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Photoactive conjugated microporous polymers (CMPs) are emerging as porous materials capable of
mediating the photocatalytic evolution of H, from water. In this study, we synthesized three pyrene-based
CMPs (Py-F-CMP, Py-TPA-CMP, Py-TPE-CMP) through Sonogashira-Hagihara cross-couplings of 1,3,6,8-
tetraethynylpyrene (Py-T, as a common monomer building block) with 2,7-dibromo-9H-fluorene (F-Br,),
tris(4-bromophenyl)lamine (TPA-Brs), and 1,1,2,2-tetrakis(4-bromophenyl)ethene (TPE-Br,), respectively, in
the presence of Pd(PPhs)s in DMF/EtsN. We then characterized the chemical structures, crystallinities,
thermal stabilities, surface morphologies, and porosities of these three new CMPs. Brunauer-Emmett-Teller
(BET) analyses and tests of photocatalytic H, production revealed that Py-TPA-CMP displayed the highest BET
surface area (454 m? g3), highest total pore volume (0.28 cm® g3, highest H, evolution rate (19 200 pmol
h?t g%, and highest apparent quantum vyield (15.3%) when compared with those of Py-F-CMP, Py-TPE-
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Introduction

Hydrogen (H,) is perhaps the most environmentally friendly
and sustainable energy source for solving our energy crisis and
overcoming environmental pollution.'® The production of H,
can be achieved most simply through photocatalytic water
splitting.*® If a polymeric material is to be used as a
photocatalyst for water splitting it should possess the following
features: (i) corrosion-resistance toward water; (ii) suitable
energy levels and structures to facilitate transport of charge
carriers in the polymeric framework; (iii) a suitable band gap to
enhance the capture of visible photons to produce sufficient
carriers to facilitate the reduction of protons; (iv) a suitable
absorption band edge position; and (v) an appropriate surface
to catalyze chemical reactions.”®*® Although inorganic
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CMP, and other organic porous materials.

semiconductor materials (e.g., oxysulfides, sulfides, metal
oxides, nitrides) have been used for photocatalytic H, evolution
because of their high stability and activity,"” > these materials
can have their disadvantages, including difficult syntheses,
low-availability of their required metal resources, and narrow
absorption bands. Fujishima and Honda prepared an
operational photo-electrochemical cell featuring a TiO,
electrode for water spitting.>* In contrast, Wang and co-workers
used g-C3N,, a highly thermally and chemically stable metal-
free polymer, as a photocatalyst for H, production.>® The
search for additional materials that can be wused in
photocatalytic H, production systems has become a hot topic
in academia and industry. Organic semiconductor
photocatalysts are particularly attractive because of their
tunable energy band structures, tunable electronic structures,
tunable molecular structures, ease of synthesis, and ease of
functional group modification.”** Conjugated microporous
polymers (CMPs), linear conjugated polymers, covalent
triazine-based frameworks (CTFs), and covalent organic
frameworks (COFs) are all organic polymer materials that have
been tested widely in photocatalysis, supercapacitors, chemical
sensors, CO, uptake, optical devices, and photocatalytic H,
production.”**® CMPs are particularly interesting emerging
materials for gas storage and conversion, drug delivery,
chemical sensing, photocatalysis, photocatalytic CO, reduction,
optical devices, energy storage, and light-driven H, production,
due to their tunable permanent nanoporous structures, ease of
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synthesis, low cost, excellent stability and activity, high surface
areas and porosities, low densities, diverse material
morphologies and compositions, and useful energy level
structures, optical band gaps, and photoelectric properties.**™>’
Janiak et al. prepared PCTF-8, a CMP that featured a BET
surface area (Sggr) of 625 m* g™, a total pore volume of 0.32
em® ¢!, and a H, evolution rate (HER) of 1185 umol h™ g™
when irradiated with light at wavelengths greater than 420
nm.*® Cooper et al. reported that the CMP S-CMP3 displayed
HERSs of 3106 and 6076 pmol h™" g™" when irradiated with light
at >420 and 251 nm, respectively, with the apparent quantum
yield (AQY) reaching 13.2% at 420 nm.”* Furthermore, Bojdys
et al. synthesized SNP-2 and found that this CMP material
provided a HER of 472 umol h™ g™* in the presence of Pt and
triethanolamine (TEOA) when irradiated with light at 395
nm.>® Pyrene (Py) moiety possesses extended m-conjugation
with planar structure and donor property.”®*° While
triphenylamine (TPA) and its derivatives have central nitrogen
atom connected with triphenyl groups, excellent hole
transporting and large steric hindrance.®® The preparation of
CMPs based on pyrene, triphenylamine, fluorene (F) and
tetraphenylethene (TPE) have been applied as materials in
chemical sensing agents, gas adsorbents water treatment,
energy storage and optoelectronic devices due to their high
specific surface area, easy synthesis, good processability and
high thermal stability.®’*® To the best of our knowledge, the
three types of pyrene functionalized CMPs in this study are
new and no report until now for using these materials for
photocatalytic hydrogen evolution from water. In this study, we
prepared the CMPs Py-F-CMP, Py-TPA-CMP and Py-TPE-CMP
through Sonogashira-Hagihara cross-couplings of 1,3,6,8-
tetraethynylpyrene (as a common monomeric building block)
with 2,7-dibromo-9H-fluorene (F-Br,), tris(4-bromophenyl)
amine (TPA-Br;), and 1,1,2,2-tetrakis(4-bromophenyl)ethene
(TPE-Bry), respectively, in the presence of
tetrakis(triphenylphosphine) palladium(0) as the catalyst in N,
N-dimethylformamide (DMF)/triethylamine (Et;N) as the
solvent. We then used various techniques to determine the
porosities, chemical structures, thermal stabilities, and surface
morphologies of these three CMPs. Finally, we measured their
abilities to mediate photocatalytic H, evolution from water in
the presence of ascorbic acid (AA) as a sacrificial electron donor
(SED) and Pt as a co-catalyst. These three new CMP materials
displayed high H, production from water.

