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Dye/polymeric carbon nitride (PCN) systems exhibit great potential for photocatalytic hydrogen evolution
(PHE), due to the broad light-harvesting region and optimized charge separation ability. However, charge
recombination due to the unmatched photogenerated carrier lifetimes (ns level) of organic dyes and
photocatalytic reaction rates (s level) is a major hindrance, which afforded a big challenge to modulate
electronic processes by prolongation of carrier lifetimes of dyes. Herein, the excited triplet states of
organic dyes with longer carrier lifetimes (ms level) were employed in PHE systems for the first time,
which are stabilized by the adjustment of w—7t interactions of conjugation skeletons with alkyl chain
engineering. By utilizing the increased isolation effect of alkyl chains, from linear to branched ones with

prolonged lengths, higher PHE activities were achieved by branched chain-substituted dyes due to their
Received 1st February 2023 l lifeti ied by the i d oh h ti d d ch
Accepted 2nd June 2023 onger lifetimes, accompanied by the improved phosphorescence properties, and suppressed charge
recombination. Accordingly, a relationship among properties of triplet excited states, alkyl chains, and

DOI: 10.1039/d3ta00563a PHE activity has been roughly built, providing valuable information for further promoting PHE activities
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Introduction

Photocatalytic hydrogen evolution (PHE) is an effective solution
for the increasingly serious energy and environmental
problems.* Polymeric carbon nitride (PCN) as a representative
metal-free semiconductor has been extensively investigated for
its appropriate bandgap, high thermal stability, reasonable cost
and especially for being nontoxic.*** However, carrier recom-
bination involved in PCN photocatalysts includes undissociated
exciton decay and charge recombination, which are a major
hindrance limiting photocatalytic activities. Therefore, realiza-
tion of highly efficient charge generation and separation
simultaneously in a PCN system is a fundamental strategy for
the potential success of solar-to-hydrogen conversion, but still
a great challenge.”>™® Basically, the incorporation of organic
dyes into PCN systems is an efficient strategy to broaden the
light harvesting region and optimize the charge separation
ability of photocatalysts.””*> However, the photogenerated
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by adjustment of dye—dye and dye—PCN interactions.

carrier lifetime of organic dyes is usually at the nanosecond (ns)
level, as derived from the singlet excited state, while the pho-
tocatalytic reaction usually occurs at the second (s) level. The
large gaps in time scales of these two key processes in PHE
systems usually resulted in severe recombination in the pho-
tocatalytic process.”®*” Thus, it is essential to prolong the
excited state lifetimes of organic dyes to improve the PHE
performance.”®°

According to the basic knowledge of molecular photochem-
istry, the lifetimes (ms-s levels) of triplet excited states (T,) are
much longer than those (ns-ps levels) of singlet excited states
(Sn), for the spin-forbidden transitions to ground states.*'-**
Thus, for organic dyes, the utilization of triplet excited states,
instead of the frequently used singlet excited states, to prolong
the lifetimes should be an efficient approach to decrease the
gaps in the time scales of photogenerated carrier lifetimes and
rates of photocatalytic reactions in PHE systems as mentioned
above. However, for organic molecules, the triplet excited states
are usually unstable, easily dissipated by the non-transition
process, and quenched by the moisture and oxygen in the
environment, affording a big challenge to stabilize triplet
excited states of organic dyes by rational molecular design.**~*

According to the basic knowledge of molecular photochem-
istry, the stable triplet excited states can result in room
temperature phosphorescence (RTP) as the radiative transition
process, which can be considered as an important parameter to

This journal is © The Royal Society of Chemistry 2023
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evaluate the properties of excited excitons as photogenerated
carriers. However, until now, RTP properties of organic dyes
with strong intramolecular charge transfer (ICT) processes have
seldom been reported, due to the narrow energy gap between
triplet excited states and ground states, which can largely
accelerate the non-radiative transitions according to the energy
gap law. Fortunately, in our previous work, the non-radiative
transitions could be largely suppressed by the intramolecular
O---S interactions, as conformation locks between benzothia-
diazole and thiophene moieties, resulting in the persistent RTP
emission.*”*" This indicated that the stability of triplet excited
states is highly related to the conformational rigidity. Thus,
with rational molecular design, some new organic dyes with
RTP properties, especially longer lifetimes, might achieve high
efficiencies for PHE activity.

