 evolution because they are
simple to prepare with various band gaps. To achieve CMPs displaying
high photocatalytic performance, appropriate building blocks must be
chosen. We prepared four kinds of triphenylpyridine-based CMPs
(TPP-CMPs) through reactions with multibrominated monomers
having different geometries [1,3,6,8-tetrabromopyrene (pyrene-4Br),
tris(4-bromophenyl)amine (TPA-3Br), 2,4,6-tris(4-bromrophenyl)-
pyridine (TPP-3Br), and 1,2,4,5-tetrabromobenzene (BZ-4Br),
forming the TPP-pyrene (Py), TPP-triphenylamine (TPA), TPP-
TPP, and TPP-benzene (BZ) CMPs, respectively]. This strategy
allowed effective synthetic regulation of electron enrichment, porosities, and optoelectronic properties of the TPP-CMPs. The
surface areas of the TPP-CMPs were high, up to 1370 m2 g−1, and had a high thermal stability. TPP-Py CMP displayed the highest
photocatalytic performance with a H2 production rate of 18 100 μmol g−1 h−1 under irradiation with visible light. Moreover, we
achieved apparent quantum yields as high as 22.97% at 420 nm, comparable with those of most other CMPs reported previously.

KEYWORDS: conjugated microporous polymer, H2 evolution, photocatalytic, triphenylpyridine, triphenylamine

■ INTRODUCTION

Photocatalysis has attracted attention recently for its great
potential to solve environmental problems by using clean and
abundant solar energy.1,2 Over the past decade, the develop-
ment of efficient photocatalytic systems capable of converting
solar energy into chemical fuels has attracted significant
interest. Since Fujishima and Honda reported a TiO2

photocatalyst for photocatalytic H2 evolution,3 great efforts
have been made to search for ideal photocatalysts for H2

evolution. Although most of these photocatalysts have been
inorganic materials,4−6 organic polymers have received
increasing interest after graphitic carbon nitride (g-C3N4)
was reported to be photocatalytically active for water splitting.7

Organic polymer-based semiconductors are interesting photo-
catalysts because their optical and electronic properties can be
adjusted readily by changing their basic building blocks.8−10

Accordingly, several conjugated organic photocatalysts that
mediate photocatalytic H2 production from water under visible
light have been reported, including linear polymers,9−12

polymer dots,13−16 hydrophilic polymers,17−19 covalent
triazine frameworks,20,21 and covalent organic frameworks
(COFs).22−26 Recently, conjugated microporous polymers
(CMPs) have become promising materials for effective
photocatalysts of H2 evolution because of their high surface
areas, diverse compositional strategies, high charge mobilities,

and controllable band gaps with their chemical structures and
electronic properties amenable to precise customization.27−35

CMPs were first prepared by the Cooper group42,43 and
have since undergone great development.36 These porous
polymeric materials have attracted great attention as
alternatives to covalent COFs and metal−organic frameworks
for gas sensing, gas storage, and catalysis and for their use in
supercapacitors and rechargeable batteries.37−41 CMPs have
displayed high tolerance and robustness toward various
chemical and thermal environments. Recently, the Cooper
group reported a series of CMPs based on pyrene building
blocks for effective H2 evolution under visible light; the optical
band gap could be finely tuned over the range from 1.94 to
2.95 eV by changing the monomer composition of these
CMPs.42 The same group also compared a range of porous
network polymers and nonporous linear polymers, on the basis
of either fluorene or dibenzo[b,d]thiophene units, as photo-
catalysts for H2 production from water in the presence of a
sacrificial hole scavenger.43 The H2 evolution rates of the
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porous network polymers outperformed those of their linear
structural analogues. Furthermore, CMP frameworks derived
from pyridine derivatives have displayed excellent electron
affinities and electron transfer properties due to their aromatic
heterocyclic units being electron deficient44−46 with the
nitrogen atom of the pyridine ring playing an important role
because its lone pair of electrons is localized in an sp2-
hybridized orbital, contributing to active reaction sites.46−48

Therefore, we became interested in the incorporation of
triarylpyridine units in polymeric frameworks. To the best of
our knowledge, the fabrication of CMPs based on
triphenylpyridine (TPP) is rare for photocatalytic hydrogen
evolution from water. Zhu and co-workers synthesized pyridyl-
functional conjugated polymers via a rapid, metal-free synthetic
approach to visible light water splitting,49 but we are unaware
of any previous studies of pyridine-based CMPs for photo-
catalytic H2 evolution prepared from comonomer building
blocks having a variety of electron richness, planarities, and
electronic structures. Whereas pyrene (Py) and triphenylamine
(TPA) have higher electron enrichment than TPP or benzene
(BZ),50−52 on close a scale, Py has higher planarity than TPA,
and TPP has higher planarity than BZ. Because photo-
luminescent materials are welcomed in photochromic devices,
Py and TPA moieties are particularly interesting for use in, for
example, solar cells53 and photosensors54 due to their ability to
release cationic radicals upon oxidation with subsequent color
variation.55

