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ABSTRACT: Simultaneously realizing efficient intramolecular
charge transfer and mass transport in metal-free polymer
photocatalysts is critical but challenging for environmental
remediation. Herein, we develop a simple strategy to construct
holey polymeric carbon nitride (PCN)-based donor−π−acceptor
organic conjugated polymers via copolymerizing urea with 5-
bromo-2-thiophenecarboxaldehyde (PCN−5B2T D−π−A OCPs).
The resultant PCN−5B2T D−π−A OCPs extended the π-
conjugate structure and introduced abundant micro-, meso-, and
macro-pores, which greatly promoted intramolecular charge
transfer, light absorption, and mass transport and thus significantly
enhanced the photocatalytic performance in pollutant degradation.
The apparent rate constant of the optimized PCN−5B2T D−π−A
OCP for 2-mercaptobenzothiazole (2-MBT) removal is ∼10 times higher than that of the pure PCN. Density functional theory
calculations reveal that the photogenerated electrons in PCN−5B2T D−π−A OCPs are much easier to transfer from the donor
tertiary amine group to the benzene π-bridge and then to the acceptor imine group, while 2-MBT is more easily adsorbed on π-
bridge and reacts with the photogenerated holes. A Fukui function calculation on the intermediates of 2-MBT predicted the real-
time changing of actual reaction sites during the entire degradation process. Additionally, computational fluid dynamics further
verified the rapid mass transport in holey PCN−5B2T D−π−A OCPs. These results demonstrate a novel concept toward highly
efficient photocatalysis for environmental remediation by improving both intramolecular charge transfer and mass transport.
KEYWORDS: intramolecular charge transfer, mass transport, organic conjugated polymers, pollutant degradation, holey structure

■ INTRODUCTION
Photocatalytic degradation, which possesses the characteristics
of environmental friendliness, simplicity of operation, and mild
reaction conditions, is becoming a prospective strategy for
solving the problem of water pollution.1−3 Generally, an ideal
photocatalyst for high-efficiency photocatalytic degradation
reactions should possess an appropriate band structure, good
chemical stability, favorable surface adsorption properties, and
a simple synthesis method. Noticeably, polymeric carbon
nitride (PCN), as a typical metal-free semiconductor, has
attracted ever-increasing attention for photocatalytic waste-
water treatment.4−6 The N-bridged heptazine ring structure of
PCN ensures its high structural stability, and the π-conjugated
electronic structure to some extent accelerates charge transport
and separation.7,8 Additionally, the tunable electronic structure
of PCN is favorable for regulating its light absorption
ability.9,10 However, pure PCN still faces many drawbacks,
including sluggish charge transfer, poor visible light absorption,
and slow mass transport, which severely hinder its photo-
catalytic degradation performance.

To date, various strategies have been developed to tackle the
issues of PCN in photocatalytic reactions, such as defect
engineering,11−14 construction of heterojunctions,15−17 and
elemental doping.18−20 Besides, designing organic conjugated
polymers (OCPs), such as donor−acceptor (D−A), A−D−A,
D−A−A, D−A−D, etc., is becoming a promising strategy, and
OCPs display tunable optical and electrical properties.21 For
instance, the band structure of D−A OCPs could be regulated
by pushing/pulling the energy of the highest occupied
molecular orbital (HOMO)/the lowest unoccupied molecular
orbital (LUMO) via the D-units/A-units.22,23 Furthermore, the
D−A OCPs could effectively induce intramolecular charge
transfer from D to A and thus accelerate the transport/
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migration of photogenerated electrons.24−26 Although PCN-
based D−A OCPs are conducive to improving charge
separation, the electron delocalization in this structure is still
limited, which restrains the migration of photoexcited
electrons. To achieve more effective and faster intramolecular
charge transfer, it is essentially necessary to induce an intrinsic
driving force in the D−A for the delocalization of charge
carriers around the photoexcitation sites. Fortunately, extend-
ing the π-conjugate structure is considered effective to enhance
electron delocalization.27,28 Besides, for photocatalytic degra-
dation, light absorption and mass transport can also greatly
influence photocatalytic performance. Among the various
structures, the holey structure is not only conducive to
promoting multiple light scattering and thus enhancing light
absorption but also can effectively facilitate mass transport,
both of which shall improve the photocatalytic degradation
performance.29 Additionally, early studies have calculated the
Fukui function of pollutants based on density functional theory
(DFT) to deduce the vulnerability of reaction sites to free
radical attack; however, they are limited to the analysis of the