Experimental

Materials

Pyrene (98%), triphenylamine (TPA, 98%), (trimethylsilyl)
acetylene  (98%),  copper()  iodide  (Cul,  99%),
triphenylphosphine (PPhs, 99%), N-bromosuccinimide (NBS,
99%), benzophenone (99%), bromine (Br,), zinc (Zn, 98%),
titanium tetrachloride (TiCl;, 99.9%), fluorene (98%),
potassium carbonate (K,CO3, 99.9%), anhydrous ferric chloride
(FeCls, 99.9%), anhydrous Et;N (99%), anhydrous magnesium
sulfate (MgSO,, 99.5%), tetrahydrofuran (THF), acetone,
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methanol (MeOH), and chloroform (CHCl;) were purchased
from Alfa Aesar. Pd(PPh;), was ordered from Sigma-Aldrich.

1,3,6,8-Tetrabromopyrene (Py-Br,)

A solution of Br, (2.3 mL, 44 mmol) was dissolved in
nitrobenzene (20 mL) and added to a solution of pyrene (2.00
g, 10 mmol) in nitrobenzene (20 mL). Then the mixture was
refluxed at for 4 h at 120 °C until a green powder was
appeared. The green solid was washed with EtOH, filtered
off, and dried under vacuum at 50 °C under vacuum to Py-
Br, (4.4 g, 89%). FTIR (KBr, cm ', Fig. S11): 3053 (aromatic
C-H stretching), 682 (C-Br stretching).

1,3,6,8-Tetrakis(2-(trimethylsilyl)ethynyl)pyrene (Py-TMS)

Pd(PPh;), (220 mg, 0.120 mmol), PPh; (244 mg, 0.920 mmol),
and Cul (118 mg, 0.620 mmol) were added to a solution of
Py-Br, (2.00 g, 2.38 mmol) in dry toluene (28 mL) and Et;N
(28 mL) under N,. After heating to 50 °C, TMSA (2.34 g, 23.8
mmol) was injected dropwise into the flask and then the
mixture was heated at for 48 h at 90 °C. The solvent was
removed under vacuum to obtain an orange solid.
Temperature for onset of decomposition: 350 °C. FTIR (KBr,
em™, Fig. S21): 3053 (aromatic C-H stretching), 2908
(aliphatic C-H stretching), 2100 (C=C stretching), 1618
(C=C stretching). '"H NMR (500 MHz, CDCl;, J, ppm, Fig.
S3t): 0.413 (s, 36H, CH,), 8.3 (s, 2H), 8.57 (s, 4H). *C NMR
(600 MHz, CDCl;, 6, ppm, Fig. S4t): 135.70, 132.40, 127.80,
119.20, 103.50, 101.60.

