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Introduction

Reticular design and alkyne bridge engineering in
donor—m—acceptor type conjugated microporous
polymers for boosting photocatalytic hydrogen
evolutiony

Mohamed Gamal Mohamed, & **® Mohamed Hammad Elsayed,*® Chia-Jung Li,?
Ahmed E. Hassan,® Islam M. A. Mekhemer,°® Ahmed Fouad Musa,®

Mahmoud Kamal Hussien,® Li-Chyong Chen, & ¢ Kuei-Hsien Chen, & "
Ho-Hsiu Chou® ¢ and Shiao-Wei Kuo @ *@

Conjugated microporous polymers (CMPs) have gained increased significance as crucial components in the
field of photocatalytic H, production due to their excellent ultraviolet-visible (UV-vis), and robust
fluorescence. Herein, we used two types of reaction approaches including Suzuki and Sonogashira—
Hagihara coupling to prepare six different types of CMPs for the first time to investigate and understand
the reactivity of triphenylamine (TPA) and alkyne group linked CMPs for photocatalytic H, evolution from
H,O. Six different TPA-based CMPs including TPA-TPA (D-D), TPE-TPA (A-D), Py—TPA (A-D), TPA-TB-
TPA (D-m-D), TPE-TB-TPA (D-m—-A), and Py-TB-TPA (D-m-A) CMPs have been designed and
synthesized via Suzuki and Sonogashira—Hagihara coupling reaction, respectively. Our investigation of
TPA-CMP materials showed that TPA-TPA, Py—TPA, and TPA-TB-TPA CMPs exhibited elevated Tyi0
values, measuring 557 °C, 508 °C, and 482 °C, respectively. Additionally, based on the results of thermal
gravimetric analysis (TGA) and nitrogen adsorption—desorption measurements, these CMPs displayed
specific surface areas (Sger) of 98, 913, and 459 m? g%, respectively. Furthermore, in the order
presented, the Py—TPA, and Py—TB-TPA CMPs showcase hydrogen evolution rate (HER) values of 3633,
and 16 700 pmol g™t h™, respectively. As per density functional theory (DFT) calculations, the presence
of an alkyne bridge in the Py—TB-TPA CMP can effectively hinder electron—hole recombination, prolong
the lifetime of charge carriers, and improve the efficiency of their transfer and separation when
compared to a similar CMP (Py—TPA CMP) lacking an alkynyl group. As a result, including an alkynyl ()
bridge in the polymers led to an augmentation in their photocatalytic activity. This work presents various
viewpoints regarding the development and architecture of high-performance CMPs incorporating alkynyl
groups, showcasing their potential applications in photocatalysis.

environmental pollution and tackle our energy crisis, hydrogen
(H,) stands out as an exceptionally eco-friendly and sustainable

The extensive reliance on fossil fuels has led to severe energy
shortages and environmental challenges, prompting a quest for
cleaner, alternative energy solutions."™ To mitigate
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energy source capable of substantial fossil fuel replacement.***
To address the environmental problems stemming from fossil
fuel usage, the most challenging method involves generating

ICenter of Atomic Initiative for New Materials, National Taiwan University, Taipei
10617, Taiwan

sDepartment of Physics, National Taiwan University, Taipei 10617, Taiwan
"Institute of Atomic and Molecular Sciences, Academia Sinica, Taipei 10617, Taiwan
‘Department of Medicinal and Applied Chemistry, Kaohsiung Medical University,
Kaohsiung 807, Taiwan

t Electronic  supplementary information (ESI) available. See DOI:
https://doi.org/10.1039/d3ta07309b

J. Mater. Chem. A, 2024,12, 7693-7710 | 7693


http://crossmark.crossref.org/dialog/?doi=10.1039/d3ta07309b&domain=pdf&date_stamp=2024-03-25
http://orcid.org/0000-0003-0301-8372
http://orcid.org/0000-0001-6373-7729
http://orcid.org/0000-0002-9148-5140
http://orcid.org/0000-0003-3777-2277
http://orcid.org/0000-0002-4306-7171
https://doi.org/10.1039/d3ta07309b
https://doi.org/10.1039/d3ta07309b
https://pubs.rsc.org/en/journals/journal/TA
https://pubs.rsc.org/en/journals/journal/TA?issueid=TA012013

Published on 19 February 2024. Downloaded by National Sun Yat Sen University on 5/13/2024 10:23:16 AM.