structure of the original pollutants. It is worth noting that there
is no analysis of the real-time structural change of pollutants,
and the real reaction sites of intermediates will change if their
structures change. Therefore, it is imperative to analyze the
intermediate products of pollutant degradation in real-time to
determine the actual active sites that are involved in the redox
reaction.
Herein, PCN-based D−π−A OCPs with a holey structure

were facilely prepared by copolymerizing urea with 5-bromo-2-
thiophenecarboxaldehyde (PCN−5B2T D−π−A OCPs). The
obtained PCN−5B2Tx D−π−A OCPs (“x” indicates the
volume (μL) of the added 5B2T) not only greatly accelerated
intramolecular charge transfer but also markedly enhanced the
specific surface area, light absorption, and mass transport, all of
which worked synergistically to improve the photocatalytic
performance of PCN−5B2Tx D−π−A OCPs. As a result, the
optimized PCN−5B2T100 D−π−A OCP displayed an excellent
photocatalytic degradation activity of 2-MBT with a Kapp value
of 0.299 min−1, which is ∼10 times higher than that of pure
PCN.

Figure 1. (a) SEM image of PCN−5B2T100 D−π−A OCP. (b) Solid-state 13C NMR spectra of PCN and PCN−5B2T200 D−π−A OCP. (c,d)
TOF-SIMS of urea-5B2T and PCN−5B2T100 D−π−A OCP. NEXAFS profiles of PCN and TP-PCN, (e) C K-edge and (f) N K-edge.
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■ RESULTS AND DISCUSSION

Morphology and Structure of PCN−5B2Tx D−π−A OCPs

Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) images show the holey nanosheet
structure of PCN−5B2T100 D−π−A OCP compared with pure
PCN (Figures 1a and S1−S3). Additionally, the elemental
mapping images of PCN−5B2T100 D−π−A OCP show a
uniform distribution of C, N, O, and S elements. The specific
surface area (56.73 m2/g) and pore volume (0.173 cm3/g) of
PCN−5B2T100 D−π−A OCP are obviously increased as
compared to PCN (34.86 m2/g and pore volume: 0.143 cm3/g,
Figure S4). PCN−5B2Tx D−π−A OCPs were synthesized by
nucleophilic substitution and Schiff base chemical reaction
through polycondensation of urea and 5B2T (Figures S5−S8).
To uncover the chemical states of PCN−5B2Tx D−π−A
OCPs, XPS was conducted. The C 1s XPS spectra of PCN and
PCN−5B2T100 D−π−A OCP can be deconvoluted into three
peaks (Figure S9a), corresponding to N−C�N (287.88 eV),
C−NHx (285.93 eV), and C�C (284.53 eV).30,31 Clearly, the
peak intensity at 284.53 eV (C�C) for PCN−5B2T100 D−π−

A OCP is higher than that for PCN, indicating that 5B2T may
be introduced into the framework of PCN. The N 1s XPS
spectra of PCN and PCN−5B2T100 D−π−A OCP can be
resolved into four main peaks at 398.3, 399.6, 400.7, and 403.7
eV (Figure S9b), which can be assigned to C−N�C, N−(C)3,
C−N−H, and the charging effects, respectively.32−35 The peak
intensity of C−N�C shows an obvious decrease from PCN to
PCN−5B2T100 D−π−A OCP, which matches well with the
proposed D−π−A structure. Additionally, the presence of
sulfur species in PCN−5B2T100 D−π−A OCP is verified by
XPS spectra. Obviously, two characteristic peaks at 163.8 and
165.7 eV correspond to S 2p1/2 and S 2p3/2 (Figure S10),
respectively. Note that these binding energies are very similar
to the ones reported in previous works for thiophene-based
molecules.22,36,37 Additionally, the characteristic peaks at 163.7
and 164.8 eV are quite different from those (169.3 and 164.0
eV) for sulfur-doped PCN.38 Thus, according to the S 2p XPS
spectrum, we can judge that PCN−5B2T100 D−π−A OCP is
more likely recognized as a molecular doping with full
thiophene groups rather than the co-doping of carbon and
sulfur atoms. Besides, both PCN and PCN−5B2T200 D−π−A