In this study, we prepared pyridyl-based boronic ester, 2,4,6-
tris(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)
pyridine (TPP-3BO), and used it as a building block for tuning
and construction four novel CMPs of various planarities and
electron enrichments (TPP-Py, TPP-TPA, TPP-TPP, TPP-BZ
CMPs) for the photocatalytic H2 evolution from water. We
examined the structure−function relationships of these
pyridine-based CMPs by varying their linkers and analyzing
the effects of the electronic structures and geometries of the
monomers, showing that the emission spectra, and hence the
optical gap, can be tuned over a wide range. Interestingly, these
four CMPs displayed high luminescence stabilities, high
Brunauer−Emmett−Teller (BET) surface areas, and high
thermal stabilities and photocatalytic hydrogen evolution
from water in the presence of a sacrificial electron donor.

■ EXPERIMENTAL SECTION
Materials. The practical section for this research employed a

variety of chemicals from an analytical class as well as introduced
experiments without supplementary purification. Palladium-tetrakis-
(triphenylphosphine) (pd(pph3)4), potassium acetate, and potassium
carbonate (K2CO3) were delivered from Combi-Blocks (San Diego,
USA). Tetrakis(triphenylphosphine)palladium was purchased from
Acros. [1,1′-Bis(diphenylphosphino)ferrocene]dichloropalladium(II),
dioxane, tetrahydrofuran (THF), dimethylactaamide (DMAC),
dimethylformamide, and hexane were obtained from Sigma Aldrich.
DI water was used for all experiments.
Synthesis of 1,3,6,8-Tetrabromopyrene (Py-4Br). 1,3,6,8-

Tetrabromopyrene (pyrene-4Br) was synthesized as described in a
previous report.25 As exhibited in Scheme S1, pyrene (5.0 g, 24
mmol) was added to nitrobenzene (200 mL), followed by dropwise
addition of bromine (5.6 mL, 109 mmol). The previously prepared
flask was refluxed under 120 °C for 15 h. Pale yellow crystallites of
1,3,6,8-tetrabromopyrene were formed after the consumption of
bromine, and then, they were filtered. The precipitate was exposed to
washing processes via ethanol and then dried for 12 h under pressure.
FTIR: 3078, 1587, 1450, 1228, 1052, 988, 862, 812 cm −1 (Figure
S1b).

Synthesis of Tris(4-bromophneyl)amine (TPA-3Br). Tris(4-
bromophenyl)amine was formed according to the previously reported
work.26 As exhibited in Scheme S2, in a beaker, N-bromosuccinimide
(NBS; 12 g, 12.32 mmol) was dissolved in DMF (60 mL). Another
solution of trimethylamine (5 g, 4.080 mmol) was mixed with DMF
(120 mL) at 0 °C. The first solution (NBS) was dropwise added onto
the second; then, the mixture was left under stirring at room
temperature overnight. The mixture was sedimented via pouring onto
cold water and then extracted by DCM, followed by washing several
cycles with methanol; white precipitate was formed. FTIR: 3064,
1570, 1266, 1081, 995, and 816 cm −1 (Figure S2b). 1H NMR (400
MHz, 25 °C, CD3Cl): δ 7.35 (d, J = 8.8, 6H), 6.921 ppm (d, J = 8.8,
6H) (Figure S5). 13C NMR (CDCl3, 25 °C, 500 MHz): 146.7, 132.8,
126.01, and 116.38 ppm (Figure S6).

Synthesis of 2,4,6-Tris(4-bromrophenyl)pyridine (TPP-3Br).
4-Bromoacetophenone was prepared according to a previously
published report.26 As exhibited in Scheme S3, 4-bromoacetophenone
(4.14 g, 20.8 mmol), 4-bromobenzaldehyde (1.94 g, 10.4 mmol),
ammonium acetate (28.0 g, 363 mmol), and acetic acid (14.6 mL,
0.260 mmol) were added to a 20 mL microwave flask under stirring.
The temperature of the previous mixtures was raised to 220 °C for 45
min under self-generated pressure of 500 W. The flask was cooled to
room temperature followed by the addition of water. NaHCO3
solution was added in order to neutralize the suspension. DCM was
employed for the extraction of the aqueous phase. Finally, under
reduced pressure, the solvent was evaporated and then recrystallized
and dried under vacuum. FT-IR (powder): 3064, 1596, 1544, 1538,
1500, 1420, 1376, 1177, 1067, 1007, 813, 489 cm−1 (Figure S3b). 1H
NMR (CDCl3, 25 °C, 600 MHz): δ 8.037 (d, 4H), 7.8 (s, 2H), 7.647
(d, 2H), 7.65 (d, 4H), 7.58 ppm (d, 2H) (Figure S7). 13C NMR
(CDCl3, 25 °C, 500 MHz): δ 156.5, 149.5, 137.84, 137.28, 132.28,
131.82, 128.5, 123.9, 123.5, and 116.73 ppm (Figure S8).

