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Abstract: Organic T-conjugated semiconductors (OCSs) have
recently emerged as a promising alternative to traditional inorganic
materials for photocatalysis. However, the aggregation of OCSs in
photocatalytic aqueous solution caused by self-assembly, which
closely relates to the photocatalytic activity, has not yet been studied.
Here, the relationship between the aggregation of 4,7-Bis(thiophen-2-
yl) benzothiadiazole (TBT) and the photocatalytic activity was
systematically investigated by introducing and varying the position of
methyl side chains on the two peripheral thiophene units.
Experimental and theoretical results indicated that the introduction of
-CHjs group at the 3-position of TBT resulted in the smallest size and
best crystallinity of aggregates compared to that of TBT, 4- and 5-
positions. As a result, TBT-3 exhibited an excellent photocatalytic
activity towards H, evolution, ascribed to the shorten charge carrier
transport distance and solid long-range order. These results suggest
the important role of aggregation behavior of OCSs for efficient
photocatalysis.

Introduction

Organic T-conjugated semiconductors (OCSs) with tunable
energy levels, excellent chemical stability and broad absorption,
have triggered a huge interest in photocatalysis.["! Substantial
efforts such as molecule design, structure regulation and side-
chain engineering have recently been invested to improve the
photocatalytic performance of OCSs by fine-tuning optical
property, band energy levels and conductivity.”! Because of the
insolubility in aqueous solution and intermolecular non-covalent
interactions (such as electrostatic, hydrophobic, and =-r stacking),
OCSs wusually exhibit distinct aggregation characteristics in
aqueous photocatalytic solution, i.e., self-assemble to form nano-
or micro- agglomerates.®l Therefore, the entire photocatalytic
process including generation, separation and migration of
photogenerated carriers, takes place in aggregates instead of

individual organic molecules. On one hand, the size of aggregates,
which determines both the number of surface-active sites in term
of specific surface area and the transportation distance of
electrons to the surface, has a remarkable influence on the
photocatalytic performance.! On the other hand, the crystallinity
of the aggregates critically affects the intrinsic charge separation
and transport. A higher crystallinity with fewer recombination
centers facilitates more photogenerated charge carrier to diffuse
from the bulk to surface for redox reactions. Therefore, judiciously
engineering the intramolecular packing to regulate the size and
crystallinity of aggregates is essential to achieve efficient
photocatalytic performance for OSCs.

Side-chain engineering is an effective strategy to fine-tune
the intramolecular packing and crystallinity by alteration of chain
length, branching position and size of the branched alkyl chains.?!
6l 71 |In this work, methyl groups (-CHs), as the smallest alkyl
substitution unit, with minimal competition for space-filling, were
selected as side chain groups, which can effectively avoid side
chain entanglement caused by long side chain, thus reducing the
interference of other factors. Thiophene-based conjugated trimers
with donor-acceptor-donor (D-A-D) molecule structure were
prepared as an OCS model because the strong intermolecular
interactions generated by the D-A moiety favor the self-
organization of trimers into ordered structures and close packing
with increasing m-m orbital overlap.®! The relationships of
aggregation-property-activity was systematically studied by
introducing -CHj3 side chain on different positions of TBT. 4,7-
bis(3-methylthiophen-2-yl)benzo[c][1,2,5]thiadiazole (TBT-3)
which possesses larger steric hindrance than TBT, 4,7-bis(4-
methylthiophen-2-yl)benzo[c][1,2,5]thiadiazole (TBT-4) and 4,7-
bis(5-methylthiophen-2-yl)benzo[c][1,2,5]thiadiazole (TBT-5)
showed the smallest size and the best crystallinity. The smaller
aggregates and favorable crystalline properties contribute to the
solid long-range order and charge carrier transport of TBT-3,
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leading to a superior photocatalytic activity for hydrogen
production. DFT calculations demonstrated that TBT-3
maintained weak aggregation ability, which enables the reaction
on a larger surface area; TBT-3 also exhibited reactive molecular
orbitals, making it favorable for hydrogen evolution. The deep
understanding of the relationship between the aggregation and
photocatalytic activity can provide important insight in design of
OCSs for efficient photocatalytic fuel production.