Figure 2. (a) Photocatalytic 2-MBT degradation over PCN and PCN−5B2Tx D−π−A OCPs. (b) Photocatalytic degradation kinetics and the
contributions of h+, •O2−, and •OH for degradation of 2-MBT over PCN−5B2T100 D−π−A OCP. ESR spectra of (c) TEMPO−h+, (d)
DMPO−•O2−, and (e) DMPO−•OH for PCN−5B2T100 D−π−A OCP. (f) Cyclic photocatalytic degradation of 2-MBT over PCN−5B2T100
D−π−A OCP.
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OCP exhibit two signal peaks at 150.5 ppm (C1) and 159.4
ppm (C2), corresponding to C−NH−C and C−(N)3 (Figure
1b), respectively.39 Moreover, compared with pure PCN, new
C3 peaks assignable to the incorporated aromatic carbon in the
PCN network are clearly visible at approximately 105 ppm.40

PCN−5B2T200 D−π−A OCP possesses a new characteristic
peak at 157.1 ppm (Figure S11), which can be attributed to the
carbon atoms of imine units.41 All these results confirm that
the PCN−5B2Tx D−π−A OCPs were successfully synthesized
by nucleophilic substitution and Schiff base chemical reactions
through polycondensation of urea and 5B2T. In addition,
matrix-assisted laser desorption ionization-time of flight mass
(MALDI−TOF MS) spectroscopy further confirms the
formation of the PCN−5B2Tx D−π−A OCPs structure.
Notably, an obvious peak (m/z = 389) could be observed in
the MS spectrum of urea-5B2T (Figure 1c), indicating that
C11H7BrN10S was produced by the Schiff base chemical
reaction. In addition, two peaks (m/z = 236 and m/z = 330)
were observed in the case of PCN−5B2T100 (300 °C) D−π−A
OCP, which can be assigned to C8H10N6OS and C11H10N10OS
(Figure S12). These results further indicate that the
intermediates of C8H10N6OS and C11H10N10OS are formed
by nucleophilic substitution. Most importantly, the peaks with
m/z of 212, 281, and 400−500 can be observed in the
MALDI−TOF MS spectrum of PCN−5B2T100 (550 °C)
D−π−A OCP, corresponding to C7H8N4O2S, C9H9N6O3S,

and PCN−5B2T100 D−π−A OCP, respectively (Figure 1d).
Relevant structural characteristics of PCN−5B2T100 D−π−A
OCPs are further investigated by C and N K-edge XANES
measurement (Figure 1e,f). Obviously, in the C K-edge
XANES spectra (Figure 1e), both samples show a typical
structure of PCN, which can be attributed to π* (C1, C−C/
C�C) and π* (C2, C−N−C), respectively. Interestingly, the
intensity of π* (C−C/C�C) for PCN−5B2T100 D−π−A
OCP is higher than that for PCN, which may be derived from
the introduction of π-conjugation.42 The peak intensity of π*
(C−N−C) also enhances after the incorporation of 5B2T into
the conjugated network of PCN, indicating a stronger
interfacial interaction between π-bridge units and the basal
plane of PCN. Such stronger interfacial interaction can
accelerate the electron transport in PCN−5B2Tx D−π−A
OCPs, which brings efficient charge separation/transfer.27 In
addition, in the N K-edge XANES spectra (Figure 1f), PCN
and PCN−5B2T100 D−π−A OCP display four peaks, which
can be assigned to π* (N1, C−N−C), π* (N2, N−C3
bridging), π* (N3, N−C3), and σ* (N4, C−N−C/C−N).
The enhancement of π* (N3, N−C3 bridging) feature for
PCN−5B2T100 D−π−A OCP indicated a strengthened
interfacial interaction between π-bridge units and the basal
plane of PCN, which is consistent with the result of the C K-
edge XANES spectra.