Journal of Materials Chemistry A

hydrogen through water splitting, with oxygen as the sole
byproduct and no CO, emissions. Photocatalytic water splitting
has garnered significant interest due to its ability to produce
high-calorific-value hydrogen, its fuel efficiency, renewability,
and lack of pollutants.””? Due to their high activity and
appropriate electrical characteristics, a variety of inorganic
semiconductors, including selenides, metal oxides, nitrides,
and sulfides, have been used as photocatalysts for hydrogen
evolution throughout the past several decades.”*>® Neverthe-
less, most inorganic photocatalysts face issues like limited
absorption bands, challenging synthesis, low activity in visible
light, and a scarcity of natural resources.””*® Recent research
highlights the promising potential of organic semiconductors
as a novel class of photocatalysts for H, generation, due to their
variety of structures, several synthetic pathways, ease of prepa-
ration, adaptability, adjustable electronic properties, and
tunable band gaps. Consequently, research teams worldwide
have shifted their focus toward developing and applying organic
photocatalysts, resulting in rapid advancements in this field.
Notable examples of these organic polymers include graphitic
carbon nitride (g-C3N,),>**' CMPs,*>® covalent triazine frame-
works (CTFs),**' polymer dots,*>** and metal-organic frame-
works (MOFs),**¢ all of which have been created to produce H,
from water. Among these options, CMPs have garnered signif-
icant attention due to their large easily post-functionalized
surface areas, cost-effectiveness, customizable porosities,
versatile design, impressive chemical, mechanical, and hydro-
thermal stabilities, and a wide range of feasible synthetic
processes.”* CMPs could be synthesized using various
methods such as Schiff base condensation, Suzuki-Miyaura,
Sonogashira, Heck coupling processes, mechanochemical
synthesis, solvothermal or hydrothermal methods, microwave-
assisted synthesis, and more, all of which are both economi-
cally viable and user-friendly.>»**** Various monomers
featuring diverse functional groups, including aldehydes,
amines, and halides, can be employed in the synthesis of CMPs.
Notably, CMPs exhibit exceptional chemical and physical
stability.>**” These attributes make CMPs versatile materials
suitable for a wide array of applications, including photo-
catalysis, gas capture and storage, chemical sensing, optoelec-
tronic devices, pollutant adsorption, energy storage, and
antibacterial purposes.***” Triphenylamine (TPA)-based mate-
rials have found widespread utility due to their inherent redox
activity, fluorescence, and the capability to facilitate hole
transport via radical-cation species. As a result, they are
commonly employed as luminescent probes and in the devel-
opment of molecular electronic materials.”*”> In comparison to
other aromatic materials, TPA exhibits longer m-conjugation,
enabling red-shifted emission and absorption spectra.”
Considerable attention has been directed toward the develop-
ment of CMPs with D-A or D-m-A architectures. These
approaches harness the intrinsic electronic interactions
between D and A groups, creating a “push-pull” effect that aids
in efficient photoinduced charge separation.””* This mecha-
nism elevates the photocatalytic efficiency of CMPs. In contrast,
D-m-A architectures, which rely on enhanced m-electron delo-
calization, have the potential to further enhance photocatalytic
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activity by reducing exciton binding energy and promoting
exciton dissociation.” This is achieved through the utilization
of benzene (BZ), benzothiadiazole (BT), dibenzo[g,p|chrysene
(DBC), and pyrene (Py) as the donor, acceptor, and linker
components, respectively’® polymer photocatalysts and photo-
electrode materials connected through acetylene linkages have
proven to be highly effective in processes such as water splitting
and the degradation of contaminants when exposed to visible
light irradiation.”””®" Research carried out by the Chen group
has demonstrated that introducing an ethynyl unit into linear
conjugated polymers (CPs) leads to improved performance in
terms of H, generation, photocurrent intensity, and visible light
absorption, in contrast to linear CPs lacking an ethynyl unit.**
Motivated by the findings mentioned above, we proceeded to
synthesize a new series of TPA-linked CMPs [namely, TPA-TPA
(D-D), TPE-TPA (A-D), Py-TPA (A-D), TPA-TB-TPA (D-7t-D),
TPE-TB-TPA (D-7-A), and Py-TB-TPA (D-1t-A) CMPs], incor-
porating both acetylene groups and non-acetylene variants,
employing a palladium-catalyzed Suzuki and Sonogashira cross-
coupling process, as presented in Fig. 1a and 2b. The assess-
ment and analysis of the photocatalytic hydrogen generation
performance of these TPA-linked CMPs were carried out with
great precision. The Tq;, values for TPA-TPA, Py-TPA, and TPA-
TB-TPA CMPs were notably elevated, with measurements at
557 °C, 508 °C, and 482 °C, respectively through TGA
measurements. Moreover, through the use of nitrogen adsorp-
tion—-desorption investigations, the TPA-TPA, Py-TPA, TPA-TB-
TPA and Py-TB-TPA CMPs were found to possess Sggr of 98,
913, 459 and 454 m> g, respectively. In pursuit of the goal of
photocatalytic H, evolution through water splitting, the entire
TPA-CMP series was employed. Among these TPA-linked CMP
series, Py-TPA and Py-TB-TPA CMPs displayed impressive
hydrogen evolution rates (HER) of 3633 and 16 700 pmol g~ *
h™", respectively. Additionally, the Py-TB-TPA CMP exhibited
an apparent quantum yield (AQY) of 21.6, 15.8, 14.1, 12.9, and
5.7% at different wavelengths (400, 450, 500, 550, and 600 nm).
According to DFT calculations, the Py-TB-TPA CMP emerged as
the most efficient CMP photocatalyst, primarily attributed to
the advantageous presence of an alkyne bridge. This alkyne
bridge effectively suppresses electron-hole recombination,
extends the lifespan of charge carriers, and enhances their
transfer and separation efficiency.

Experimental

Materials

Triphenylamine (TPA), triethylamine (Et;N), MeOH, pyrene (Py),
trimethylsilyl acetylene (TMS), benzophenone (BZP), Zn
powder, TiCl,, acetic acid (AcOH), bromine (Br,), potassium
acetate (KOAc), N-bromosuccinimide (NBS), triphenylphos-
phine (PPh;), Pd(PPhs;),, copper(i) iodide (Cul), and magnesium
sulfate anhydrous (MgSO,) were purchased from Sigma-Aldrich.
Bis(pinacolato)dibron [B,pin,], potassium carbonate (K,COs,
99.99%), 1,4-dioxane (DO), N,N-dimethylformamide (DMF)
were ordered from Alfa Aesar. The previously described
methods were used to synthesize TPE-4Br, Py-4Br, TPE-T, and
Py-T [Scheme S1, S2 and Fig. S1-S61].5*%”

This journal is © The Royal Society of Chemistry 2024
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Fig.1 Synthetic scheme of (a) TPA-TPA, (b) TPE-TPA, and (c) Py—TPA CMPs. (d) FTIR, (e) solid-state NMR, and (f) TGA profiles TPA-TPA, TPE-

TPA and Py—TPA CMPs.

Synthesis of tris(4-bromophenyl)amine (TPA-3Br)

Combine 9.56 g of NBS (equivalent to 53.8 mmole) with 50 mL
of DMF at 0. Introduce 4 g of TPA (corresponding to 16.32
mmole) into the mixture. After 12 hours of agitation, transfer
the mixture into an excess of DI water and let it equilibrate to
room temperature. Extract this aqueous solution using
CDCl;, followed by rinsing the combined extracts with brine
and drying them using anhydrous MgSO,. Gradually decrease
the pressure as the solvent evaporates. Utilizing column
chromatography on silica gel with n-hexane as the eluting
solvent to produce TPA-3Br [Scheme S37] as a white solid,
yielding 3.2 g. FTIR (Fig. $71): 3078, 1618 (C=C). 'H NMR
(Fig. S8%1): 7.4, 6.92 ppm. C NMR (Fig. S91): 146.7-
116.43 ppm.