Synthesis of 2,4,6-Tris(4-(4,4,5,5-tetramethyl-1,3,2-dioxa-
borolan-2-yl)phenyl)pyridine (TPP-3BO). TPP-3BO is synthe-
sized through boronation of TPP-3Br (Scheme S4). In a two-neck
flask, 2,4,6-tris(4-bromophenyl)pyridine (2.20 mmol, 1.2 g) was
added to bis(pinacolato)diboron (10.12 mol, 2.57 g), [1,1′-
bis(diphenylphosphino)ferrocene]dichloropalladium(II) (Pd-
(dppf)2Cl2) (0.193 mmol, 0.142 g), and potassium acetate (9.15
mmol, 0.9 g). The mixture was degassed before solvent addition for
15 min. 50 mL of dioxane was injected into the flask, and the flask was
left under magnetic stirring and a nitrogen atmosphere for another 2
days under 110 °C in a silicone oil bath. The black solution was
collected onto ice water and then filtered and washed well. Column
chromatography with an eluent of THF/hexane (1:3) was used to
obtain the white substrate after rotary evaporation of the effluent.
Afterward, the crude was soaked in methanol for one night for
complete purification, and then, it was dried at 50 °C for 10 h. It is
worth noting that boron matrixes were kept in the fridge for further
use. FTIR (powder): 2980, 1613, 1534, 1399, 1355, 1212, and 1141
cm−1 (Figure S1a). 1H NMR (400 MHz, 25 °C, CD3Cl): δ 8.2 (d, J =
8.8, 4H), 7.9 (d, J = 8.8, 2H), 7.93 (s, 2H), 7.75 (d, 4H), 1.37 ppm (s,
12H) (Figure S9). 13C NMR (CDCl3, 25 °C, 500 MHz): δ 158.4,
150.6, 142.2, 136.1, 127.7, 118.4, 84.79, and 24.69 ppm (Figure S10).
HRMS (ESI): m/z calculated for C41H50B3NO6: 686.4; found: 686.4
(as clarified in Figure S11).

Synthesis of TPP-Pyrene Conjugated Microporous Polymer
(TPP-PY CMP). In a specially designed tube (that is able to withstand
the high evacuation force), TPP-3BO (0.38 mmol, 264.6 mg) and 4-
bromopyrene (0.29 mmol, 150 mg) were mixed together. Pd(pph3)4
(0.03 mmol, 35 mg) in addition to potassium carbonate (2.9 mmol,
400 mg) was supplemented in the tube. The above-mentioned solid
materials were degassed for 15 min to complete the removal of any
dissolved solvents. After that, DMF (10 mL) and water (1.25 mL)
were injected into the tube. Through liquid nitrogen, the tube
contents were frozen; then, a degasification process for its contents
was done again (freeze−pump−thaw). This freeze−pump−thaw was
applied for three cycles (15 min per each cycle). The tube was heated
in a silicone oil bath for 3 days at 150 °C under magnetic stirring.
After 3 days, the contents of the tube were poured onto ice and water
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to form the precipitate. A centrifuge machine was utilized for
precipitate separation. Water, acetone, and methanol were employed
to purify the precipitate with 3 washing steps. Then, the moiety was
dried at 100 °C for a day (Scheme S5).
Synthesis of TPP-Triphenylamine Conjugated Microporous

Polymer (TPP-TPA CMP). In a specially designed tube (that is able
to withstand the high evacuation force), TPP-3BO (0.31 mmol, 214
mg) and TPA-3Br (0.31 mmol, 150 mg) were mixed together.
Pd(pph3)4 (0.03 mmol, 35 mg) in addition to potassium carbonate
(3.1 mmol, 430 mg) were supplemented in the tube. The above-
mentioned solid materials were degassed for 15 min to complete the
removal of any dissolved solvents. After that, DMF (10 mL) and
water (1.25 mL) were injected into the tube. Through liquid nitrogen,
the tube contents were frozen; then, a degasification process for its
contents was done again (freeze−pump−thaw). This freeze−pump−
thaw was applied for three cycles (15 min per each cycle). The tube
was heated in a silicone oil bath for 3 days at 150 °C under magnetic
stirring. After 3 days, the contents of the tube were poured onto ice
and water to form the precipitate. A centrifuge machine was applied
for precipitate separation. Water, acetone, and methanol were
employed to purify the precipitate with 3 washing steps. Then, the
moiety was dried at 100 °C for a day (Scheme S6).
Synthesis of TPP-TPP Conjugated Microporous Polymer

(TPP-TPP CMP). In a specially designed tube (that is able to
withstand the high evacuation force), TPP-3BO (0.27 mmol, 189 mg)
and TPP-3Br (0.27 mmol, 150 mg) were mixed together. Pd(pph3)4
(0.03 mmol, 35 mg) in addition to potassium carbonate (2.75 mmol,
381 mg) were supplemented in the tube. The above-mentioned solid
materials were degassed for 15 min to complete the removal of any
dissolved solvents. After that, DMF (10 mL) and water (1.25 mL)
were injected into the tube. Through liquid nitrogen, the tube
contents were frozen; then, a degasification process for its contents
was done again (freeze−pump−thaw). This freeze−pump−thaw was
applied for three cycles (15 min per each cycle). The tube was heated
in a silicone oil bath for 3 days at 150 °C under magnetic stirring.
After 3 days, the contents of the tube were poured onto ice and water
to form the precipitate. A centrifuge machine was applied for

precipitate separation. Water, acetone, and methanol were employed
to purify the precipitate with 3 washing steps. Then, the moiety was
dried at 100 °C for a day (Scheme S7).