1,3,6,8-Tetraethynylpyrene (Py-T)

A mixture of Py-TMS (2.00 g, 3.41 mmol), K,CO;3 (5.70 g, 42.0
mmol), and anhydrous MeOH (50 mL) was stirred in a one-
neck flask at room temperature for 48 h until an orange
powder was formed. The solid was filtered to obtain Py-T
(1.88 g, 94.3%; Scheme S1f). Temperature for onset of
decomposition: 350 °C. FTIR (KBr, cm ', Fig. S5%): 3279
(=C-H), 3065 (aromatic C-H stretching), 2186 (C=C
stretching), 1618 (C=C stretching). 'H NMR (500 MHz,
CDCl,, d, ppm, Fig. S61): 8.68 (s, 4H), 8.38 (s, 2H), 3.67 (s,
4H). *C NMR (125 MHz, CDCl;, J, ppm, Fig. S71): 133.80,
130.80, 129.10, 127.80, 84.50, 59.70.

2,7-Dibrmo-9H-fluorene (F-Br,)

FeCl; (67.0 mg, 1.20 mmol) and fluorene (2.00 g, 12.0 mmol)
was dissolved in CHCIl; (25 mL) and then the mixture was
cooled in an ice bath at 0 °C. After that, Br, solution (1.29
mL, 25.27 mmol) in CHCl; (15 mL) was injected dropwise to
the mixture in the dark. The reaction solution was kept and
stirred for at 0 °C for 3 h. Then, saturated aqueous Na,S,0s
(40 mL) was added to the reaction mixture. The mixture was
extracted with CHCl; and organic CHCl; was dried (MgSO,),
filtered, and concentrated under vacuum to obtain F-Br, as a
colorless solid (3.90 g, 89%: Scheme S21). M.p.: 164-165 °C
(DSC, Fig. S81). FTIR (KBr, cm™*, Fig. $9f): 3051 (aromatic
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C-H stretching), 2922 (C-H stretching), 1255 (C-O-C
stretching). '"H NMR (500 MHz, CDCl;, 6, ppm, Fig. S10%):
3.04 (s, 2H), 6.94 (d, 2H), 7.06 (d, 2H), 7.57 (d, 2H). **C NMR
(125 MHz, CDCl;, d, ppm, Fig. S11t): 145.30, 139.80, 131.20,
128.50, 36.50.

Tris(4-bromophenyl)amine (TPA-Br;)

In a round-bottom flask, NBS (1.00 g, 5.75 mmol) in DMF
(10 mL) was mixed with a solution of triphenylamine (TPA)
(0.459 g, 1.87 mmol) in DMF (15 mL) and then the mixture
was stirred at room temperature for 24 h. After evaporation
DMF, CH,Cl, (200 mL) and H,O (300 mL) were added to
the mixture. Then, the organic layer was dried above
MgSO,, filtered, and concentrated under vacuum. The
residue was washed several times with MeOH to afford
TPA-Br; as a white solid (0.94 g, 90%: Scheme S37). M.p.: 140-
142 °C (DSC, Fig. S12f). FTIR (KBr, cm*, Fig. S13): 3078
(aromatic C-H stretching), 1618 (C=C stretching). '"H NMR
(500 MHz, CDCl;, 6, ppm, Fig. S141): 6.94 (d, 6H), 7.35 (d,
6H). "*C NMR (125 MHz, CDCls, 6, ppm, Fig. S15): 146.80,
133.20, 126.20, 116.40.

Tetraphenylethylene (TPE)

Under N,, benzophenone (3.00 g, 16.4 mmol) and Zn (4.31 g,
65.9 mmol) in THF (80 mL) was stirred in ice/salt-water bath
for 10 min. TiCl, (3.60 mL, 33.0 mmol) was injected over 30
min and then the mixture was kept at 80 °C under reflux.
Then, 5% aqueous K,CO; was added to the reaction. After
evaporation of the organic solvent, the aqueous phase was
extracted three times with EtOAc. After evaporation EtOAc,
the residue was washed with EtOH to obtain a white
crystalline solid (2.66 g, 97%). M.p.: 228-229 °C (DSC, Fig.
S16t1). FTIR (KBr, cm™', Fig. S17f): 3047 (aromatic C-H
stretching), 1602 (C=C stretching). '"H NMR (500 MHz,
CDCl;, 6, ppm, Fig. S18+): 7.26 (d, 8H), 6.84 (d, 8H). **C NMR
(125 MHz, CDCls, 6, ppm, Fig. $19%): 140.70, 141.00, 131.30,
127.70, 126.4.