This journal is © The Royal Society of Chemistry 2024

Synthesis of tris(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)phenyl)amine [TPA-3B(OCH5;),]

In a 100 mL round-bottom flask, the following components were
introduced: TPA-3Br (4 g, 8.29 mmol), B,pin, (7.77 g, 31.10 mmol),
KOAc (14.5 g, 145.10 mmol), Pd(PPh;), (1.04 g), and 100 mL of DO.
The mixture was heated to 85 °C and stirred for one day. After
completing the reaction, a combination of DCM and DI water was
employed to extract the reaction mixture. MgSO, was added to the
mixture, and the organic layer was separated after the drying
process. Subsequently, a rotary evaporator was utilized to remove
DCM from the mixture. To purify the residue, flash chromatog-
raphy was carried out using hexane: EA eluent in a 2:1 ratio,
yielding TPA-3B(OCH3;), as a creamy yellow solid (2.5 g, Scheme
S47). FTIR (Fig. S101): 3042, 2981. *H NMR (Fig. S111): 7.7, 7.1,
1.40 (36 H). *C NMR (Fig. $127): 150.7-22.9 ppm.
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Synthesis of tris(4-((trimethylsilyl)ethynyl)phenyl) amine
(TPA-TMS)

Dissolving 3 g of TPA-3Br (6.21 mmole) in a solution comprising
40 mL of DCM and 40 mL of EtzN. To this mixture, add
413.80 mg of PdCl,(PPh;), and 103.45 mg of Cul. Stir the
combination at room temperature for 30 minutes. After this
initial stirring period, introduce 6.2 mL of TMS and continue
stirring at RT for 30 minutes. Following one day of heating the
suspension to 75 °C, allow it to cool to ambient temperature. To
purify the TPA-TMS through column chromatography on silica
gel with an eluent consisting of n-hexane and DCM. This
process results in TPA-TMS in a light yellow solid form
[Scheme S57]. FTIR (Fig. S13t): 3043, 2896, 2157 (alkyne unit).
'H NMR (Fig. S141): 7.33, 6.96, 0.24. >C NMR (Fig. S157):
147.41-94.41, 0.3.

Synthesis of tris(4-ethynylphenyl)amine (TPA-T)

Dissolve 3 g of excess K,COj; (equivalent to 21.72 mmole) and 3 g
of TPA-TMS (8.43 mmole) in a 30 mL solution with a one-to-one
ratio of MeOH and DCM. Stir this mixture at room temperature
overnight. The resulting product is then purified, and the
solvents from the suspension are removed using column chro-
matography with a solvent mixture of hexane/EA as the eluent,
yielding pure TPA-T as brown powder [Scheme S6f]. FTIR
(Fig. S167): 3266 (C-H alkyne), 3036, 2098 (alkyne unit), 1598.
'H NMR (Fig. $17%): 7.37, 7.02, 3.07. **C NMR (Fig. S187): 148.1~
117.54, 83.58 (alkyne unit).

Synthesis of TPA-TPA CMP

A gray powder of TPA-TPA CMP [Scheme S77] was generated by
stirring the mixture at 110 °C for three days. This was achieved
by adding 150 mg of TPA-3B(OCH3),, 129 mg of TPA-3Br, 320 mg
of K,COj3, and 40 mg of Pd(PPhj3), to the same flask containing
a solution consisting of 10 mL of DMF and 2 mL of DI water.
Subsequently, the flask underwent two rounds of degassing
under a vacuum.

Synthesis of TPE-TPA CMP

Alight green powder of TPE-TPA [Scheme S871] was generated by
stirring the mixture at 110 °C for three days. This was achieved
by adding 128 mg of TPA-3B(OCH3),, 100 mg of TPE-4Br, 170 mg
of K,COj3, and 40 mg of Pd(PPhj3), to the same flask containing
a solution consisting of 10 mL of DMF and 2 mL of DI water.
Subsequently, the flask underwent two rounds of degassing
under a vacuum.

Synthesis of Py-TPA CMP

A green powder of Py-TPA [Scheme S9t] was generated by
stirring the mixture at 110 °C for three days. This was ach-
ieved by adding 240 mg of TPA-3B(OCH3;),, 150 mg of Py-4Br,
320 mg of K,COj3, and 40 mg of Pd(PPhj;), to the same flask
containing a solution consisting of 10 mL of DMF and 2 mL of
DI water. Subsequently, the flask underwent two rounds of
degassing under a vacuum. The results of the solubility test
indicate that TPA-TPA, TPE-TPA, and Py-TPA CMPs exhibit

7696 | J Mater. Chem. A, 2024, 12, 7693-7710
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insolubility in THF, DMF, DCM, and MeOH, as illustrated in
Fig. S19a.t This suggests the successful synthesis of these
materials is characterized by a high degree of crosslinking
density.

Synthesis of TPA-TB-TPA CMP

A coral powder of TPA-TB-TPA CMP [Scheme S101] was
generated by stirring the mixture at 110 °C for three days. This
was achieved by adding 66 mg of TPA-T, 100 mg of TPA-3Br,
0.1 g of Cul, 0.1 g of PPh;, 40 mg of Pd(PPh;), to the same
flask containing a solution consisting of 15 mL of DMF and
15 mL of Et;N. Subsequently, the flask underwent two rounds of
degassing under a vacuum.

Synthesis of TPE-TB-TPA CMP

A reddish-brown powder of TPE-TB-TPA CMP [Scheme S117}]
was generated by stirring the mixture at 110 °C for three days.
This was achieved by adding 56 mg of TPE-T, 100 mg of TPA-
3Br, 4.5 mg of Cul, 9.7 mg of PPh;, 27 mg of Pd(PPh;), to the
same flask containing a solution consisting of 15 mL of DMF
and 15 mL of Et;N. Subsequently, the flask underwent two
rounds of degassing under a vacuum.