Synthesis of TPP-BZ Conjugated Microporous Polymer
(TPP-BZ CMP). In a specially designed tube (that is able to
withstand the high evacuation force), TPP-3BO (0.39 mmol, 232.1
mg) and 1,2,4,5-tetrabromobenzene (0.25 mmol, 100 mg) were
mixed together. Pd(pph3)4 (0.03 mmol, 35 mg) in addition to
potassium carbonate (2.54 mmol, 352 mg) were supplemented in the
tube. The above-mentioned solid materials were degassed for 15 min
to complete the removal of any dissolved solvents. After that, DMF
(10 mL) and water (1.25 mL) were injected into the tube. Through
liquid nitrogen, the tube contents were frozen; then, a degasification
process for its contents was done again (freeze−pump−thaw). This
freeze−pump−thaw was applied for three cycles (15 min per each
cycle). The tube was heated in a silicone oil bath for 3 days at 150 °C
under magnetic stirring. After 3 days, the contents of the tube were
poured onto ice and water to form the precipitate. A centrifuge
machine was applied for precipitate separation. Water, acetone, and
methanol were employed to purify the precipitate with 3 washing
steps. Then, the moiety was dried at 100 °C for a day (Scheme S8).

■ RESULTS AND DISCUSSION
Synthesis and Characterization of CMPs. The porosity,

specific surface area, and thermal stability of porous organic
polymers can be affected by the flexibility and versatility of
their building blocks and linkers. In addition, because the
nitrogen atoms of tertiary amino and pyridyl units feature a
free electron pair, TPA and TPP units can serve as active redox
sites for important photo- and electrochemical reactions.
Benzene and pyrene moieties are aromatic systems that
generally undergo strong stacking stabilized through π−π
interactions. Therefore, in this study, we investigated the
effects of four different monomers displaying different degrees
of flexibility and geometric versatility: 1,3,6,8-tetrabromopyr-

Scheme 1. Synthesis and Structures of the Four New CMPs Solvated in DMF at 140 °C and a Nitrogen Atmosphere
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ene (Py-4Br), tris(4-bromophenyl)amine (TPA-3Br), 2,4,6-
tris(4-bromophenyl)pyridine (TPP-3Br), and 1,2,4,5-tetrabro-
mobenzene (BZ-4Br). We used these compounds to
demonstrate the fine-tuning of TPP-Py, TPP-TPA, TPP-
TPP, and TPP-BZ CMPs, respectively, and investigated the
effects of the nucleophilicity of the nitrogen atoms and the
planarity of the building blocks on their porosities, specific
surface areas, thermal stabilities, and photophysical properties
as well as their ability to mediate photocatalytic H2 evolution
from water.
We synthesized TPP-3BO through the reaction of TPP-3Br

with bis(pinacolato)diboron (Scheme S4). Its Fourier trans-
form infrared (FTIR) spectrum (Figure S1a) featured signals
for the stretching vibrations of C−H (2980 cm−1), CN
(1613 cm−1), CC (1534 cm−1), B−O (1399 cm−1), C−B
(1212 cm−1), and C−O (1141 cm−1) bonds. The 1H NMR
spectrum of TPP-3BO (Figure S9) contained distinct peaks at
1.37 ppm for the methyl protons and 7.96 ppm for the protons
located on the pyridyl ring with the remaining signals in the
region from 8.2 to 7.75 ppm being those of the protons of the
substituted aromatic rings. The signal of the methyl groups of
TPP-3BO appeared in the 13C NMR spectrum at 24.76 ppm,
along with signals at 84.5 ppm for the central carbon atom
between the methyl groups and the boron ring and at 158.4
ppm for the CN atoms of the pyridine ring; the other peaks
at 151, 142.35, 127.08, and 118.23 ppm represented the
carbon nuclei of the two aryl rings (Figure S10). Furthermore,
the molecular weight was confirmed through mass spectros-
copy as clarified in Figure S11.
We employed palladium-catalyzed Suzuki couplings for the

synthesis of the TPP-Py, TPP-TPA, TPP-TPP, and TPP-BZ
CMPs, as presented in Scheme 1. We performed the reactions
in Schlenk tubes while heating over 3 days, providing each of
the reaction products in high yield. We characterized the
molecular structures of these novel CMPs from FTIR and solid
state 13C NMR spectra.
Figure 1a presents the FTIR spectra of the TPP-Py, TPP-