1,1,2,2-Tetrakis(4-bromophenyl)ethene (TPE-Br,)

A solution of TPE (3.32 g, 10.0 mmol) in glacial acetic acid
(10 mL) and CH,Cl, (20 mL) in a round-bottom flask at 0 °C
(ice bath). Br, (4.00 mL, 80.0 mmol) was added to the mixture
and the mixture was kept at room temperature for 48 h.
Then, the H,0 (200 mL) was added to the resulting solution
and the mixture was extracted with CH,Cl,. After evaporation
CH,Cl,, the residue was washed with MeOH to give a white
solid (Scheme S47), which was recrystallized (CH,Cl,/MeOH)
to give TPE-Br, as a white crystalline solid (6.15 g, 95%). M.p.:
261-262 °C (DSC, Fig. $201). FTIR (KBr, cm*, Fig. S21%):
3051 (aromatic C-H stretching), 1572 (C=C stretching). 'H
NMR (500 MHz, CDCl;, d, ppm, Fig. S221): 7.25 (d, 8H), 6.84
(d, 8H). *C NMR (125 MHz, CDCl;, J, ppm, Fig. S23%):
142.30, 139.70, 133.70, 131.90, 121.80.

This journal is © The Royal Society of Chemistry 2021
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Py-F-CMP

Py-T (100 mg, 0.340 mmol), F-2Br (174 mg, 0.530 mmol), Cul
(6.40 mg, 0.0400 mmol), PPh; (14.0 mg, 0.0500 mmol), and
Pd(PPh;), (38.0 mg, 0.0330 mmol) in DMF (5 mL) and Et;N (5
mL) was degassed twice under vacuum and then stirred at
100 °C for 72 h. The insoluble solid was washed several times
with THF, DMF, and acetone. The dark red powder was dried
at 100 °C (Scheme S5%). FTIR (KBr, cm™): 3062 (aromatic C-H
stretching), 2190 (C=C stretching), 1603 (C=C stretching).

Py-TPA-CMP

Py-T (100 mg, 0.340 mmol), TPA-Br; (216 mg, 0.330 mmol),
Cul (6.40 mg, 0.0400 mmol), PPh; (14.0 mg, 0.0500 mmol),
and Pd(PPh;), (38.0 mg, 0.0330 mmol) in DMF (5 mL) and
Et;N (5 mL) was degassed twice under vacuum and then
stirred at 100 °C for 72 h. The insoluble solid was filtered off
and washed several times with THF, DMF, and acetone. The
dark red powder was dried at 100 °C (Scheme S67). FTIR
(KBr, cm™): 3058 (aromatic C-H stretching), 2179 (C=C
stretching), 1583 (C=C stretching).

Py-TPE-CMP

Py-T (150 mg, 0.470 mmol), TPE-Br, (215 mg, 0.330 mmol),
Cul (9.00 mg, 0.0500 mmol), PPh; (13.0 mg, 0.0500 mmol),
and Pd(PPh;), (57.0 mg, 0.0500 mmol) in DMF (5 mL) and
Et;N (5 mL) was degassed twice under vacuum and then
stirred at 100 °C for 72 h. The insoluble solid was filtered off
and washed several times with THF, DMF, and acetone. The
dark red powder was dried at 100 °C (Scheme S77). FTIR
(KBr, cm™): 3058 (aromatic C-H stretching), 2179 (C=C
stretching), 1595 (C=C stretching).

Catalyst solution for photocatalytic H, evolution

Py-F-CMP, Py-TPA-CMP, or Py-TPE-CMP was dispersed in
water/MeOH (2/1, 10 mL) containing H,PtCls (3%) and 0.1 M
AA. The catalyst solution was exposed to light from a 350 W
Xe lamp (1000 W m™%; 1 > 420 nm) that had passed through
a 420 nm band-pass filter. The production of H, was
evaluated through gas chromatography (GC7920), operated
under the isothermal condition by the semi-capillary column
equipped with the thermal conductivity detector. The AQY
was calculated using the following equations:

number of evolved H, moleculesx2 N,

AQY = — = 1
Q number of incident photons N, @)
2M XNy, 2MxNy 2MXNyxhxc
- Eiotal = TsxPxt SXPXEX) %x100%
Ephoton hx$

where NA is the Avogadro constant, M is the amount of H,
produced (mol), ¢ is the speed of light # is the Planck
constant, S is the irradiation area (cm?®), ¢ is the
photoreaction time (s), P is the intensity of the irradiating
light (W em™), and / is the wavelength of the monochromatic
light (m).
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Results and discussion