Synthesis of Py-TB-TPA CMP

A dark brown powder of Py-TB-TPA CMP [Scheme S1271] was
generated by stirring the mixture at 110 °C for three days. This
was achieved by adding 100 mg of Py-T, 216 mg of TPA-3Br,
6.4 mg of Cul, 14 mg of PPh;, 38 mg of Pd(PPhj;), to the same
flask containing a solution consisting of 15 mL of DMF and
15 mL of Et;N. Subsequently, the flask underwent two rounds of
degassing under a vacuum. All the CMPs obtained in this study
were subjected to a Soxhlet extraction using THF, MeOH, and
acetone to eliminate any residual palladium and unreacted
monomers from their structures. As depicted in Fig. S19b,T the
solubility test outcomes reveal the insolubility of TPA-TB-TPA,
TPE-TB-TPA, and Py-TB-TPA CMPs in THF, DMF, DCM, and
MeOH. This suggests that the successful production of these
materials is marked by a notable high crosslinking density.

Results and discussion
Synthesis and characterization of TPA-linked CMPs

In this research, a high-yield synthesis yielded a creamy yellow
solid by combining TPA-3Br with B,pin,, KOAc, and DO in the
presence of Pd(PPhj;),. This reaction resulted in the formation
of the building block monomer TPA-3B(OCH3;), [Scheme S47].
The TPA-T monomer was prepared in a two-step process:
initially, a yellow powder named TPA-TMS [Scheme S6+] was
generated by reacting TPA-3Br with TMS and Cul in the pres-
ence of THF, Et;N, and Pd(PPh;),. Subsequently, the hydrolysis
of TPA-TMS was carried out using a mixture of MeOH and
DCM solvents in the presence of K,CO; to produce TPA-T
[Scheme S67]. Six different TPA-linked CMP materials (CMPs)
were synthesized for photocatalytic H, evolution from H,O.
Firstly, TPA-TPA (D-D), TPE-TPA (A-D), and Py-TPA (D-A)
CMPs were prepared using the Suzuki coupling reaction. In

This journal is © The Royal Society of Chemistry 2024
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this method, brominated TPA, TPE, and Py were coupled with
TPA-3B(OCH3;), in the presence of a catalyst and K,COj, as
illustrated in Fig. 1a-c. All CMP samples were washed with
methanol using Soxhlet extraction to remove the traces of
Pd(PPhs),. Fig. S20-S22+ and 1d illustrate the FTIR spectra of
the TPA-3B(OCHj),, TPA-3Br, TPE-4Br, Py-4Br, TPA-TPA CMP,
TPE-TPA CMP, and Py-TPA CMP. When analyzed at ambient
temperature, the FTIR spectra revealed common characteris-
tics across all TPA-3B(OCH3),, TPA-3Br, TPE-4Br, Py-4Br and
TPA-linked CMPs. Specifically, TPA-TPA, TPE-TPA, and Py-
TPA CMPs exhibited absorption signals in the vicinity of
3303 cm ', which can be attributed to the presence of water
absorbed within their framework, leading to OH stretching
vibrations. Distinctive peaks at approximately 3057-3024 cm ™"
were observed, representing the C-H aromatic stretching
vibrations for TPA-3B(OCH3;),, TPA-3Br, TPE-4Br, Py-4Br, TPA-
TPA CMP, TPE-TPA CMP, and Py-TPA CMP. while a peak at
around in the range 1606-1621 cm™ ' indicated the C=C
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stretching vibrations within these materials. The structural
verification of the TPA-TPA, TPE-TPA, and Py-TPA CMPs was
carried out using solid-state ">C NMR spectroscopy, and the
results are illustrated in Fig. 1le. Across all TPA-TPA, TPE-TPA,
and Py-TPA CMPs materials, carbon signals in the range of
142.61-103.16 ppm were observed, and these signals corre-
sponded to the aromatic carbons within the materials.
Thermogravimetric analysis (TGA) was utilized to explore the
thermal stability of the synthesized TPA-3B(OCH3),, TPA-3Br,
TPE-4Br, Py-4Br, TPA-TPA CMP, TPE-TPA CMP, and Py-TPA
CMP at an elevated temperature of 800 °C, as depicted in Fig. 1f,
S23 and Table S1.T7 The T45 and Tg4y, values for TPA-TPA CMP
were determined to be 518 °C and 558 °C, respectively, resulting
in a char yield of 73 wt%. Similarly, TPE-TPA CMP exhibited
thermal degradation temperatures with Tyqs and Tq0 values of
296 °C and 358 °C, along with a char yield of 64%. Py-TPA CMP
showed T4s and Tg4,0 values of 387 °C and 508 °C, respectively,
with a char yield of 79 wt%. Fig. S231 demonstrates that the
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Fig.2 Synthetic scheme of (a) TPA-TB-TPA, (b) TPE-TB-TPA and (c) Py—TB-TPA CMPs. (d) FTIR, (e) solid-state NMR, and (f) TGA profiles TPA-
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synthesized TPA-TPA CMP, TPE-TPA CMP, and Py-TPA CMP
displayed enhanced thermal stability when compared to their
monomers. For the preparation of TPA-TB-TPA CMP, TPE-TB-
TPA CMP, and Py-TB-TPA CMP with acetylene group as 7 linker
(Fig. 2a-c), the synthesis involved the Sonogashira coupling
reaction. In this case, brominated TPA was coupled with ethynyl
TPA, TPE, and Py in a mixture of DMF/Et;N in the presence of Pd
as a catalyst. The FTIR spectra in Fig. S24-S261 and 2d depict
the characteristics peaks of TPA-T, TPA-3Br, TPE-T, Py-T, TPA-
TB-TPA CMP, TPE-TB-TPA CMP, and Py-TB-TPA CMP. The
absorption bands corresponding to alkyne CH and alkyne triple
bond were observed within the range of 3279-3266 cm ' and
2186-2098 cm™ ', respectively, for all TPA-T, TPE-T, and Py-T
compounds. A room temperature FTIR analysis revealed that
all three CMPs, TPA-TB-TPA, TPE-TB-TPA, and Py-TB-TPA,
exhibited similar spectral features. Notably, they exhibited
absorption peaks at approximately 3472 cm ™ *, attributed to OH
stretching vibrations resulting from water absorbed in their
structure. Furthermore, distinctive peaks were observed in the
range of 3086 to 3042 cm ', corresponding to aromatic
stretching vibrations of C-H bonds.