Actually, for dye/PCN systems as photocatalysts, not only the
molecules themselves, but the corresponding properties at
aggregated states should also be considered, including the
intermolecular interactions among organic dyes, as well as the
electronic processes between dyes and PCN. Accordingly, the
application of organic dyes with RTP properties in PHE systems,
should consider all the above points, including light-harvesting
ability, photogenerated carrier lifetimes, and molecular packing
of dyes on the surface of PCN for efficient electronic transitions.
Herein, alkyl chain engineering is employed in organic dyes
with a triphenylamine-thiophene-benzothiadiazole-thio-
phene-triphenylamine skeleton as the D-m-A-m-D structure,
including the linear and branched alkyl chains with different
lengths, with the aim to adjust the - interactions by using the
various sizes and shapes. The effective regulation of molecular
aggregates resulted in improved RTP properties and PHE
performance, and the organic dyes with branched alkyl substi-
tutions (LI-161-LI-165) demonstrated a higher PHE activity than
those (LI-154-LI-158) with linear ones, due to the larger isola-
tion effect stabilizing the triplet excited states and balancing the
electronic transitions at the interface. Moreover, the

Table 1 Photophysical properties of dye molecules
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relationship among molecular structures of organic dyes, RTP
properties and PHE activity has been roughly built, and the
adjustment of w- interactions among organic dyes, and in the
dye/PCN system is highlighted as the key point. It is the first
time that triplet excited states of organic dyes were incorporated
into PHE systems, offering an efficient strategy to promote the
PHE activity by balancing the electronic transitions.

Results and discussion
Design and synthesis of organic dyes

These organic dyes consist of the same conjugated skeletons
with D-mt—-A-7-D structures, which can result in dual intra-
molecular charge transfer (ICT) from D to A moieties through
the m-bridge, benefiting light-harvesting by the extended
absorption spectra and high molar extinction coefficients.
Moreover, alkyl chains with different lengths, including linear
and branched ones, are linked to tune -7 stacking modes of
organic dyes in the aggregated states. Accordingly, the lifetimes
of excited states can be modulated by the intersystem crossing
(ISC) process and stability of excited triplet states, under
different conditions. Also, the electronic transitions between
dyes and PCN can be adjusted by the varied w—m interactions, in
which alkyl chains can act as the isolation groups to tune the
distances between them to some extent. Molecular structures
and purity of these compounds are fully confirmed by 'H NMR,
3C NMR, MALDI-TOF(MS), FTIR, and elemental analyses
(Fig. S1-S227). They exhibit good solubility in petroleum ether,
chloromethane and other common organic solvents.

Photophysical properties of organic dyes

The absorption spectra of these organic dyes are similar, which
can extend to 600 nm due to the strong ICT effect (Fig. 2a), and
the molar extinction coefficients are in the range of 1.95-4.10 x
10* L mol™' em™" (Table 1 and Fig. S237), contributing to the
strong light harvesting ability towards sunlight. All of them

Aabsa Aunset‘Z Aonsetb Aemc ed Qe Tavef E()f()g EHOMOh ELUMOi
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Dye [nm] [nm] [nm] [nm] mol " ecm™] [%] [ns] [eV] [eV] [eV]
LI-154 370, 504 602 699 667 4.10 68.47 3.53 1.81 —5.37 —3.56
LI-155 342, 488 584 684 662 1.95 73.84 3.05 1.79 —5.27 —3.48
LI-156 342, 489 586 661 662 2.62 77.25 2.97 1.92 —5.38 —3.46
LI-157 342, 489 586 680 662 2.94 66.80 6.01 1.85 —5.16 -3.31
LI-158 343, 490 583 680 663 2.46 71.29 5.48 1.91 —5.32 —-3.41
LI-161 342, 489 580 670 659 3.04 80.52 3.35 1.89 —-5.01 —-3.12
LI-162 342, 489 585 672 657 4.50 83.69 6.33 1.85 —4.55 —2.70
LI-163 341, 490 583 671 657 3.23 89.63 6.31 1.85 —4.38 —2.53
LI-164 341, 489 582 647 656 3.06 82.78 3.02 2.00 —4.37 —2.37
LI-165 342, 489 583 620 656 3.25 95.01 2.40 2.09 —4.71 —2.62