Schemes S1-S41 display the routes followed for the
preparation of Py-T, TPE-Br,, TPA-Br;, and F-Br,. The CMPs
Py-F-CMP, Py-TPA-CMP, and Py-TPE-CMP were obtained as
red solids in high yields through Sonogashira-Hagihara
cross-couplings between Py-T (as the common monomer
building block) and F-Br,, TPA-Br;, and TPE-Br,,
respectively, in the presence of Pd(PPh;), in DMF/Et;N over
72 h at 100 °C under a N, atmosphere (Scheme 1). All the
resulting CMP materials are insoluble in DMF, MeOH, EtOH,
THF, CH,Cl,, DMSO, and acetone. The chemical structures of
all the synthesized monomers and of Py-F-CMP, Py-TPA-
CMP, and Py-TPE-CMP were confirmed using 'H and C
NMR spectroscopy, solid state >*C NMR spectroscopy, and
FTIR spectroscopy. The DSC, FTIR and NMR spectra revealed
that F-Br,, TPA-Br;, TPE and TPE-Br, had been obtained
with high purity (Fig. S8-S23t). Fig. 1 presents the FTIR
spectra of Py-T, Py-F-CMP, Py-TPA-CMP, and Py-TPE-CMP.
The FTIR spectrum of Py-T [Fig. 1(a)] features absorption
bands at 3279, 3053, 2186, and 1618 cm™', corresponding to
its H-C=C, C-H aromatic, C=C, and C=C units,
respectively. Fig. 1(b-d) reveals that the signals for the
vibrations of the aromatic rings in Py-F-CMP, Py-TPA-CMP,
and Py-TPE-CMP appeared clearly in the range 3087-3044
em™, while those for the C=C units appeared in the range
2190-2185 cm™'. Moreover, the large decreases in the
intensities of the absorption bands for the terminal alkynyl
groups (H-C=C) near 3279 cm ™" in the FTIR spectra of Py-F-
CMP, Py-TPA-CMP, and Py-TPE-CMP confirmed that their
polymeric condensations had occurred with high degrees of
polymerization. Solid state *C NMR spectroscopy [Fig. 2(a-c)]
revealed signals for the carbon nuclei of the aromatic units
in the ranges 141.22-120.77 ppm for Py-F-CMP, 146.08-

2232 | Catal. Sci. Technol, 2021, 11, 2229-2241

Py-TPA-CMP
Scheme 1 Synthesis of (a) Py-F-CMP, (b) Py-TPA-CMP, and (c) Py-TPE-CMP through Sonogashira-Hagihara cross-couplings.

Py-TPE-CMP

118.53 ppm for Py-TPA-CMP, and 142.19-118.68 ppm for Py-
TPE-CMP. In addition, signals of the carbon nuclei of the
internal alkynyl bonds of Py-F-CMP, Py-TPA-CMP and Py-
TPE-CMP appeared centered at 80.82, 81.95, and 81.39 ppm,
respectively. The "*C NMR spectrum of Py-F-CMP [Fig. 2(a)]
featured a signal centered at 49.38 ppm for the methylene
groups in this framework.

We used thermogravimetric analysis to examine the
thermal stabilities of Py-F-CMP, Py-TPA-CMP, and Py-TPE-
CMP under a N, atmosphere (Fig. 3). The thermal
degradation temperatures T4s and T4, of Py-F-CMP were 187
and 321 °C, respectively; for Py-TPA-CMP they were 306 and
382 °C, respectively; and for Py-TPE-CMP they were 295 and
358 °C, respectively. Py-F-CMP, Py-TPA-CMP, and Py-TPE-
CMP displayed char yields of 54, 70, and 64%, respectively.
The powder X-ray diffraction (PXRD) patterns of these CMPs
did not feature any crystalline peaks or long-range order (Fig.
S24%), suggesting that each of these materials had
amorphous character. We wused field-emission scanning
electron microscopy (FE-SEM) to examine the surface
morphologies of Py-F-CMP, Py-TPA-CMP, and Py-TPE-CMP
(Fig. S25t). The surface morphology of Py-F-CMP featured
fused rod-like particles, while Py-TPA-CMP and Py-TPE-CMP
presented fused irregularly aggregated spherical particles.
The BET specific surface areas (Sggr), pore diameters, and
total pore volumes (Viora)) of Py-F-CMP, Py-TPA-CMP and Py-
TPE-CMP were characterized through N, measurements at 77
K (Fig. 4). The BET analyses [Fig. 4(a—c)] revealed type IV
curves, suggesting mesoporous structures for these three
CMP polymers; furthermore, Fig. 4(b) revealed microporous
behavior for Py-TPA-CMP, identified by a sharp rise at
relatively low pressure (P/P, = 0-0.1). Furthermore, the values
of Sper and Vi for Py-F-CMP were 191 m?> ¢ and 0.06
em?® g7!) respectively; for Py-TPA-CMP they were 454 m> g™