In the FTIR spectra of TPA-TB-TPA CMP, TPE-TB-TPA CMP,
and Py-TB-TPA CMP, moderate absorption signals were
observed with a center at 2193 cm ™. This absorption pattern
was attributed to the presence of internal and terminal alkyne
groups in the structure of these samples, as illustrated in
Fig. 2d. In summary, the FTIR spectra provided valuable
insights into the structural and chemical properties of these
CMPs, revealing the presence of water, aromatic C-H stretching
vibrations, C=C stretching vibrations, and the influence of
alkyne groups on the spectra of the specific CMPs. Solid-state
13C NMR spectroscopy was employed to confirm the structural
composition of the TPA-TB-TPA CMP, TPE-TB-TPA CMP, and
Py-TB-TPA CMP samples, and the results are presented in
Fig. 2e. In all CMP materials, carbon signals were detected in
the range of 142.61-103.16 ppm, corresponding to the aromatic
carbons within these materials. Notably, in the NMR spectra of
TPA-TB-TPA CMP, TPE-TB-TPA CMP, and Py-TB-TPA CMP,
a distinctive resonance peak was observed at approximately
80.26 ppm. This peak is a clear indication of the presence of
alkyne groups incorporated into the framework of these specific
CMPs. In summary, the NMR and FTIR analyses collectively
provide robust evidence confirming the successful synthesis of
the six TPA-CMPs.

The thermal stability based on TGA [Fig. 2f and Table S17]
revealed that the Ty4s and Tq;9 of TPA-TB-TPA CMP, were
found to be 370 °C and 483 °C, respectively, and the char yield
was 76 wt%. TPE-TB-TPA-CMP displayed Tq5 and Tq4, values
of 376 °C and 432 °C, with a char yield of 63 wt%. Finally, Py—
TB-TPA CMP demonstrated T4s and T4, values of 306 °C and
382 °C, along with a char yield of 70 wt%. Additionally,
Fig. S277 illustrates that TPA-TB-TPA, TPE-TB-TPA, and Py-
TB-TPA CMPs exhibit higher thermal decomposition
temperatures (Ty) in comparison to their respective mono-
mers [TPA-T, TPA-Br;, TPE-T, and Py-T]. The Suzuki and
Sonogashira coupling method yielded six unique CMPs, each
characterized by its distinct chemical structure and tailored

7698 | J Mater. Chem. A, 2024, 12, 7693-7710

View Article Online

Paper

properties, making them well-suited for the photocatalytic
generation of H, from water. The overall XPS survey spectra
for TPA-3B(OCHj),, TPA-3Br, TPA-T, TPA-TPA CMP, TPE-TPA
CMP, Py-TPA CMP, TPA-TB-TPA CMP, TPE-TB-TPA CMP,
and Py-TB-TPA CMP reveal the presence of nitrogen (N), and
carbon (C) atoms, as confirmed in Fig. $S28 and S29.t1 C atoms
can be observed in the comprehensive XPS survey spectra of
TPE-4Br, Py-4Br, TPE-T, and Py-T, as illustrated in Fig. S28
and S29.1 Fig. S307 illustrates that the synthesized TPA-
3B(OCHj,),, TPA-T, TPA-3Br, TPE-4Br, and Py-4Br exhibit
crystalline characteristics. As evidenced by the XRD data
[Fig. S317], The absence of crystalline peaks and long-range
organization, along with the presence of an amorphous
aggregation structure, characterizes all the synthesized TPA-
linked CMPs. This could be attributed to the uncontrolled
expansion of the framework resulting from irreversible
kinetic control during the TPA-CMP polymerization process.
The XRD data has confirmed the synthesis of TPA-CMPs. The
BET-specific surface areas (Sggr), pore diameters, and total
pore volumes (Vo) Of TPA-TPA, TPA-TPE, TPA-Py, TPA-TB-
TPA, TPE-TB-TPA, and Py-TB-TPA CMPs were determined
through N, measurements at a temperature of 77 K, as
depicted in Fig. 3a—f. The BET tests yielded type I isotherms,
indicating the presence of mesoporous structures in these
CMPs. Additionally, microporous behavior was observed,
characterized by a significant increase occurring at very low-
pressure levels (P/P, = 0-0.1). Moreover, Sggr and Vi, for
each CMP were as follows: TPA-TPA-CMP had Sggr and Vigial
values of 98 m® g~ ' and 0.22 cm?® g~ ', TPA-TPE CMP exhibited
values of 423.4 m®> ¢~ " and 0.69 cm® g~ ', TPA-Py CMP showed
Sper and Vg values of 913 m? g ' and 0.62 cm® g, TPA-TB-
TPA CMP had corresponding values of 459 m* g~ ' and 0.25
cm?® g~ !, TPE-TB-TPA-CMP had values of 487 m* ¢~ ' and 0.57
em® g7', and Py-TB-TPA CMP demonstrated Sgpr and Vioear
values of 454 m” ¢~ ' and 0.28 cm® g™, respectively. Nonlocal
density functional theory (NL-DFT) was employed to assess
the pore sizes of the CMPs. The pore size distribution curves
revealed that TPA-TPA CMP, TPE-TPA CMP, Py-TPA CMP,
TPA-TB-TPA CMP, TPE-TB-TPA CMP, and Py-TB-TPA CMP
materials had pore diameters of 0.4, 1.0, 1.0, 1.0, 1.1, and
1.1 nm, respectively. SEM and HR-TEM were employed to
analyze the structure, organization, and porosity character-
istics of TPA-CMPs, as depicted in Fig. 4a-1. SEM examina-
tions revealed the formation of irregularly aggregated
nanospheres in TPA-TPA CMP, TPE-TPA CMP, TPA-TB-TPA
CMP, and TPE-TB-TPA CMP and Py-TB-TPA CMP, as pre-
sented in Fig. 4a, b and d-f. In contrast, Py-TPA CMP
exhibited well-defined rod-like structures with a hairy archi-
tecture [Fig. 4c and S321]. The HR-TEM images of the as-
prepared TPA-CMPs and TPA-TB-CMPs, as illustrated in
Fig. 4g-1, displayed a lack of long-range ordering and
consistently sized pores. The presence of dark dots in the
TEM images is attributed to small traces of the Pd catalyst
within the framework of the CMPs. The confirmation of the
presence of C, N, and Pd elements in all CMP materials was
established through SEM-EDS mapping, as depicted in
Fig. S33 and S34.t
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Fig. 3
TB-TPA, TPE-TB-TPA, and Py—TB-TPA.