Figure 3. (a) Optimized structure, (b) LUMO, (c) HOMO, and (d) ESP of 2-MBT. The isosurface of (e) f−, (f) f+, (g) f0, and (h) CDD of 2-
MBT. (i) Hirshfeld charges and calculated f−, f+, f0, and CDD of 2-MBT. Yellow, blue, gray, and white represent S, N, C, and H atoms, respectively.
The isosurface value is 0.004 e/Å3.
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Highly Efficient Photocatalytic Activity by the
Construction of D−π−A OCPs

The photocatalytic activities of as-prepared samples were
evaluated by the degradation of 2-MBT under visible light
irradiation. Figure S13 shows that all of the samples could
reach adsorption−desorption equilibrium in the dark in 30
min. Strikingly, all PCN−5B2Tx D−π−A OCPs show
significantly enhanced photocatalytic 2-MBT degradation
activities than PCN (Figures 2a, S14, and S15). Especially,
PCN−5B2T100 D−π−A OCP has the highest photodegrada-
tion rate constant (Kapp, 0.299 min−1), which is about 9.97
times that for pure PCN (Figure S15a). The photocatalytic
degradation activity of 2-MBT under different environments
reveals that PCN−5B2Tx D−π−A OCPs has excellent
practical application potential (Figure S15b−d). To further
examine the photodegradation mechanism, photocatalytic 2-
MBT degradation was carried out in the presence of different
scavengers (Figure S16). Remarkably, the photocatalytic
degradation efficiency was greatly decreased with the addition
of triethanolamine (TEOA), indicating that photogenerated h+
might be the main reactive species. Oppositely, the addition of
isopropanol (IPA) or flowing Ar gas showed a lower inhibition
effect on 2-MBT degradation, suggesting the order of reactive
species follows h+ > •O2− > •OH (Figure 2b). Additionally, the
electron spin resonance (ESR) spectra directly show the
existence of more h+, •O2−, and •OH in the PCN−5B2T100
D−π−A OCP system than in the PCN system (Figure 2c−e),
matching well with the higher photocatalytic activity of PCN−
5B2T100 D−π−A OCP as compared to that of PCN.
Furthermore, the PCN−5B2T100 D−π−A OCP still possessed
high photocatalytic activity after four continuous cycles of
photodegradation reactions (Figures 2f and S17). Most
importantly, PCN−5B2T100 D−π−A OCP shows exceptional
activity for photocatalytic 2-MBT degradation, far exceeding
that of the other previously reported photocatalysts (Table
S1).
Real-Time Analysis of the Intermediate Products over
2-MBT Degradation by the Fukui Function

To explore the photocatalytic degradation pathway of 2-MBT
over PCN−5B2T100 D−π−A OCP, the structural property of
2-MBT was investigated by DFT. As shown in Figure 3a−c,
the C−H bond (C3, C4, and C6) has almost no contribution
to the HOMO and LUMO orbitals, suggesting its weak
reactivity. Figure 3d shows that the negatively charged surface
is located at the S14 atom, pointing out that the S14 atom may
be more prone to electron deprivation reactions. Therefore,
the most vulnerable attack site in 2-MBT is located at the atom
that contributes to the LUMO orbital due to the negatively
charged surface electrostatic potential (ESP). To further
analyze which atom will undergo electrophilic, nucleophilic,
and radical attacks, Hirshfeld charges and the Fukui index (f−,
f+, and f0) were explored (Figure 3e−g). In general, •OH can
not only act as an electrophilic species but also induce radical
attack. h+ and •O2− possess certain electrophilicity and
nucleophilicity, respectively.43 As presented in Figure 3i, all
atoms with higher values of f−, f+, and f0 indicate that they are
more easy to be attacked by •O2−, •OH, and h+, respectively.
Nevertheless, it is still difficult to accurately predict the
reaction sites as the atom (S7) has both high electrophilicity
and nucleophilicity. Therefore, we used the condensed dual
descriptors (CDD) to define the reactive sites (Figure 3h).44