This journal is © The Royal Society of Chemistry 2021
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and 0.28 cm® g*, respectively; and for Py-TPE-CMP they were
182 m* g' and 0.13 ecm?® g™, respectively. We used nonlocal
density functional theory (NL-DFT) to evaluate the pore
diameters of the CMPs [Fig. 4(d-f)]. Based on their pore size
distribution curves, the pore diameters of Py-F-CMP, Py-TPA-
CMP, and Py-TPE-CMP were 2.14-2.85, 1.21-2.53, and 2.60
nm, respectively. TEM images [Fig. 4(g-j)] revealed that these
three porous polymers possessed micro/mesoporous
structures with uniform pore sizes (1.5-2.5 nm). Based on the
TGA and BET data, the thermal stability, surface area, and
total pore volume of Py-TPA-CMP were all higher than those
of Py-F-CMP and Py-TPE-CMP.

We recorded UV-vis diffuse reflectance spectra (DRS) to
determine whether the CMPs had optical band gaps suitable
for use as photocatalysts; Fig. 5 presents the effective
photocatalytic performance of these three polymers. As
revealed in Fig. 5(a), all of these polymers absorbed visible
light well in the range 350-585 nm. Notably, the signals in
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Fig. 4 N, adsorption/desorption isotherms of (a) Py-F-CMP, (b) Py-TPA-CMP, and (c) Py-TPE-CMP. Pore size distribution curves of (d) Py-F-CMP,
(e) Py-TPA-CMP, and (f) Py-TPE-CMP. TEM images of (g) Py-F-CMP, (h) Py-TPA-CMP, and (j) Py-TPE-CMP.
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the spectrum of Py-TPA-CMP were slightly red-shifted when
compared with those of Py-F-CMP and Py-TPE-CMP,
presumably because of the presence of its TPA units. The
optical band gaps of Py-F-CMP, Py-TPA-CMP, and Py-TPE-
CMP, calculated from Tauc plots [Fig. 5(b)] were 1.83, 1.80,
and 1.85 eV, respectively (Table 1).

Fig. S26tf presents the results of photoelectron
spectroscopy, revealing that the highest occupied molecular
orbitals (HOMOs) of Py-F-CMP, Py-TPA-CMP, and Py-TPE-
CMP had energies of 5.65, 5.55, and 5.68 eV, respectively
(Table 1); their corresponding lowest unoccupied molecular
orbitals (LUMOs) had energies of 3.82, 3.75, and 3.83 eV,
respectively (Table 1), calculated from the expression Eyomo
- E, (where E, was determined using the Tauc plot method).

The UV-vis DRS data suggested that each of these
polymers had LUMO energy higher than the potential of

water production; therefore, we believed that our three new
CMPs would function as photocatalysts for light-driven H,
evolution. We measured the HER of Py-TPA-CMP in the
presence of AA, TEOA, and TEA triethylamine as SEDs, while
adding MeOH into the Py-TPA-CMP/H,0 system to enhance
the miscibility [Fig. 6(a)]. Py-TPA-CMP displayed good
photocatalytic performance in the presence of AA as the SED,
with HERs 10-fold and more than 100-fold greater than those
obtained using TEOA and TEA, respectively. We optimized
various factors to obtain the best conditions for the
photocatalytic reaction, including the amount of the
photocatalyst, the concentration of Pt co-catalyst, and the
concentration of AA as the SED. Fig. 6(b) reveals the effect of
the amount of Py-TPA-CMP on the H, evolution performance
in the presence 0.1 M AA. The HER increased upon
increasing the amount of Py-TPA-CMP from 0.5 to 3 mg, but

Table 1 Photophysical properties and H, evolution data of the three polymers

Absorption HOMO/LUMO Band gap AQY% at 420 nm
Polymer [nm] [eV]“? [ev]* HER [umol h™"] HER [umol h™ g™] (at 460 nm) [%]**
Py-TPA-CMP 360 to 585 -5.55/-3.75 1.80 57.5 19200 15.3
Py-TPE-CMP 360 to 558 -5.68/-3.83 1.85 39.1 13033 6.3
Py-F-CMP 360 to 565 -5.65/-3.82 1.83 16.8 5600 2.3

“ HOMO determined using photoelectron spectroscopy. b LUMO derived from the expression Eyomo —

E,. © Calculated from the Tauc plot of

(ahv)? versus (hv). ¢ Conditions: photocatalyst (3 mg), 0.2 M AA, 3% H,PtClg, and 350 W Xe lamp (1000 W m™2; 1 > 420 nm). ¢ AQYs measured

at 420 and 460 nm.