@ UV-vis absorption spectra of dyes in CH,Cl, solution at a concentration of 1 x 10~°> mol L. ” UV-vis DRS absorption spectra of dyes (solid state,
the results of semisolid LI-164 and LI-165 were measured by using thin films). © The PL spectra of dyes in CH,Cl, solution at a concentration of 1 x
10~° mol L™, ¢ Molar extinction coefficient of dyes in CH,Cl, solution. ¢ Photoluminescence quantum yield of dyes in the solid state.” PL lifetimes
of dyes in the solid state. ¢ The optical band gap of dyes as measured by using Tauc-plots. ” HOMO energy levels as calculated by UPS. ' LUMO

energy levels as calculated by using Erymo = Enomo — Eo-o-
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Fig. 1 (a) The molecular structures of organic dyes (LI-154-LI-158 and LI-161-LI-165) with different alkyl chains as substituents, and the
corresponding RTP imaging captured by using a chemiluminescence imager. (b) Schematic diagram of electronic transition processes in
a photocatalytic hydrogen evolution system, including sunlight-harvesting, charge separation, exciton migration and hydrogen evolution.

exhibit bright red fluorescence in CH,Cl, solution at room
temperature, and the emission wavelengths are mainly located
at 660 nm (Fig. 2b, Fig. S24 and S257). Once the temperature is
cooled to 77 K, the blue-shifts of fluorescence emission wave-
lengths are obvious, mainly located at 590 nm with orange
emission (Fig. S261). Meanwhile, the emission peaks emerged
at about 800 nm, which should be ascribed to phosphorescence
emission. It can be further confirmed by their phosphorescence
spectra under the same conditions, in which two peaks at about
580 nm and 800 nm can be observed (Fig. S277).

When these organic dyes aggregate in the solid or oil state,
light harvesting regions can further extend to about 680 nm
(Fig. S2871), mainly due to the possible - interactions at the
aggregated states. Moreover, with the volumes of alkyl chains
enlarged by the increased lengths, and the varied shapes from
linear to branched ones, the absorption edges demonstrate
obvious blue-shifts from 700 nm to 620 nm gradually. Also,
fluorescence spectra exhibit blue-shifts of about 60 nm due to
the modification of alkyl chains with enlarged sizes (Fig. 2d),
and the lifetimes of excited singlet states are at the same level
(Fig. 2e and Table S17). It may be related to the varied molecular
configurations, which can be optimized by density functional
theory (DFT) calculations using the Gaussian 09 program.**
Accordingly, molecular configurations become twisted with
prolonged alkyl chains, as confirmed by the increased dihedral
angles between the benzothiadiazole group and thiophene from
1.55-4.69° (LI-155-LI-158) to 10.71-13.93° (LI-161-LI-165)
(Fig. S2971). Generally, strong 7— interactions can quench the
fluorescence emission in most cases, and thus, their photo-
luminescence quantum yields increase from 68.47% (LI-154) to
95.01% (LI-165) with the efficient suppression of -7 interac-
tions by the increased isolation effect of alkyl chains (Fig. 2c).