Note that C3, C6, and C8 atoms show obvious nucleophilicity,

while S14, S7, C4, and N9 atoms hold distinct electrophilicity
in 2-MBT molecules, among which the S14 atom is the most
active electrophilic sites, which can be easily attacked by h+
and/or •OH to form P1 (m/z = 216) (Figures S18 and S19).
During the photodegradation reaction, the reaction sites of

intermediates will vary due to structural changes. To monitor
the structural changes of intermediates in real time, the
structural properties of intermediates were investigated by the
Fukui function. As shown in Figure S20a,c, the S10 and C8
atoms of the P1 molecule show relatively positive CDD values,
which are easy to be attacked by •O2− radicals, resulting in the
fracture of the C−S bond in C−SO3H to form P2 (m/z =
136). For the P2 molecule (Figure S20b−d), the C−S bond
and C−N bond are easy to be attacked by h+, •O2−, and •OH
to generate P3 (m/z = 114). Successively, the further oxidation
of P3 molecules leads to C−S and C−C bond breaking and
hydroxylation to form P4 (m/z = 132), P5 (m/z = 60), and
other small molecules (Figures S21 and S22). However, it is
worth noting that only analyzing the active sites for possible
degradation reactions of 2-MBT alone cannot truly reflect the
degradation process. Therefore, the above Fukui function
results that show the real-time structure change of 2-MBT are
of great significance to reveal the overall degradation
mechanism of 2-MBT under visible light irradiation. Addi-
tionally, the 3D EEM images further indicate that the 2-MBT
molecules were gradually mineralized into other small organic
molecules (Figure S23).
Efficient Light Absorption, Charge Separation, and
Transfer Driven by D−π−A OCPs

To account for the greatly enhanced photocatalytic activity, the
optical properties were investigated by DRS. Compared with
PCN, the improved light absorption of PCN−5B2Tx D−π−A
OCPs is mainly due to the enhanced light scattering resulted
from the holey structure and the narrowed band gap owing to
the introduction of 5B2T (Figures S24 and S25). Besides, the
finite-difference time-domain (FDTD) simulations also suggest
that the holey PCN−5B2Tx D−π−A OCPs possess stronger
light absorption capacity (Figure S26). The bandgaps of PCN
and PCN−5B2T100 D−π−A OCP are estimated to be 2.58 and
1.75 eV, respectively. In addition, the flat-band potential (EFB)
values of PCN and PCN−5B2T100 D−π−A OCP are
determined at −1.41 and −1.10 V (vs Ag/AgCl, Figures S27
and S28), corresponding to −1.21 and −0.9 V (vs NHE),
respectively. Note that PCN and PCN−5B2Tx D−π−A OCPs
display positive slopes in the Mott−Schottky plots, indicating
n-type semiconductors.45,46 Therefore, the minimum con-
duction band potentials of PCN and PCN−5B2T100 D−π−A
OCP are estimated to be −1.31 and −1.0 V (vs NHE, Figure
S29), respectively. Compared with pure PCN, the density of
states (DOS) indicates that the bandgaps of PCN−5B2Tx
D−π−A OCPs are markedly reduced (Figure S30a,b) due to
the formation of new mid-gap (Em) states induced by 5B2T,
which extends the light absorption of PCN−5B2Tx D−π−A
OCPs to 1000 nm. For PCN, the HOMO and LUMO are
mainly contributed by the nitrogen ρz orbitals and C−N
orbitals, respectively (Figure S30c). However, α/β-HOMO
and α/β-LUMO of PCN−5B2Tx D−π−A OCPs are
distributed on different structural units, indicating spatial
separation of HOMO and LUMO. Furthermore, it is worth
noting that there is no difference in the DOS of fragment 1,
fragment 2, and fragment 3 of PCN, suggesting that each
fragment of PCN contributes equally to the overall band
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structure, which will result in low charge transfer efficiency. On
the other hand, the DOSs of fragment 1, fragment 2, and
fragment 3 of PCN−5B2Tx D−π−A OCPs are very different,
which is anticipated to improve the charge separation in
PCN−5B2Tx D−π−A OCPs.
To investigate the charge transfer/separation processes in