This journal is © The Royal Society of Chemistry 2021
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Fig. 6 (a) Effect of SEDs on photocatalytic H, production under visible light mediated by Py-TPA-CMP (1 mg); 350 W Xe lamp (1000 W m™2; 7 >
420 nm). (b) Effect of photocatalyst concentration in the presence of 0.1 M AA; 350 W Xe lamp (1000 W m™2; 1 > 420 nm). (c) Effect of H,PtCls as
a co-catalyst in the presence of Py-TPA-CMP dose (3 mg) and 0.1 M AA; 350 W Xe lamp (1000 W m™%; 2 > 420 nm). (d) Effect of AA concentration
in the presence of Py-TPA-CMP (3 mg); 350 W Xe lamp (1000 W m™2; 1 > 420 nm).

it decreased thereafter upon increasing the amount of the
CMP to 5 mg, suggesting that the optimum amount of Py-
TPA-CMP in this system photocatalytic reaction was 3 mg.
Furthermore, the HER of Py-TPA-CMP was enhanced the
most in the presence of H,PtCls when using 3% of this co-
catalyst [Fig. 6(c)]. Although Fig. 6(d) reveals that the rate of
H, production of Py-TPA-CMP also increased upon increasing
the AA concentration, we select a concentration of AA of 0.2
M in our subsequent experiments for ready comparison with
the results of previous studies. Under the optimal conditions
(3 mg of the polymer, 3% Pt, and 0.2 M AA), we compared
the performance of the three polymers Py-F-CMP, Py-TPA-
CMP, and Py-TPE-CMP as photocatalysts for H, evolution
under irradiation with visible light (1 > 420 nm) at room
temperature. As revealed in Fig. 7(a), the amount of
generated H, reached a maximum value of 231.7 pmol after 6
h when using Py-TPA-CMP as the photocatalyst; this value
was higher than those obtained using Py-TPE-CMP (201.9

2236 | Catal. Sci. Technol., 2021, 1, 2229-2241

pmol) and Py-F-CMP (69.1 umol). Fig. 7(b) and Table 1
display the calculated HERs of our CMPs. The promising
HER of Py-TPA-CMP (57.5 umol h™") was higher than those of
Py-TPE-CMP (39.1 umol h™") and Py-F-CMP (16.8 umol h™"). We
attribute the highest HER of Py-TPA-CMP to its high value of
Sger (454 m* g7, its high total pore volume (0.28 cm® g™") and
its red-shifted UV-vis spectral absorption bands, which enhanced
the capture of visible light. In addition, the Py-TPA-CMP
contains pyrene as strong electron donating group and TPA as
strong electron-accepting unit which can be enhanced the
charge separation, and electron transfer ability in the Py-
TPA-CMP. Also, the presence of N atom in the TPA units acts
as hole traps and provide reactive sites which facilitating hole
transfer, charge separation and enhanced H, generation from
67769 To evaluate the photocatalytic activity of our
photocatalysts for light driven H, evolution, we also measured
the H, evolution from our photocatalytic system in the
absence of AA as the SED and also in the absence of the

water.

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d0cy02482a

Published on 20 January 2021. Downloaded by National Sun Yat Sen University on 9/8/2021 10:57:37 AM.

View Article Online

Catalysis Science & Technology Paper
(a)
250 60
Q- Py-F-CMP ]
~@- Py-TPA-CMP 50
2004| -@— Py-TPE-CMP
404
— 150 <
2 ©
g £ 30-
~ 100 - =
T T 20.
50 1o I
0 0
0 . Py-TPA-CMP Py-TPECMP  Py-F-CMP
(c) Time (h)
16 16
Py-TPA-CMP
12- 12-
> 8- > 8-
e} e}
< 1 <
44 44
0 T v T T v L 0 T
400 450 500 550 600 Py-TPA-CMP  Py-TPE- c|v|p Py-F-CMP

Wavelength (nm)

Fig. 7 (a) Time course of the production of H, mediated by the three polymers. (b) HERs of the three polymers; conditions: photocatalyst (3 mg),
0.2 M AA, 3% H,PtClg, and 350 W Xe lamp (1000 W m™2; /. > 420 nm). (c) AQYs of the Py-TPA-CMP at various wavelengths of light. (d) AQYs of the
three polymers under light at 420 nm, measured under the optimized conditions at ambient temperature; conditions: photocatalyst (3 mg), 0.2 M

AA, 3% H,PtClg, and 350 W Xe lamp (1000 W m™3; 1 > 420 nm).