TPA, TPP-TPP, and TPP-BZ CMPs, revealing stretching
vibrations for the C−H bonds >3000 cm−1 and for the CC
bonds near 1609 cm−1. These spectra did not feature any
signals for the stretching vibrations of B−O (1400 cm−1), C−B

(1200 cm−1), or C−O (1141 cm−1) bonds, confirming the
successful synthesis of our CMPs. The solid state 13C NMR
spectra of the CMPs (Figure 1b) featured signals in the range
of 156.42−157.41 ppm for the pyridyl CN units in addition
to signals for the aromatic carbon nuclei in the ranges of
149.63−113.88, 147.41−114.99, 148.08−113.98, and 150.18−
114.77 ppm for the TPP-Py, TPP-TPA, TPP-TPP, and TPP-
BZ CMPs, respectively. Thermogravimetric analysis (TGA)
under a N2 atmosphere revealed the high thermal stabilities of
our polymers at high temperatures (Figure 2, Table 1).

Interestingly, the degree of planarity affected the thermal
stabilities. The TPP-Py and TPP-BZ CMPs, formed from most
planar linkers (BZ and Py, respectively), had the highest
thermal stabilities (characterized by the decomposition
temperature Td10) of 654 and 635 °C, respectively, due to
the high resulting π−π stacking; in contrast, the values of Td10
of the CMPs based on the less-planar monomers (i.e., the

Figure 1. (a) FTIR and (b) solid state 13C NMR spectra of the TPP-Py, TPP-TPA, TPP-TPP, and TPP-BZ CMPs.

Figure 2. Thermogravimetric analysis trace of (a) TPP-Py, (b) TPP-
TPA, (c) TPP-TPP, and (d) TPP-BZ CMPs under a nitrogen
atmosphere with a heating rate of 20 °C min−1.
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TPP-TPA and TPP-TPP CMPs) were 570 and 548 °C,
respectively. The char yields for the TPP-Py, TPP-TPA, TPP-
TPP, and TPP-BZ CMPs after heating to 800 °C were 76.7%,
72.5%, 71.2%, and 78.9%, respectively. Moreover, high thermal
stabilities of the four CMPs suggested high degrees of
condensation and π−π stacking.
We performed isothermal N2 sorption analysis at 77 K to

examine the porosity characteristics of our TPP-Py, TPP-TPA,
TPP-TPP, and TPP-BZ CMPs. The four CMPs possessed
microporous structures, as confirmed by each revealing a sharp
N2 uptake at lower pressure (P/P0 < 0.05) in a type I isotherm
(Figure 3a−d). We used the BET method to evaluate the
surface areas and pore volumes of the CMPs. The TPP-Py and
TPP-BZ CMPs had the highest specific surface areas of 1160
and 1370 m2 g−1, respectively, but relatively low pore volumes
of 0.321 and 0.411 cm3 g−1, respectively; the TPP-TPA CMP
had a surface area of 570 m2 g−1 and a pore volume of 0.53 cm3

g−1. For the TPP-TPP CMP, these values were 548 m2 g−1 and
0.695 cm3 g−1, respectively (Table 1). Using nonlocal density
functional theory (NLDFT), we calculated the pore size
distributions of the TPP-Py, TPP-TPA, TPP-TPP, and TPP-
BZ CMPs to be 0.88, 1.79, 1.84, and 1.27 nm as shown in
Figure 3e−h, respectively, confirming the microporosity of
each CMP (Table 1). Clearly, these CMPs have a high surface
area, which leads to a more active site where higher BET
surface areas are beneficial to enhance the dispersion of the

catalyst and interaction with the reactants, and thus more
efficient hydrogen production.
We employed field-emission scanning electron microscopy

(FE-SEM; Figure 4a−d) and transmission electron microscopy
(TEM; Figure 4e−h) to visualize the morphologies of the
TPP-Py, TPP-TPA, TPP-TPP, and TPP-BZ CMPs. These
synthesized CMPs possessed spherical microstructures. The
TEM images in Figure 4e−h revealed smooth surfaces for the
TPP-Py, TPP-TPA, TPP-TPP, and TPP-BZ CMPs; their
spherical diameters, evaluated statistically from the TEM
images, were approximately 196, 246, 183, and 118 nm,
respectively. The SEM and TEM results confirm that the
synthesized CMPs have a porous structure.