PCN and PCN−5B2Tx D−π−A OCPs, femtosecond transient
absorption (fs-TA) spectroscopy was conducted. Both PCN
(Figure 4a,b) and PCN−5B2T100 D−π−A OCP (Figure 4d,e)
show broadband characteristic peaks between 450 and 550 nm,
respectively, which is due to the overlap between ground-state
bleach and excited-state absorption signals.47,48 In addition, a
positive absorption band stemming from the excited-state
absorption is observed in the fs-TA spectra of PCN−5B2T100
D−π−A OCP, suggesting the presence of shallowly trapped
electrons in PCN−5B2T100 D−π−A OCP. For pure PCN, a
two-exponential decay function was used to describe the
carrier dynamics (Figure 4c). The decay lifetimes of τ1 = 2.6 ±
0.3 ps and τ2 = 50 ± 5 ps for PCN are assigned to electron
transfer to the shallow trapping state and deep trapping state,
respectively.49 However, the intrinsic deep trapping state of
pure PCN is induced by the insufficient extrinsic driving force

in the photocatalyst, which would restrain the electron
transfer.50,51 Notably, eliminating the deeply trapped electrons
or enhancing shallow trapping can improve the photocatalytic
activity of PCN.52 For PCN−5B2T100 D−π−A OCP, it is
interesting to note that a tri-exponential decay function was
needed to fit the kinetics traces (Figure 4f). PCN−5B2T100
D−π−A OCP introduces an electron acceptor relative to pure
PCN, which will capture electrons faster. Therefore, the
electrons are first transferred to the acceptor and then to the
shallow trapping state. Correspondingly, the PCN−5B2T100
D−π−A OCP possesses two fast decay components owing to
the electron transfer to the trapping sites of the acceptor (τ1 =
0.6 ± 0.03 ps) and to the shallow trapping state (τ2 = 14 ± 0.9
ps). As expected, a longer decay lifetime of electron transfer to
the shallow trapping state was obtained in PCN−5B2T100
D−π−A OCP (14 ± 0.9 ps > 2.6 ± 0.3 ps of PCN), indicating
the effectively strengthened shallow electron trapping. Addi-
tionally, τ3 is an important time component to distinguish
PCN with PCN−5B2T100 D−π−A OCP in this work. The τ3
(1017 ± 113 ps) for PCN−5B2T100 D−π−A OCP shows the
recombination of the shallow trapped electrons with holes.53

That is to say, the τ3 for PCN−5B2T100 D−π−A OCP

Figure 4. Contour plots of the time-resolved absorption spectroscopic responses and fs-TA spectra of (a,b) PCN and (d,e) PCN−5B2T100 D−π−A
OCP. The corresponding TA kinetics for (c) PCN and (f) PCN−5B2T100 D−π−A OCP.

JACS Au pubs.acs.org/jacsau Article

https://doi.org/10.1021/jacsau.3c00088
JACS Au 2023, 3, 1424−1434

1429

https://pubs.acs.org/doi/10.1021/jacsau.3c00088?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00088?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00088?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00088?fig=fig4&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.3c00088?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


represents the recombination of the shallow trapped electron
with the hole on the HOMO. Figure S31 shows the schematic
representation of the proposed charge trapping model in PCN
and PCN−5B2Tx D−π−A OCPs.54 To further probe the
spatial charge distribution, Kelvin probe force microscopy
(KPFM) was performed.55 Evidently, PCN−5B2T100 D−π−A
OCP displays much stronger surface photovoltage signals
relative to PCN (Figure S32), demonstrating much faster
separation and transport of photogenerated charge carriers in
PCN−5B2T100 D−π−A OCP. Besides, more efficient transfer
and separation of charge carriers in PCN−5B2T100 D−π−A
OCP are also reflected by the shorter transient-state PL
lifetime, higher photocurrent intensity, smaller arc radius,
stronger EPR signal, and larger current density (Figures S33−
S37).
To further study intramolecular charge transfer in PCN−