Optical and electronic properties of TPA-linked CMPs

The ultraviolet-visible (UV-vis) absorption spectra were methodically
measured for six different TPA-CMPs, as illustrated in Fig. 5a and b.
It became evident that upon the introduction of a triple bond, TPA-
TB-TPA, TPE-TB-TPA, and Py-TB-TPA CMPs displayed
a pronounced redshift in the absorption onset towards higher
wavelengths, resulting in enhanced absorption of visible light, as
compared to their counterparts, TPA-TPA, TPE-TPA, and Py-TPA
CMPs. Optical bandgap values were determined using Tauc plots,
yielding 2.66 eV, 2.41 eV, and 2.10 eV for TPA-TPA, TPE-TPA, and
Py-TPA CMPs, respectively [Fig. 5¢]. Conversely, TPA-TB-TPA, TPE-
TB-TPA, and Py-TB-TPA CMPs exhibited optical bandgap values of
2.01 eV, 2.29 eV, and 1.85 eV (Fig. 5d). The introduction of an
acetylene group as 7 linker into TPA-TPA, TPE-TPA, and Py-TPA
CMPs polymers resulted in a noticeable redshift in their absorption
edges, enhancing their ability to absorb visible light. These findings
emphasize the significant influence of acetylene group incorpora-
tion on the optical properties of these CMPs. Photoelectron spec-
troscopy was employed to determine the energy levels of polymers,

This journal is © The Royal Society of Chemistry 2024

(@ and c) N sorption isotherms and (b and d) pore size profiles are provided for the following CMPs: TPA-TPA, TPE-TPA, Py—TPA, TPA-

with a specific emphasis on the highest occupied molecular orbital
(HOMO) levels [Fig. 5e-1]. To ascertain the lowest unoccupied
molecular orbital (LUMO) of the polymers, the following formula
was utilized: Egomo + Ey, the resulting values are displayed in the
provided Table 1. The HOMO values for TPA-TPA CMP, TPE-TPA
CMP, Py-TPA CMP, TPA-TB-TPA CMP, TPE-TB-TPA CMP, and Py-
TB-TPA CMP were found to be —5.31, —5.73, —5.59, —5.38, —5.61
and —5.55 eV; respectively [Fig. 5e—j]. As depicted in Fig. 5k and 1,
the LUMO levels of the polymers consistently surpassed the energy
threshold necessary for water reduction, falling within the range of
—2.65 eV to —3.70 eV. This suggests that these polymers have the
potential to catalyze the hydrogen evolution reaction [Table 1]. To
gain deeper insights into the intramolecular charge transfer char-
acteristics of our CMPs, we investigated their photoluminescence
properties.

As depicted in Fig. S35, the photoluminescence spectra of
synthesized CMPs with an alkyne linker exhibit a more
pronounced red shift and enhanced photoluminescence
quenching. This observation suggests a greater difficulty in the
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Fig.4 SEM and TEM images of (a and g) TPA-TPA CMP, (b and h) TPE-TPA CMP, (c and i) Py—=TPA CMP, (d and j) TPA-TB-TPA CMP, (e and k)

TPE-TB-TPA CMP, and (f and |) Py—TB-TPA-CMP.

recombination of excitons through the radiative pathway,
attributable to a heightened intramolecular charge transfer
from the donor to acceptor segments compared to CMPs lack-
ing the alkyne linker. This effect is attributed to the efficacious
role of the alkyne linker, acting as a bridge between the donor
and acceptor, thereby facilitating charge transfer and aug-
menting charge separation between them.

Photocatalytic hydrogen evolution of TPA-CMPs as
a photocatalyst

We conducted a quantitative analysis of Pd residue utilizing
Inductively Coupled Plasma Optical Emission Spectroscopy
(ICP-OES). The findings are detailed in Table S2 of the ESL.{ The

7700 | J Mater. Chem. A, 2024, 12, 7693-7710

ICP-OES results indicate that the Pd content (ppm) spans from
4.5 to 9 across all CMP materials. Notably, there is a negligible
variance in Pd content among the different CMPs presented,
suggesting a uniformity in the effect across materials. Conse-
quently, it is reasonable to infer that this uniform effect is
consistent across all materials concerning their photocatalytic
activity for H, evolution. Moreover, the observed Pd content
does not significantly impact the comparison between the
various materials.®*® Following this, photocatalytic experi-
ments were conducted to examine the generation of H, using
TPA-CMP photocatalysts at room temperature. Visible light
within the 380-780 nm range was used for irradiation. The gas
produced in the photoreactor quantified at a rate of 500 puL per
hour, was analyzed using gas chromatography. In the process of

This journal is © The Royal Society of Chemistry 2024
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of the TPA-based CMPs photocatalysts.

Table 1 Photophysical properties and HER of the TPA-Linked CMPs

HER
CMP HOMO/LUMO (eV) Bandgap (eV) (umolg 'h™")
TPA-TPA CMP —5.31/-2.65 2.66 44
TPE-TPA CMP —5.73/-3.32 2.41 109
Py-TPA CMP —5.59/—3.49 2.10 3633
TPA-TB-TPA CMP —5.38/—3.09 2.29 119
TPE-TB-TPA CMP —5.61/—3.60 2.01 1107
Py-TB-TPA CMP —5.55/—3.70 1.89 16 700

photocatalytic H, production from water, methanol was intro-
duced to the polymers, and ascorbic acid (AA) served as
a sacrificial electron donor (SED) to improve the dispersion of
the photocatalyst in water. The photocatalytic hydrogen evolu-
tion rate (HER), in the absence of a platinum (Pt) co-catalyst,