The adjustable molecular aggregates by alkyl chains can
further promote the ISC process, contributing to the generation

of excited triplet states, as proved by the obvious
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phosphorescence images (captured by using the chem-
iluminescence imager) of dye LI-161-LI-165 (Fig. 1a and S307).
Accordingly, the phosphorescence spectra at room temperature
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Fig. 2 (a) UV-vis absorption spectra of organic dyes in CH,Cl, dilute
solution (concentration: 1 x 107> mol L™Y). (b) Fluorescence spectra of
organic dyes in CH,Cl, dilute solution (concentration: 1 x
107 mol LY (Aex: 430 nm). (c) Photoluminescence quantum yields
(PLQYs) of organic dyes in the solid state. (d) Photoluminescence
(yellow line) and room temperature phosphorescence (green line)
spectra of organic dyes in the solid state. (e) Phosphorescence life-
times of organic dyes in the solid state.
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Fig.3 (a) Energy-level diagram of PCN and organic dyes. (b—d) High-resolution XPS spectra of PCN/Pt and dye/PCN/Pt: (b) C 1s, (c) N 1s, and (d)
S 2p. (e—h) SEM and TEM images of PCN/Pt (e and f) and LI-161/PCN/Pt (g and h). () HAADF-STEM image of LI-161/PCN/Pt. (j-m) Elemental
mapping images of LI-161/PCN/Pt with elemental distributions of (j) C, (k) N, () Pt and (m) S.

show two emission peaks at about 680 nm and 735-790 nm,
respectively (Fig. 2d and S317%). The phosphorescence lifetimes
have a ~90 fold increase with the prolonged alkyl chains,
ranging from 0.027 ms (LI-154) to 2.409 ms (LI-165) (Fig. 2e, S32
and Table S27). It is the first time that near IR phosphorescence
was achieved by organic materials with a single component,
mainly due to the restriction of molecular motions by the
intramolecular O---S interactions between thiophene and the
alkoxy chains being linked to benzothiadiazole, and the inhi-
bition of - interactions by alkyl chains with steric hindrance.

Dye/PCN/Pt heterojunction systems

Subsequently, dye/PCN/Pt heterojunction systems are fabri-
cated by two steps: first, a PCN/Pt system is formed by photo-
deposition of Pt on the surface of PCN, and then, dye (2 wt%)
and PCN/Pt are mixed and dispersed in CHCl; solvent to
prepare the heterojunction systems by using rotary evaporators.
FTIR spectroscopy (Fig. $331) and XRD (Fig. S34t) show that the
structure of PCN has not been damaged during these processes.
The resultant heterojunction systems exhibit a broad absorp-
tion region extended to 700 nm, mainly due to the strong light-
harvesting ability of organic dyes (Fig. S35%). In order to further
investigate the dispersive forms of organic dyes, the absorption
spectra of dye/PCN/Pt and organic dyes have been compared.
The dye/PCN/Pt systems demonstrate red-shifted absorption,

This journal is © The Royal Society of Chemistry 2023

compared to that of organic dyes in diluted solution with iso-
lated state. It is mainly due to the possible dye aggregation at
the surface of PCN, which can be partially proved by the red-
shifted absorption spectra of organic dyes in the solid/film
states. The energy levels of organic dyes match well with those
of PCN (Fig. 3a, S36 and S371), which possess sufficient driving
force to complete the efficient electron injection from organic
dyes into PCN.

The surface topography of each heterojunction system has
been characterized by XPS. As shown in Fig. 3b, the high-
resolution C 1s spectra can be mainly resolved into two peaks,
where the peak at about 288.0 eV corresponds to the N-C=N
bond and the peak at about 284.5 eV corresponds to the C-C/
C=C peak (Fig. S38at).**»** Compared to the PCN/Pt system, the
ratio of C-C/C=C bonds of each dye/PCN/Pt system increases
significantly, which is brought about by the additional aromatic
moieties in these dyes (Table S31). In the high-resolution S 2p
spectra (Fig. 3d and S38ct), two characteristic peaks can be
found at about 164.5 eV and 163.5 eV, which comes from the
benzothiazole moieties of organic dyes.*” In the high-
resolution N 1s spectra (Fig. 3c and S38b¥), the four peaks of
PCN/Pt can be assigned to 7 excitations (about 404 eV),
quaternary N (C-NH) (about 401 eV), tertiary N (N-(C);) (about
400 eV) and sp>-hybridized aromatic N (C=N-C) (about 398 eV),
respectively.*® The higher ratios of dye/PCN/Pt at about 400 eV