photocatalyst. As displayed in Fig. S27,f no H, production
occurred in the absence of AA, light, or polymer under
otherwise identical conditions, confirming the necessity of
each for a successful photocatalytic process in this system. We
also estimated the AQYs of Py-TPA-CMP [Fig. 7(c)]

wavelengths of 420, 460, 500, 550, and 600 nm, obtaining
values of 15.3, 11.1, 10.7, 4.5, and 2.1%, respectively. At 420
nm, the AQYs of Py-C-CMP, Py-TPA-CMP, and Py-TPE-CMP
were 2.5, 15.3, and 6.3%, respectively [Fig. 7(d)]. Ren et al
reported that Ta-CMP-CN, which featured terminal electron
withdrawing groups, provided a HER (698 umol g™ h™", with
an AQY of 0.15%) under visible light that was higher than that
of Ta-CMP-N (99 umol g™ h™).”° Wang and co-workers found
that the HER of L-PyBT was 87.7 umol h™." Table S1f
summarizes the HER performances and AQYs of our CMPs
and those of the previously reported microporous polymer
photocatalysts; among them, our polymers achieved the

This journal is © The Royal Society of Chemistry 2021

highest photocatalytic efficiencies and displayed promising
AQYs. We employed density functional theory (DFT) to
examine the electronic states of our three new polymers. The
ground state geometries of the three monomers were
optimized using the B3LYP functional with the D3BJ
correction and the basis set 6-31G(d). This dispersion
correction is necessary to account for long-range and
noncovalent interactions.”>”* Fig. 8 reveals that, for each of
the three polymers, both HOMO and LUMO are extended all
over the conjugated system. Fig. S28-S30f presented the
excited states of the Py-F-CMP, Py-TPA-CMP and Py-TPE-
CMP, and their contribution of the transition between
orbitals. In addition, Fig. 8 reveals that, for Py-F-CMP and
Py-TPE-CMP, the HOMO and LUMO are extended all over the
conjugated system. This indicates the complete overlapping
for HOMO and LUMO, leads to increasing the recombination
of excited electrons. In contrast in the case of Py-TPA-CMP,
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the LUMO is distributed mostly over the pyrene units, and a
lesser extent to TPA unit. Thus, the HOMO and LUMO are
partially separated leading to decreasing the recombination
of excited electrons and enhancing the photocatalytic
efficiency. We tested the stability and recycling of Py-TPA-
CMP and Py-TPE-CMP as photocatalysts under irradiation
with visible light (1 > 420 nm) (Fig. S31f). These materials
maintained approximately the same performance, in terms of
H, production rate, over three cycles (18 h) without
decreasing the photocatalytic efficiency. Finally, we have
performed FTIR and UV-vis measurements, and field-
emission scanning electron microscopy (FE-SEM) to check
the stability of the chemical structure and surface
morphology of Py-F-CMP, Py-TPA-CMP and Py-TPE-CMP
after photocatalysts measurements. As shown in FTIR spectra
(Fig. S32t), the three new polymers showed absorption bands
in the range 3051-3065 cm™', 2200-2191 cm', and 1603-
1585 cm™", corresponding to their C-H aromatic, C=C, and
C=C, respectively. In addition, the absorption bands of Py-F-
CMP, Py-TPA-CMP and Py-TPE-CMP were slightly blue-
shifted after photocatalysts measurements, as presented in
Fig. S33f Based on SEM images after photocatalysts
measurements (Fig. S347), the surface morphologies of Py-F-
CMP, Py-TPA-CMP, and Py-TPE-CMP featured fused rod-like
particles. The results above showed that our three polymers
could maintain their structure after photocatalytic reaction.

2238 | Catal. Sci. Technol., 2021, 11, 2229-2241

Thus, our CMPs function as photocatalysts with promising
H, production efficiencies and very high stability.

Conclusion

We have synthesized three CMPs—Py-F-CMP, Py-TPA-CMP,
and Py-TPE-CMP—based on pyrene moieties through simple
and environmentally friendly Sonogashira-Hagihara cross-
couplings. FTIR and solid state '*C NMR spectra confirmed
their chemical structures. TGA revealed that Py-TPA-CMP had
a thermal degradation temperature (358.0 °C) and char yield
(70%) higher than those of Py-F-CMP, Py-TPE-CMP, and
other porous materials. Furthermore, Py-TPA-CMP provided
a HER of 19200 umol h™ g™', with a high AQY of 15.3% that
was higher than those of Py-F-CMP and Py-TPE-CMP,
presumably because of its high surface area (454 m”> g '),
high total pore volume (0.28 cm® g™'), suitable band gap, and
presence of nitrogen heteroatoms.
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