This journal is © The Royal Society of Chemistry 2024

was determined to be 44, 109 umol g ' h™', and 3633 umol
¢~ ' h™' for TPA-TPA TPE-TPA, and Py-TPA CMPs, respectively.
In contrast, after the introduction of acetylene groups to these
same polymers, the HER increased to 119 pmol g * h™%, 1107
pumol g ' h™, and 16 700 pmol g ' h™" for TPA-TB-TPA, TPE-
TB-TPA, and Py-TB-TPA CMPs, respectively (Fig. 6a—c). These
results highlight a significant improvement in photocatalytic
hydrogen evolution associated with polymers containing acet-
ylene groups, establishing them as highly effective photo-
catalysts in this regard.””** Photocurrent analysis was
conducted on these TPA-linked CMPs to gain insights into the
charge transport mechanisms within these materials, as illus-
trated in Fig. 6d. Our investigation revealed that TPA-CMPs
containing acetylene groups exhibited significantly higher
photocurrents when compared to their counterparts without
acetylene groups. This observation suggests that, when exposed
to light, the electrons generated by incident light can be
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Fig. 6 The evolution of H, production over time for (a) TPA-TPA and TPA-TB-TPA CMPs, (b) TPE-TPA, and TPE-TB-TPA CMPs, and (c) Py—
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TPA-TB-TPA, TPE-TB-TPA, and Py-TB-TPA CMPs, (g) AQYs of the Py—TB-TPA CMP at various wavelengths of light in the presence of Pt, (h)
HER profiles of Py—TB-TPA CMP in the presence of Pt and (i) the Py—TB-TPA CMP exhibited the highest HER values compared to other

published materials.

efficiently separated and transported, with this effect being
particularly pronounced in the acetylene-functionalized CMPs.
To further assess the rate of charge transfer, electrochemical
impedance spectroscopy (EIS) was utilized. As depicted in
Fig. 6e, TPA-CMPs containing acetylene groups displayed EIS
spectra with reduced intensity in comparison to TPA-CMPs
without acetylene groups. This decrease in intensity indicates
lower charge resistance in the former, emphasizing their
superior charge transfer capabilities. The inclusion of an alkyne
bridge in the Py-TB-TPA CMP is the key factor behind its
elevated HER value (16 700 pmol g~ ' h™") in contrast to the
synthesized TPA-CMP samples in this investigation [Fig. 6f].7”*
This bridge effectively inhibits the recombination of electron-
hole pairs, extending the lifespan of charge carriers, and
enhancing their transfer and separation efficiency, as visually
demonstrated in Fig. 6f. This remarkable outcome underscores

7702 | J Mater. Chem. A, 2024, 12, 7693-7710

the potential of incorporating triple bonds to create highly
efficient CMP photocatalysts. Under optimal conditions, the
apparent quantum yield (AQY) of Py-TB-TPA CMP was assessed
using monochromatic light at various wavelengths, including
420, 460, 500, 550, and 600 nm, to enhance the evaluation of its
photocatalytic efficiency, as depicted in Fig. 6g and Table S3.7
Remarkably, Py-TB-TPA CMP in the presence of Pt (2 wt%)
surpassed previously reported CMPs, demonstrating an
impressively high AQY of 21.6% at 420 nm. The platinum (Pt)
source employed in this study was H,PtCls. The highest HER
was achieved by introducing a 2 wt% Pt co-catalyst to the Py-TB-
TPA CMP solution, as depicted in Fig. 6h. Notably, the Py-TB-
TPA CMP exhibited an exceptional HER of approximately 44 300
umol g~ h™* [Fig. 6h and S367]. Fig. S371 illustrates the sus-
tained hydrogen evolution reaction (HER) observed in Py-TB-
TPA CMP for a duration exceeding 20 hours, with no discernible

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d3ta07309b

Published on 19 February 2024. Downloaded by National Sun Yat Sen University on 5/13/2024 10:23:16 AM.

Paper

deterioration. The photocatalytic efficacy of the material
remained consistently stable throughout the entire duration.
The resilience demonstrated by this polymer photocatalyst
holds promise for practical applications in real-world scenarios,
showcasing its potential suitability for extended use. In contrast
to other published materials, Fig. 6i demonstrates that the Py—
TB-TPA CMP exhibited the highest HER values. Table S4t
provides a summary of the photocatalytic performance of our
synthetic TPA-CMPs and TPA-TB-CMPs materials for hydrogen
evolution, comparing them to other reported materials.

Computational methodology of TPA-CMP samples

In this study, all computational calculations for the molecules
under investigation were conducted using the Density Func-
tional Theory (DFT) method with Gaussian 16 revision A.03
software.”® Subsequently, the obtained results were visualized
using GaussView 5 software.”* Ground state geometry optimi-
zation and vibrational frequency calculations for the designed
molecules were performed using DFT with the B3LYP
method®** and a 6-31G (d) basis set. The absence of negative
vibrational modes in the optimized structures confirms that
they are situated at a minimum potential energy state. To
explore the excited state properties and predict UV-vis absorp-
tion spectra, Time-Dependent Density Functional Theory (TD-
DFT) methods were employed.® Electronic and optical proper-
ties of the molecules in a solvent phase (methanol) were
determined for the optimized structures using the TD-B3LYP/6-
31G(d) level of theory. Additionally, we assessed the significant
contributions of molecular orbitals to electronic absorption
bands by employing the GaussSum 3.0 program.®® To under-
stand the chemical reactivities of these CMPs, reactivity indices
were derived from the Highest Occupied Molecular Orbital
(HOMO) and Lowest Unoccupied Molecular Orbital (LUMO)
energy eigenvalues.”® Furthermore, we presented Molecular
Electrostatic Potential (MEP) plots to identify potential sites for
electrophilic and nucleophilic attacks on the compounds. The
frontier molecular orbitals (FMOs) study offers prospective
explanations of electron delocalization and electron transfer
capabilities inside the molecule.”” As part of our investigation
into how donor and acceptor fragments affect the photoelectric
properties of the studied compounds, the HOMO and LUMO
energy levels, the bandgap, and the chemical reactivity indices
were investigated using the DFT calculations and listed in Table
S5.1 The FMOs (Fig. 7) were conducted at optimized ground-
state geometries.