Photophyscial Properties of CMPs. Maeda et al.56,57

studied the fluorescence properties of the substituted pyrenes
and employed them as fluorescence sensors. Hariharan et al.58

reported the fluorescence efficiency of TPA and used it as an
optoelectronic molecule. In addition, Schwarz and Wasik
reported that the benzene unit provides fluorescence lower
than that of the pyrene unit.59 Also, Py and TPA are more
electron enriched than TPP and BZ; therefore, we expected to
observe various degrees of fluorescence from our CMPs. The
solutions of the TPP-Py CMP in THF, dioxane, acetone,
MeOH, and DMF featured their maximum fluorescence at
491, 497, 498, 500, and 490 nm, respectively (Figure 5a), as
either a greenish-cyan or green color that was visible to the
naked eye (Figure 5e). The fluorescence spectra of the TPP-
TPA CMP solubilized in THF, dioxane, acetone, MeOH, and
DMF provided fluorescence emission maxima at 487, 470, 506,
507, and, 518 nm, respectively, with a clear greenish-cyan or
green color visible to the naked eye (Figure 5b,f), while the
corresponding peaks for the TPP-TPP CMP were 410, 410,
410, 419, and 413 nm, respectively, appearing as a blue color
visible to the naked eye (Figure 5c,g). Solutions of the TPP-BZ
CMP in THF, dioxane, acetone, MeOH, and DMF displayed
their maximum emissions at 449, 448, 458, 455, and 447 nm,
respectively (Figure 5d), again appearing to the naked eye as a

Table 1. Thermal Properties and Porous Properties of
These CMPs

CMP
Td10%
(°C)

char
yield
(%)

SBET
(m2 g−1)

pore size
(nm)

pore volume
(cm3 g−1)

TPP-Py CMP 635 76.7 1160 0.88 0.321
TPP-TPA CMP 570 72.5 540 1.79 0.530
TPP-TPP CMP 548 71.2 640 1.84 0.695
TPP-BZ CMP 654 78.9 1370 1.27 0.411

Figure 3. (a−d) N2 sorption isotherms at 77 K and (e−h) pore size distributions of the TPP-Py, TPP-TPA, TPP-TPP, and TPP-BZ CMPs,
respectively.
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blue color (Figure 5h). Thus, each of our four synthesized
CMPs exhibited strong fluorescence (Table S1). A higher
solvent polarity led to a higher wavenumber for the maximum
emission (i.e., solvatochromism); this phenomenon can be
characteristic of donor−π−acceptor moieties,60 but an increase
in the solvent polarity can also lead to a hypsochromic shift
(negative solvatochromism) that reveals a higher dipole
moment for the ground state than for the excited state.61

Aggregation-induced emission (AIE) is typically observed for
highly fluorescent materials in addition to emissions of various
fluorescent colors; indeed, the TPP-Py and TPP-TPA CMPs
displayed PL in the solid state with λmax values of 505 and 468
nm, respectively (Figure S12a,b). These results are consistent

with those reported previously;58,59,62 we attribute the high
AIE of the TPP-Py CMP to the high planarity and well-
established stacking of its flat pyrene units,63,64 but for the
TPP-TPA CMP, we suspect that it was due to restricted
intramolecular rotation (and, hence, activation as well as
radiation).65 The fluorescence lifetimes (Figure S13c−f) of the
TPP-Py, TPP-TPA, TPP-TPP, and TPP-BZ CMPs were 3.45,
3.95, 4.96, and 5.12 ns, respectively. Our synthesized CMPs
displayed high fluorescence stabilities with their fluorescence
emissions remaining stable after keeping them in DMF for 60
days or after continuous excitation at 365 nm for 5 h.

Photocatalytic Hydrogen Evolution Efficacy of CMPs.
Effective photocatalytic performance for a photocatalyst

Figure 4. (a−d) FE-SEM and (e−h) TEM images of the (a, e) TPP-Py, (b, f) TPP-TPA, (c, g) TPP-TPP, and (d, h) TPP-BZ CMPs.

Figure 5. Fluorescence spectra of the (a) TPP-Py, (b) TPP-TPA, (c) TPP-TPP, and (d) TPP-BZ CMPs as dispersions in different solvents
(concentration: 1 mg mL−1; excitation wavelength: 365 nm). Photographic images of the (e) TPP-Py, (f) TPP-TPA, (g) TPP-TPP, and (h) TPP-
BZ CMPs as dispersions in different solvents (concentration: 1 mg mL−1; excitation wavelength: 365 nm).
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requires appropriate optical band gaps. Figure 6 shows UV−vis
spectra and the corresponding band gaps of our four
synthesized CMPs. We measured the UV−vis absorption
spectra of these polymers in water at room temperature; all
synthesized CMPs displayed a good absorption in the visible
region (Figure 6a). As expected, the absorption band of TPP-
Py CMP was a significant redshift relative to other polymers.
The UV−visible reflectance spectra show a redshift in the
optical absorption onset in the following order TPP-Py > TPP-
TPA > TPP-TPP > TPP-BZ; this is because of its relatively
extended π-conjugation and high electron enrichment. The
optical band gaps of the TPP-Py, TPP-TPA, TPP-TPP, and
TPP-BZ CMPs, calculated from their absorption spectra using
Tauc plots, were 2.39, 2.44, 2.73, and 2.83 eV, respectively
(Figure 6b, Table 2). Photoelectron spectrophotometry was
used to determine the energy levels of the highest occupied
molecular orbitals (HOMOs) of the TPP-Py, TPP-TPA, TPP-
TPP, and TPP-BZ CMPs to be −5.83, −5.68, −5.06, and
−5.16 eV, respectively (Figures 7a and S14). We calculated the
energy levels of the lowest unoccupied molecular orbitals
(LUMOs) by subtracting the values of Eg from the HOMO
energy levels. As revealed in Figure 7a and Table 2, the LUMO
energy levels of the CMPs ranged from −2.33 to −3.44 eV,
suggesting that all polymers would be capable of visible light-
driven H2 evolution.
We employed TPP-Py, TPP-TPA, TPP-TPP, and TPP-BZ