J. Mater. Chem. A, 2023, 11, 14682-14689 | 14685
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than that of PCN/Pt are assigned to C-N bonds in the TPA unit
of organic dyes. Meanwhile, the slightly lower binding energies
of dye/PCN/Pt systems than that of PCN/Pt (Table S4t), suggests
the increased electron density of the N atom after the incorpo-
ration of organic dyes, which is mainly related to the possible
charge transfer process from organic dyes to PCN through
intermolecular - interactions.*

Scanning electron microscope (SEM) and transmission
electron microscope (TEM) images clarify that the deposited Pt
particles are uniformly distributed on the surface of PCN as
small particles (Fig. S39%), and no specific structure of dyes is
observed in the dye/PCN/Pt sample for a low concentration
(2 wt%) (Fig. S40t). However, this can be observed in the
elemental mapping images of the LI-161/PCN/Pt system as an
example (Fig. 3i-m). The brightest points in the HAADF-STEM
picture (Fig. 3i) correspond to Pt with the highest atomic
number among the C, N, O and S elements, which is consistent
with the distribution of Pt (Fig. 31). The part with slightly weaker
brightness than that of Pt, corresponded to the S element in the
benzothiazole moiety, indicating the good dispersion of LI-161
on the surface of PCN. It can be further confirmed by the
distribution diagram of the S element (Fig. 3m). Also, compared
to PCN/Pt, VB XPS of dye/PCN/Pt shows a slight offset
(Fig. S417), mainly due to the distribution of dye on the surface
of PCN. It is confirmed by hydrophobic properties of dye/PCN/Pt
systems with water contact angles of about 140° (Fig. S427).

&
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Photocatalytic hydrogen production and stability

The hydrogen evolution activities of dye/PCN/Pt systems as
photocatalysts are evaluated with triethanolamine (TEOA) as
the sacrificial agent, under visible-light irradiation (A = 420
nm). Taking the LI-161/PCN/Pt system as an example (Fig. 4a),
with the increased proportion of dye from 1.0% to 3.0% (Wt%),
the photocatalytic hydrogen evolution (PHE) rates first
increased, and then decreased. The highest hydrogen evolution
is achieved at a dye content of 2.0%, which is fixed as the
optimal concentration of organic dyes in the following PHE
experiments. As the reference, PCN/Pt exhibits low H, genera-
tion activity with a rate of 16.1 umol h™" (Fig. 4b). After modi-
fication by these organic dyes, the PHE activity was enhanced
largely by the strong light-harvesting ability and efficient charge
separation. In these dye/PCN/Pt systems, organic dyes bearing
branched alkyl chains (LI-161-LI-165) and/or long linear chains
(LI-158), exhibit better PHE performance (320.4-593.9 pmol
h™") than those (LI-154-LI-157) bearing short linear chains
(115.3-281.2 umol h™"), and dye LI-161 based photocatalysts
achieve the highest performance of 593.9 pmol h™". It may be
related to the longer lifetime of excited triplet states, as well as
the efficient charge transfer between dyes and PCN. The
apparent quantum yields (AQYs) of LI-161/PCN/Pt are over 7.0%
in the broad region of 420-520 nm (Fig. 4c and Table S47), and
reaches the highest yield of 10.87% at 450 nm, further con-
firming the strong light harvesting ability and balanced charge
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Fig. 4 (a) The photocatalytic hydrogen evolution activities of the LI-161/PCN/Pt system with different proportions of dyes under visible-light