As demonstrated in Fig. 7a, for Py-TPA, TPA-TPA, and TPE-
TPA CMPs, the HOMOs were mainly distributed on the triphe-
nylamine donor and slightly spread over the acceptor part while
LUMOs were distributed on the acceptor portions.”®*® These
distributions indicate high electron delocalization and impor-
tant charge transfer (CT) occurs inside the investigated
compounds under light irradiation. The donor-m-donor (D-7-
D) and donor-m-acceptor (A-mt-D) polymers (TPA-TB-TPA,
TPE-TB-TPA, and Py-TB-TPA CMPs) also exhibit similar
behavior [Fig. 7a]. Nevertheless, alkynyl (7-bridges) also donate
some charges to the HOMOs; also, partial electrons may remain

This journal is © The Royal Society of Chemistry 2024
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on the alkynyl moieties in the LUMOs." Both HOMO and
LUMO exhibit significant overlaps on the w-bridge group,
resulting in advantageous spatial distributions for the intra-
molecular charge transfer process. The Py-TB-TPA CMP had
a significantly smaller HOMO-LUMO energy gap than other
polymers, indicating that it has superior CT and red-shifted
absorption. As seen in Fig. 7b and c, the difference in charge
density between the excited and ground states makes it possible
to view the intramolecular charge transfer process. The charge
density difference HOMOs and LUMOs. The bandgap energy is
the most critical factor in the photocatalytic process since it
offers valuable information for charge transfer. In general, the
bandgap affects the transfer of electrons from HOMO to LUMO
by absorbing light energy of the appropriate wavelength.'®* The
predicted energy gaps (Fig. 7a and Table S5t) of the investigated
compounds decrease in the following order: TPA-TPA > TPE-
TB-TPA > TPE-TPA > TPA-TB-TPA > Py-TPA > Py-TB-TPA CMP.
The results indicate that Py-TB-TPA CMP has lower bandgap
energy than other compounds. Therefore, the transition from
HOMO to LUMO can occur rapidly. Consequently, it is sug-
gested that Py-TB-TPA CMP should be a successful candidate
for H, evolution, whereas TPA-TPA CMP will be more stable due
to its larger energy gap (Fig. 7), which is in good agreement with
the experimental findings. We observed that the inclusion of
alkynyl m-bridges slightly stabilized the HOMO/LUMO, result-
ing in a narrowing bandgap (E,), which facilitates electron
transfer from HOMOs to LUMOs, thus enhancing the photo-
catalytic activity. By utilizing molecular electrostatic potential
(MEP) analysis, we were able to identify the exact reactive sites
inside the molecules.’™ The red-colored area on the MEP
surface map represents the electron acceptor region, whereas
the blue-colored area represents the electron donor in the
molecule. The potential increases in the order red < orange <
yellow < green < blue. Fig. 7f displays the electrostatic potential
characteristics through plots for Py-TB-TPA CMP. The TPA part
of Py-TB-TPA CMP works as the electron donor and has
a positive electron potential. The pyrene moiety in Py-TB-TPA
CMP works as the electron acceptor and has a negative electron
potential. The chemical reactivity parameters can be used to
analyze the photoelectric properties of molecules. The chemical
reactivity parameters, such as ionization potential (I), electron
affinity (4), electronegativity (x), absolute hardness (7), and
softness (S), were calculated based on the HOMO and LUMO
energy levels of the investigated compounds (Table S5%). It is
not easy to polarize a molecule with a large energy gap since it
requires more excitation energy. In contrast, a molecule with
a small energy gap can easily polarize and be relatively more
reactive than chemically hard molecules because it can easily
donate electrons to an acceptor. The studied compounds were
subjected to a comparative analysis of the global reactivity
descriptors (Table S51). The Py-TB-TPA CMP has the lowest
chemical hardness value (1.42 eV) among the other compounds.
On the other side, the electronegativity factor identified the
chemical behavior of the molecule. The higher value of the
electronegativity (3.49 eV) reflects the chemical activity of the
Py-TB-TPA CMP. The chemical reactivity descriptors reveal that
Py-TB-TPA CMP is the most chemically reactive (soft)
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compound and may reduce charge transfer resistance
compared to the other compounds, suggesting that this
compound has the best photoelectric properties. The cost-
effective TD-DFT method was used to estimate the optical
properties of the studied molecules and to investigate the
impact of the m-conjugated bridge on the absorption spectra.'®
In the MeOH solvent phase, the optical absorption spectra were
simulated using the TD-DFT/B3LYP/6-311 g(d,p) level. As shown
in Fig. S38,f all the investigated compounds display
a maximum absorption band between 300 and 600 nm,
covering a significant part of the solar spectrum. Compared to
other polymers, we observed a redshift in the polymer con-
taining the m-linker, indicating that the m-linker improves the
electron delocalization and optical properties. As demonstrated
in Fig. S38,7 the Py-TB-TPA CMP has a maximum wavelength of
498 nm, which is longer than other molecules. The absorption
peak red shifted in Py-TB-TPA CMP because of the decreased
HOMO-LUMO gap. There is a correlation between the simu-
lated and experimental spectra, demonstrating that the utilized
theoretical method is reliable.

Conclusions

To summarize, six different CMPs [(D-D), (D-=-D), and (A-7-
D)] were created by coupling alkyne groups with triphenylamine
(TPA) for photocatalytic H, evolution from H,O. These CMPs
were synthesized using Suzuki and Sonogashira-Hagihara
coupling reactions. The following CMP materials were gener-
ated: TPA-TPA, TPE-TPA, Py-TPA, TPA-TB-TPA, TPE-TB-TPA,
and Py-TB-TPA CMPs. Among these CMPs, TPA-TPA CMP
exhibited a Tg4;0 value of 557 °C, while Py-TPA CMP and TPA-
TB-TPA CMP displayed high thermal decomposition tempera-
tures of 508 °C and 482 °C, respectively. Py-TPA and Py-TB-TPA
CMPs exhibited significant HER of 3633 and 16 700 pmol g *
h™*, respectively, in the context of photocatalytic H, production.
DFT calculations indicated that the Py-TB-TPA CMP, featuring
an alkyne bridge, effectively mitigated electron-hole recombi-
nation, prolonging the lifetime of charge carriers while
enhancing their transfer and separation efficiency. This stood
in contrast to a similar CMP (Py-TPA CMP) lacking an alkynyl
group. The addition of the alkynyl bridge notably increased the
polymers' photocatalytic activity. This study underscores the
potential applications of high-performance CMPs incorporating
alkynyl groups in photocatalysis, providing insights into their
design and synthesis from various angles.
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