CMPs photocatalysts for hydrogen production under irradi-
ation with visible light (λ = 380−780 nm) at ambient
temperature for 4 h. The photocatalytic systems were designed
by adding ascorbic acid (AA, 0.1M) as a sacrificial electron

donor (SED) to a CMP with water and methanol in a glass
photoreactor (35 mL). The evolved gas (500 μL) from the
photoreactor was monitored periodically every hour and
injected into a gas chromatograph (GC). First, we employed
triethylamine (TEA), triethanolamine (TEOA), and ascorbic
acid (AA) to optimize the sacrificial donors. Among them, AA
shows the highest efficient SED as compared to those of TEA
and TEOA (Figures S15−S18). As shown in Figure 7b, the
TPP-Py CMP exhibited the highest photocatalytic perform-
ance (ca. 18 100 μmol g−1 h−1); the HERs of the TPP-TPA,
TPP-TPP, and TPP-BZ CMPs were 4830, 3580, and 1520
μmol g−1 h−1, respectively. Therefore, AA was used after that
to optimize the other experiments. Also, the concentrations of
AA have been optimized as shown in Figures S19−S22.
Next, we examined the effects of various contents of Pt as a

cocatalyst (source of Pt is H2PtCl6: 0.5−4 wt %) for the
polymers when applying their optimal experimental parameters
for H2 evolution (Figures S23 and S24). Remarkably, 2 wt % of
Pt noble metal as a cocatalyst added into the polymer solution
exhibited an excellent HER. We also tested the effects of
different amounts (0.5, 1.0, 1.5, 3.0 mg) of our four
synthesized CMPs toward the HERs (Figures S25−S28).
The photocatalytic activity is inversely proportional to the
mass of the polymers. The amount of hydrogen produced per
unit area irradiated is the most important parameter in the field
of photocatalysis. As shown in Figure S25, the best
performance of 23.5 mmol g−1 h−1 was for TPP-Py CMP at
0.5 mg, but the best performances for other polymers have
been achieved when using 1 mg catalysts. With an increase in
the amount of polymer, the HER decreased, which can be

Figure 6. (a) UV−vis diffuse absorption spectra of the four CMPs and (b) corresponding Tauc plots calculated from the UV−vis spectra.

Table 2. Photophysical Properties and H2 Evolution Rates of the Four CMPs

AQY (%)e

CMPs HOMO/LUMO (eV)a,b band gap (eV)c HER (μmol g−1 h−1)d HER (μmol h−1) 420 nm 460 nm 500 nm

TPP-Py CMP −5.83/−3.44 2.39 18 065.6 18.06 22.9 11.8 0.50
TPP-TPA CMP −5.68/−3.24 2.44 4827.7 4.827 7.60 2.50 0.09
TPP-TPP CMP −5.06/−2.33 2.73 3583.6 3.583 0.90 0.17 0.02
TPP-BZ CMP −5.16/−2.33 2.83 1518.6 1.518 0.57 0.07 0.01

aHOMO determined using photoelectron spectrometry. bLUMO derived from the expression EHOMO − Eg.
cCalculated from Tauc plots.

dConditions: 1 mg of CMP in 10 mL of a mixture of water/MeOH (2:1)/0.1 M AA, measured under 350 W Xe light (AM 1.5; λ = 380−780 nm;
1000 W m−2). eAQYs measured at 420, 460, and 500 nm.
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attributed to the poor light transmission and less effective use
of the high concentrations of light. Herein, a polymer weight of
1 mg has been selected for all polymers. After optimization, the
H2 evolution rates of the four polymers are shown in Figure 7b.
Among them, the TPP-Py CMP shows the highest HER value
(18.1 mmol g−1 h−1) compared to those of TPP-TPA CMP
(4.8 mmol g−1 h−1) and TPP-TPP CMP (3.6 mmol g−1 h−1),
and it is even 12-fold higher than that of TPP-BZ CMP (1.8
mmol g−1 h−1). This result is well consistent with the UV−vis
data. The higher HER of TPP-Py CMP is attributed to the
narrow bandgap, which in turn improves the light-harvesting
ability to produce sufficient charge carriers. In addition, the
increased planarity in TPP-Py CMP gives lower degrees of
torsion, which increases the intramolecular charge transfer
along the polymer backbone, given that conjugated network
polymers with greater adjacent unit planarity have improved
intramolecular charge transfer.66 The photocatalytic perform-
ance of our CMPs, especially TPP-Py CMP, is higher than that
of several recently reported CMPs, as reported in Table S2.
Most importantly, the TPP-Py CMP not only enhances the
hydrogen production rate but also leads to an increase in the
photocatalytic stability under continuous irradiation for ∼40 h
as shown in Figure 7c; additionally, recycling experiments were
conducted as shown in Figures S29−S32, in which TPP-Py
CMP represents a good photocatalytic stability, which can
maintain the HER in more than five cycles without loss in the
photocatalytic efficiency (Figure S29). The apparent quantum
yield (AQY) of these polymers is calculated under the