Results and Discussion

The D-A-D conjugated trimers (TBT) were synthesized by Pd (0)-
catalyzed Suzuki-Miyaura cross-coupling and Stille cross-
coupling reactions (Figure 1a and Schemes S1-S4), in which
thiophene (T) and benzothiadiazole (B) serve as electron donor
and acceptor, respectively. (Figure S1). The chemical structures
of these purified trimers were confirmed by 'H NMR, °C NMR,
mass spectrometry, elemental analysis and single crystal X-ray
diffraction (Figure $2-S10, Table S1). All the prepared trimers are
fully soluble in common organic solvents such as
dichloromethane, tetrahydrofuran (THF), acetone, dimethyl
sulfoxide (DMSQ) and ethanol, but insoluble in water, which thus
results in the formation of aggregates in aqueous photocatalytic
system (H,O/TEOA = 9: 1, v/v). Obviously, TBT-3 presented the
best dispersion compared with TBT-4, TBT-5 and TBT (Figure
1b). The aggregates size of the trimers in H;O/TEOA solution
was further measured by dynamic light scattering (DLS).
Compared to TBT (~400 nm), TBT-4 (~1.2 ym) and TBT-5 (~1.3
pm), TBT-3 exhibited the smallest aggregates size with the
average dimeter of ~50 nm (Figure 1c and Figure S11). The
similar surface tension for all the samples suggests that the
aggregates size is not dominated by the surface tension (Figure
$12). Compared to TBT, a blue shift of absorption and emission
wavelengths was observed for TBT-3 while a red shift was
obtained for TBT-4 and TBT-5 (Figure 1d and Figure S13),
consistent with the simulated results (Figure S14). The different
absorption shifts of these trimers indicate that the position of the
side chains affect the photophysical properties.[5
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Figure 1. (a) Chemical structures of conjugated trimers and (b) Photographs of
the trimer samples in THF/H20/TEOA solution; (c) DLS measurement of trimer
aggregates; (d) Normalized UV-Vis absorption spectra of catalysts dissolved in
THF and photograph of catalysts in THF solution under ambient light (insert
images);

Transmission electron microscopy (TEM) was used to
characterize the morphology of the prepared TBT-based trimers.
All of these trimers exhibited rod-like structures (Figure 2a-i and
Figure $15-16). The EDS (Energy Dispersive Spectroscopy)
diagram showed that the trimers only contained S and C elements
without additional Pd. The absence of Pd signal in inductively
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coupled plasma-mass spectrometry (ICP-MS) and X-ray
photoelectron spectroscopy (XPS) further confirmed the
extremely low amount residual Pd in the samples (Figure S$17,
Table S2). Raman spectra was used to characterize the chemical
structure of the prepared trimers. The strong peaks around 1377
cm™ and 1419 cm™ correspond to the C-C and C=C stretches,
respectively, on the bridging thiophene units. The peaks in the
range 1324-1360 cm' and the peak at 1538 cm™ correspond to
the C-C bands and ring stretch in B unit, respectively.l'”
Furthermore, the increased steric hindrance caused by the side
chain led to some peaks splitting into two components. Similar
phenomenon also occurs in previous research in regio-random
P3HT.l'% Differential scanning calorimetry (DSC), X-ray powder
diffraction (XRD), and thermogravimetric analysis (TGA) revealed
that all the trimers possess good crystallinity and thermal stability
(Figure 2n, Figure $18-19). The diffuse rings in two-dimensional
(2D) scattering pattern maps indicated that the crystals were
randomly oriented (Figure 20) and all the trimers were 2D
hexagonal structures based on the peak position of (100) Bragg
reflection (Figure $20). Unlike TBT-3, a wide peak appeared in
the pattern of TBT, TBT-4 and TBT-5, which suggested the
presence of an amorphous phase in TBT, TBT-4 and TBT-5
(Figure 2p). The crystalline fraction for TBT-3 was further
determined to be 88.1%, which was much higher than that of TBT
(65.1%), TBT-4 (74.6%) and TBT-5 (70.0%) (Figure S21).
Evidently, TBT-3 displayed the best crystallinity compared with
TBT-4, TBT-5 and TBT, possibly due to the enhanced steric
hinderance which prevent the tight packing of molecules and
increase the intermolecular spacing, leading to an improved
crystallinity."'! Therefore, the introduction of methyl side-chains at
the 3-position of TBT improves the crystalline properties, which
contribute to solid long-range order and charge carriers’ transport
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Figure 2. TEM images and element mappings of TBT (a-c), TBT-3 (d-f), TBT-4
(g-i) and TBT-5 (j-1); (m) Raman spectra for the trimers; (n) DSC measurement
of the trimers; (o) the WAXS 2D pattern and (p) WAXS spectra for the as-

prepared trimers.

The optical absorption properties of the solid trimers were
investigated by UV-Vis diffuse reflectance spectroscopy (DRS)
and simulated DFT calculations. The results showed that all the
trimers exhibit broad light absorption (Figure 3a and Figure S22).