irradiation (50 mg photocatalyst, 10 mL TEOA, 100 mL H,O, and a 300 W Xe lamp with a cut-off filter A = 420 nm). (b) The photocatalytic
hydrogen evolution activities of PCN/Pt and dye/PCN/Pt systems under visible-light irradiation (50 mg photocatalyst, 10 mL TEOA, 100 mL H,O,
and a 300 W Xe lamp with a cut-off filter A = 420 nm). (c) Calculated apparent quantum yields (AQY) of LI-161/PCN/Pt under illumination at
different wavelengths. (d) Cycling measurements of LI-161/PCN/Pt under visible-light irradiation (50 mg photocatalyst, 10 mL TEOA, 100 mL
H,0, and a 300 W Xe lamp with a cut-off filter A = 420 nm). (e) Transient photocurrent densities of PCN, PCN/Pt and dye/PCN/Pt electrodes in
0.5 M Na,SOy4 solution under the irradiation of visible light (A = 420 nm). (f) Electrochemical impedance spectra (EIS) of PCN, PCN/Pt and dye/
PCN/Pt in 0.5 M Na,SO4 solution under the irradiation of visible light (A = 420 nm) (Nyquist plots).
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transitions for hydrogen evolution. Subsequently, four cycles of
the photocatalysis reaction were tested to measure the stability
of the LI-161/PCN/Pt system: in the first and second cycles, it
remains nearly unchanged; however, it demonstrates a slight
decrease from 569.7 umol h™* to 453.8 pmol h™" in the third
cycle, and finally, it increased to 489.5 in the fourth cycle after
TEOA supplementation (Fig. 4d).

Discussion

The varied PHE activities with alkyl chain engineering indicate
that the electronic transition process can be adjusted by the
isolation effect of alkyl chains with different shapes. Since they
exhibit a similar light-harvesting ability for the same conjugated
skeletons, the differences are mainly related to the properties of
triplet excited states, as illustrated by the RTP effect, and the
charge transfer/recombination process. For the electronic
transitions at the interface, an improved transient photocurrent
response can be observed by the addition of organic dyes
(Fig. 4e) to different degrees; however, their differences
decreased with the increased number of cycles. Broadly, the
transient photocurrents of PHE systems based on organic dyes
(LI-161-LI-165) with branched alkyl chains are higher than
those of dyes bearing linear chains (LI-154-LI-158). This trend
can be further confirmed by the results of electrochemical
impedance spectroscopy (EIS) under light irradiation. As shown
in Fig. 4f, LI-161/PCN/Pt-LI-165/PCN/Pt exhibit smaller semi-
circular curves than those of LI-154/PCN/Pt-LI-158/PCN/Pt in
Nyquist plots, indicating the lower transmission impedance
and more efficient charge transfer processes, as further
confirmed by EIS under a bias of —1.2 V (vs. RHE) with LI-154/
PCN/Pt, LI-155/PCN/Pt, LI-161/PCN/Pt and LI-165/PCN/Pt as the
representative samples (Fig. S4371). Also, transient open-circuit
voltage decay (OCVD) measurements show that LI-161/PCN/Pt
electrodes have a higher photo-responsive voltage and slower
photovoltage attenuation during light cycling, than those of LI-
154/PCN/Pt and LI-155/PCN/Pt electrodes (Fig. S447), mainly
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due to the different intermolecular interactions between dye
and PCN, as well as the properies of excited states of dyes.

The dye/PCN interactions can be investigated by PL spectra
in various states (Fig. S45 and Table S5t). Under UV irradiation
(375 nm), PCN exhibits bright emission with a maximum
wavelength of 450 nm, and an average lifetime of 7.74 ns. With
photo-deposition of Pt, the resultant PCN/Pt system demon-
strates decreased emission intensity and a slightly shorter life-
time (6.97 ns) (Fig. S461). Then, after the addition of organic
dyes, there are no new PL emission peaks in the PL spectra of
dye/PCN/Pt systems, in addition to emission from the indi-
vidual PCN/Pt and dyes. The emission intensities further
decrease, and lifetimes shorten to 5.85-6.28 ns. These results
indicate the efficient charge transfer among PCN, Pt and
organic dyes, which can be further confirmed by the quenching
effect of PCN on the PL emission (about 670 nm) of organic dyes
(Fig. S47, S48 and Table S67).