optimized conditions at 420, 460, and 500 nm using
monochromatic light (Figure 7d). As shown, the AQY was
decreased with an increase in the wavelength. These results are
in a good agreement with the trend observed in the absorption
spectra. Notably, TPP-Py CMP showed a higher AQY value of
22.97% at 420 nm compared to that of the other polymers.
The high AQY of the TPP-Py CMP (22.97% at 420 nm) rivals
those of most of the CMPs reported previously. The
photoluminescence (PL) is closely related to the recombina-
tion of photoexcited electron−hole pairs. In general, lower PL
intensity results in a higher degree of charge separation.67

Figure 8a presents the PL spectra of the CMPs. Notably, the
TPP-Py CMP exhibited the lowest PL intensity, indicating that
the recombination of electrons and holes was effectively
suppressed relative to that of the other polymers. The PL
intensities decreased in the order TPP-Py CMP < TPP-TPA
CMP < TPP-TPP CMP < TPP-TPB CMP, consistent with the
photocatalytic efficiencies. To gain insight into the intra-
molecular charge transfer characteristics of the CMPs, we
examined their photocurrents (Figure 8b). The TPP-Py CMP
provided the highest photocurrent among our CMPs; the
photocurrents followed the order TPP-Py CMP > TPP-TPA
CMP > TPP-TPP CMP > TPP-TPB CMP.
The photocurrent data revealed the possibility of separation,

in addition to transfer, of photogenerated electrons induced
upon illumination of the CMPs; this process was most evident
for the TPP-Py CMP. We used electrochemical impedance
spectroscopy (EIS) to examine the accelerated charge transfer.

Figure 7. (a) Electronic band structures of the CMPs; orange line: redox potential of H+/H2. (b) H2 evolution under irradiation with visible light
(λ = 380−780 nm) mediated by the TPP-based CMPs. (c) Photocatalytic stability of TPP-Py CMP. (d) Wavelength dependence of the AQY of
the H2 evolution mediated by the CMPs.
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Figure 8c reveals that the TPP-Py CMP provided a lower-
intensity EIS spectrum relative to those of the other CMPs,
which indicates a smaller charge resistance in TPP-Py CMP.
This result strongly agrees with the HER activity. Next, DFT

calculations were performed at the B3LYP level with the 6-
31G(d,p) basis set to elucidate the structure−property
relationship of these four polymers and HOMO/LUMO
separations (Figures S33−S36). The results show that the
HOMO is mainly localized on Py, TPA, TPP, and BZ,
indicating that this group acts as a donor. These results show
that the donor group (Py, TPA, TPP, and BZ) conjugation can

effectively expand the delocalization of the HOMO levels,
which might facilitate the charge transport to ensure their high
mobility. Finally, the control experiments performed at
ambient temperature revealed that the photocatalytic process
was increased under a light-on condition and decreased under
a light-off condition, confirming that our system was a
photocatalytic reaction as well as had nondetectable reactions
in the absence of the photocatalysts or electron donor
molecules (e.g., AA) (Figures 8d and S37−S39).
The stability of the photocatalyst is an important factor

affecting its applicability. Accordingly, we investigated the

Figure 8. (a) PL emission spectra of the CMPs in acetone; excitation wavelength: 365 nm. (b) Photocurrent responses and (c) EIS of the CMPs
under irradiation with visible light (LED lamp; λ > 420 nm). (d) Control experiment of the TPP-Py CMPs.

Figure 9. (a) UV−vis absorption and (b) FTIR spectra of the TPP-Py CMP photocatalyst before and after the photoreaction.
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stability of our CMPs during photocatalytic H2 production
(Figures 9 and S40). The UV−vis and FTIR spectra of these
CMPs recorded before and after the photocatalytic reaction
revealed no apparent changes. The results clearly reveal the
good structural stability of our polymers.

■ CONCLUSION
We have synthesized and characterized a series of pyridine-
based CMPs for use as photocatalysts for the photocatalytic
production of H2 from water under irradiation with visible
light. The optical properties of the CMPs revealed that
variations in the structure of their monomers could be used to
systematically tune the resulting optical gap over a broad range
(2.39−2.83 eV), depending on their electron rich or poor
counterparts. The most highly planar CMP having the highest
electron enrichment CMP (TPP-Py CMP) and the narrowest
band gap provided excellent H2 evolution rates (up to 18 100
μmol g−1 h−1) and a high AQY of 22.97% at 420 nm. This
modular approach for the synthesis of CMPs provides the
opportunity to tune their photocatalytic and porous properties
that determine their suitability for use as organic photo-
catalysts.
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