5B2Tx D−π−A OCPs, Hirshfeld charge analysis was
performed by DFT. As shown in Figure 5b, fragment 1 of
PCN−5B2Tx D−π−A OCPs possesses a positive Hirshfeld
charge of (0.7732 e), which explains their strong electron-

donating ability.56 Note that fragment 2 and fragment 3 show
negative Hirshfeld charge values, suggesting that fragment 2
and fragment 3 can act as π-bridge and electron acceptor,
respectively. Based on the Hirshfeld charge analysis, the
electrons in PCN−5B2Tx D−π−A OCPs as compared to
those in PCN can be more easily transferred from the donor
tertiary amine group to the benzene π-bridge and then to the
acceptor imine group. To uncover the mechanism of electron
excitation, the excited states of PCN and PCN−5B2Tx D−π−
A OCPs were calculated. As shown in Figure 5c,d, both PCN
and PCN−5B2Tx D−π−A OCPs have oscillator strengths
greater than 0.01 (Tables S2 and S3), illustrating permittable
transitions.57 Figure 5c1−c4 shows poor charge separation in
various excited states S0−S2, S0−S3, S0−S4, and S0−S7 of
PCN. Compared to PCN, PCN−5B2Tx D−π−A OCPs
significantly accelerate the electron transfer in excited states
S0−S1, S0−S3, and S0−S10 (Figure 5d1−d3). Noteworthily,
electrons in PCN−5B2Tx D−π−A OCPs are transferred from
fragment 1 to fragment 2 and then to fragment 3 in excited
states S0−S12 (Figure 5d4). In the meantime, holes are mainly

Figure 5. Excitation properties of PCN and PCN−5B2T D−π−A OCPs. The calculated Hirshfeld charges for (a) PCN and (b) PCN−5B2Tx
D−π−A OCPs. Electron−hole distribution of (c1−c4) PCN and (d1−d4) PCN−5B2Tx D−π−A OCPs in different excited states. Yellow and pink
isosurfaces represent electron and hole distributions, respectively. The isosurface value is 0.002 e/Å3. ESP surface distribution of the optimized (e)
PCN and (f) PCN−5B2Tx D−π−A OCPs models.
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concentrated on the π-bridge, speculating that the π-bridge
may be the main active site for h+ to oxidize 2-MBT.
Additionally, the simulated absorption spectra match well with
the DRS results, revealing that the introduction of 5B2T into
the PCN skeleton can effectively enhance light absorption
(Figure 5e,f).
Mass Transfer Property of Holey D−π−A OCPs in the
Degradation

Besides light absorption and the separation and transfer of
charge carriers, mass transport also plays an important role in
the photocatalytic degradation of 2-MBT. To evaluate the
impact of different morphologies of bulk PCN and holey
PCN−5B2Tx D−π−A OCPs on mass transport, computa-
tional fluid dynamics (CFD) was investigated.58 The velocity
magnitude contours of the fluence are plotted in Figure 6a,b. It
is interesting to find that the velocity of water in the holey
PCN−5B2Tx D−π−A OCPs reaches 125.5 m s−1, nearly 11.5
times higher than that in PCN (10.91 m s−1). The faster
microfluidic flow in PCN−5B2Tx D−π−A OCPs illustrates
that the holey structure is indeed beneficial to mass transport.
Based on the above analysis, the mass transport of 2-MBT in
PCN and holey PCN−5B2Tx D−π−A OCPs are compared.
As illustrated in Figure 6c, PCN exhibits poor mass transport,
which limits its photocatalytic activity. On the other hand, the
holey structure of PCN−5B2Tx D−π−A OCPs significantly
improves the mass transport of 2-MBT (Figure 6d) and thus
enhances the efficiency for 2-MBT degradation. In addition,
PCN−5B2Tx D−π−A OCPs display stronger adsorption of 2-
MBT at the donor and π-bridge sites than the acceptor sites
(Figure S38). Together with the fact that photogenerated holes
tend to accumulate on the π-bridge, the π-bridge sites are most
likely the main active sites for photodegradation of 2-MBT.
With the above analyses, the possible mechanism and the
underlying reasons for the greatly enhanced photocatalytic
activity toward 2-MBT degradation on PCN−5B2Tx D−π−A
COPs are summarized in Figures S39 and S40. Overall
speaking, PCN−5B2Tx D−π−A COPs have the following
advantages over PCN: (i) introducing π-bridge into PCN−
5B2T significantly enhanced the separation efficiency of charge
carriers; (ii) π-bridge sites not only significantly enhanced the