With the aim to clarify the direction of charge transfer in
PHE systems, the work functions of dye, PCN and PCN/Pt were
measured by UPS, which was defined as the minimum amount
of thermodynamic work required to remove an electron from
a solid to a point in the vacuum immediately outside the solid
surface. After photodeposition of Pt on PCN, the work function
increased largely from 3.74 eV (PCN) to 5.69 eV (PCN/Pt), which
was higher than that of organic dyes, with LI-161 as an example
(4.31 eV) (Fig. S49t). It indicated that the electrons preferred to
transfer from dye to PCN/Pt. Thus, dye/PCN/Pt for photo-
catalytic hydrogen production is likely to be a type II hetero-
junction system, and not a Z-scheme heterojunction one
(Fig. S507)."** The detailed charge transfer processes are as
follows: under excitation by visible light (A = 420 nm), elec-
tronic transitions occur from the excited states of organic dyes
to the conduction band of PCN, and the electrons can be further
captured by Pt nanoparticles to produce H, from water. Mean-
while, both PCN and organic dyes can be regenerated by the
sacrificial reagent (TEOA) with hole transitions.

Balance of electronic transition

Excited triplet state

Phos. / Phos. /
Intensity 7 Lifetime

/
/

Adjustment of w-w interactions by alkyl chains
\_ngf"-.g-\_/"

- interaction

/--'0-\)«0-'-\.

%
jr%

H)}\ \.. J .
(?)J’i::\ °4°<;V\ ~ A(‘ﬁ_

Charge transfer/recombination
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Alkyl chain engineering

Fig. 5 The balance of electronic transition processes in PHE systems by the adjustable properties of excited triplet states, as well as the charge

transfer/recombination at the interface by side-chain engineering.
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The possible interactions of organic dyes and TEOA have
been investigated by PL spectra and lifetime of dyes in water
and 10% TEOA aqueous solution. The emission intensity
demonstrated minor changes, and there was a tiny difference in
the fluorescence lifetimes with the addition of TEOA (Fig. S51
and S527). Thus, the excited state of organic dyes cannot be
efficiently quenched by TEOA, further confirming the direction
of charge transfer.

Since the conjugated skeleton of organic dyes is a planar
system for intramolecular O---S interactions, the dye/PCN
interactions were mainly -7 interactions, which could affect
the charge transfer and recombination processes at the inter-
face. Theoretically, the strong m-m interactions with close
distances can promote both charge transfer and recombination,
and vice versa. Thus, the modest -7 interactions with suitable
distances can balance the charge transfer and recombination to
promote the efficient PHE process. Accordingly, alkyl chain
engineering of organic dyes can well-tune the -7 distances
through their isolation effect. For linear alkyl chains, the
isolation effect is usually weak for short effective lengths (1.28-
4.34 A), and it can be largely increased to 6.60-14.65 A by the
incorporation of branched alkyl chains, indicating the larger
isolation effect (Fig. S53T). Among them, LI-161 with the modest
isolation effect results in well-balanced electronic transitions at
the interface. Combined with the prolonged lifetime of excited
states with RTP emission, the carrier generation and transition
process in PHE systems is optimized by the modest - inter-
actions, contributing to the highest PHE activity (Fig. 5).

Conclusions

Organic dyes with D-m-A-7-D structures are applied in PHE
systems by forming dye/PCN heterojunction systems. Moreover,
the dye-dye and dye-PCN interactions can be well-tuned by
alkyl chain engineering, to solve the unmatched electronic
transitions at the interface. With the increased sizes of alkyl
chains from linear to branched ones, the RTP effect of organic
dyes can be observed due to the stabilization of excited triplet
states by the efficient suppression of - interactions with an
increased isolation effect, resulting in the prolonger photo-
generated carrier lifetimes of organic dyes. This is the first time
that the RTP properties of organic dyes are introduced into PHE
systems. Combined with the balance of charge transfer and
recombination by the adjustment of dye-PCN interactions,
improved PHE activity was achieved by the well-matched elec-
tronic processes. Thus, these findings afforded an efficient
strategy to promote the development of PHE systems by the
modulation of excited states of organic dyes and dye/PCN
interactions.
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