selective adsorption ability for 2-MBT but also enriched the
major active species (photo-generated holes) of 2-MBT
degradation; (iii) PCN−5B2Tx D−π−A COPs produced
new midgap states, which could obviously expand the light
absorption range; and (iv) the holey structure of PCN−5B2Tx
D−π−A COPs effectively promoted mass transport.

■ CONCLUSIONS
In summary, holey metal-free PCN−5B2Tx D−π−A OCPs
have been successfully designed and synthesized by copolymer-
izing urea and 5B2T based on nucleophilic substitution and
Schiff base chemical reactions. Experimental and DFT
calculation results show that the obtained PCN−5B2T100
D−π−A OCPs not only increased the specific surface area
and improved light absorption but also enhanced the
intramolecular charge transfer. Meanwhile, the CFD results
also demonstrated that the holey PCN−5B2Tx D−π−A OCPs
were beneficial to mass transport. As a result, the PCN−
5B2T100 D−π−A OCP exhibited outstanding photocatalytic
activity toward the degradation of 2-MBT, which is ∼10 times
higher than that of PCN. Furthermore, the real-time reaction
process for the degradation of 2-MBT was analyzed by the
Fukui function. The π-bridge was found to accumulate
photogenerated holes as well as adsorb 2-MBT molecules,
which thus acted as the active sites for photodegradation of 2-
MBT. Building D−π−A OCPs with holey structures provides
an effective strategy to design highly efficient photocatalysts for
energy conversion and environmental remediation.

■ EXPERIMENTAL SECTION

Preparation of PCN−5B2T D−π−A OCPs
PCN−5B2T D−π−A OCPs were prepared by nucleophilic
substitution and Schiff base chemical reaction through polycondensa-
tion of urea and 5B2T. The details are summarized as follows: 20 g of
urea was placed in a beaker and heated to 160 °C in an oil bath under
stirring until melted completely. Afterward, a certain amount of 5B2T
was added to the above molten urea and continuously stirred for 20
min to obtain a uniform mixture. The mixture was recrystallized at
room temperature and quickly transferred to a muffle furnace for
calcination (550 °C for 3 h at a heating rate of 5 °C/min). The
obtained samples are denoted as PCN−5B2Tx (x = 10, 100, and 200)

Figure 6. Velocity magnitude contours of water flow on (a) PCN and (b) PCN−5B2Tx D−π−A OCPs. The mass transport diagram of 2-MBT on
(c) PCN and (d) PCN−5B2Tx D−π−A OCPs.
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D−π−A OCPs, in which “x” indicates the volume (μL) of the added
5B2T. For comparison, bulk PCN was synthetized by a similar
process except that 5B2T was not added.
Photocatalytic Degradation of 2-MBT
2-Mercaptobenzothiazole (2-MBT), a typical heterocyclic compound,
has been extensively used as a fungicide in all kinds of consumer
products and as vulcanization accelerators in rubber manufacturing.
Especially 2-MBT is widely used in rubber pipe parts in contact with
drinking water, which causes severe damage to aquatic organisms and
human health. The photocatalytic activities of PCN and PCN−5B2T
D−π−A OCPs were estimated by degradation of 2-MBT under
visible light irradiation (300 W Xe lamp with λ > 420 nm). First, 25
mg of the as-prepared catalyst was dispersed in 50 mL (10 mg/L) of
2-MBT aqueous solution. Then, the suspension was magnetically
stirred in the dark for 30 min to reach adsorption−desorption
equilibrium. During the illumination process, 1.5 mL of the
suspension was extracted every 2 min. The temperature of the
whole reaction system was maintained at 25 °C by condensation
water. The withdrawn suspension was centrifuged and filtered by a
0.22 μm filter. Afterward, the filtered solution of 2-MBT was analyzed
by a Shimadzu UV-3600 spectrofluorometer.
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