Notably, different stacking modes in the solid state contribute
differently to the absorption properties.® '3 TBT-5 and TBT show
red-shifted absorption compared to that of TBT-3 and TBT-4,
which may be ascribed to more planar backbone of TBT and TBT-
5.1 The optical band gaps (Eg) of the trimers were calculated and
found to be 2.32 eV (TBT-3), 2.17 eV (TBT-4), 2.04 eV (TBT) and
1.99 eV (TBT-5) from the Tauc plots (Figure 3b). The HOMO
(highest occupied molecular orbital) and LUMO (lowest
unoccupied molecular orbital) energy levels of trimers were
determined by electrochemical cyclic voltammetry (Figure 3c-d
and Figure $23). The HOMO/LUMO energy levels of TBT, TBT-
3, TBT-4 and TBT-5 were calculated to be 0.77/-1.27 eV, 0.98/-
1.34 eV, 0.93/-1.24 eV and 0.73/-1.26 eV, respectively, according
to the equations: ELUMO =-e [Ered - E(Fc/Fc+) + 48] eV and EHOMO =
Ey - ELumo. All the trimers are thermodynamically suitable for
driving the reduction of protons to H, due to their more negative
reduction potential than the reduction of proton. The smallest
semicircle in a Nyquist plot for TBT-3 demonstrated a better
charge transfer ability than TBT, TBT-4 and TBT-5 (Figure 3e).
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Figure 3. (a) DRS absorption spectra of the samples measured in the solid state
(intensities normalized); (b) Calculated band gaps from the Tauc plots; (c) Cyclic
voltammetry plots (reduction scans) of trimers in acetonitrile solution and 0.1 M
tetrabutylammonium perchlorate; (d) Experimentally determined HOMO and
LUMO energy levels of samples; (e) Nyquist plot of TBT, TBT-3, TBT-4, and
TBT-5.

As discussed above, photocatalytic process takes place in
aggregates instead of individual organic molecules, (Figure 4a).
The photocatalytic hydrogen production of the prepared trimers
was investigated in TEOA/H20 (Vteoa/VH2o = 1: 9) solution without
any cocatalysts modification under both UV-Vis light (A = 360 nm)
and visible light (A =2 420 nm) irradiation. No hydrogen was
measured without trimers in the solution or under dark conditions.
Large amounts of H, were produced for all the trimers under UV
and visible light illumination (Figure 4b-c, Table S3). Due to the
electron donating effect of the alkyl group, TBT-3, TBT-4 and
TBT-5 presented higher H, production than TBT. TBT-3 displayed
the best activity although it has larger band gap and blue-shifted
absorption compared to TBT-4 and TBT-5, which was attributed
to its better crystalline properties and smaller aggregation size. It
should be noted that the activity of TBT-3 was comparable to
other OCSs even without cocatalyst and residual Pd (Table S4).
The photocatalytic stability of the TBT-3 was also tested, and no
obvious change was observed during 25 h test (Figure 4d). FTIR
analysis of the recycled TBT-3 revealed the high stability of its

chemical structure and composition after photocatalytic tests
(Figure S24). To further study the dynamics of photo-excited
carriers of the aggregates, transient absorption spectroscopy
(TAS) was carried out (Figure S25). Notably, the charge-transfer
signal in TBT-3 was much more pronounced and persisted for a
longer timescale than that in TBT, TBT-4 and TBT-5. The lifetime
was estimated to be ~1.2 ns, which possibly reflects the fewer
structural defects in TBT-3 which effectively decelarate the
charge trapping and recombination. These results demonstrated
that the smaller size and higher crystallinity of TBT-3 enabled it
with much enhanced charge carrier dynamics, which possibly
promotes the light-driven electron transfer from aggregates to
bulk solvent for H, production.['3
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Figure 4. (a) Probable mechanism for the formation of microaggregates and the
photocatalytic mechanism. (b) Time course of photocatalytic H2 generation for
aggregates under UV-Vis and visible light (A = 420 nm) irradiation; (c)
Normalized H2z production under UV-Vis light. Time-course of photocatalytic Hz
generation for trimers under visible light and visible light; (d) H2 generation with
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Density functional theory (DFT) was further employed to
provide molecular-level understanding on these trimers. Figure
5a showed the energy change (AE) of the aggregation process
from separated molecules. Compared with TBT, TBT-4 and TBT-
5, TBT-3 released the smallest amount of energy, suggesting that
the TBT-3 had the lowest tendency to aggregate. In addition to
the aggregates, the energy change for the formation of crystal
structures from separated molecules was also determined
(Figure S26). The AE of forming the crystal structures of TBT-3,
TBT-4 and TBT-5 were -1.04 eV, -1.20 eV and -1.14 eV per
molecule, respectively, consistent with the trend in Figure 5a. The
smaller aggregate size of TBT-3 created a smaller reaction
platform for HER, which facilitates the reaction on a larger specific
surface area and shortens the transportation distance of
photogenerated carriers to the surface of the aggregates. The
decreased thermodynamic driving force for aggregation of TBT-3
was further confirmed by the lower densities of TBT-3 crystals
(Figure 5d). In addition, the calculated HOMO-LUMO gaps are
generally consistent with the optical gaps determined
experimentally (Figure 5b). Despite the large HOMO-LUMO gap
of TBT-3, TBT-3 exhibited a superior activity as indicated from its
large density of electrons at the HOMO state (Figure S27).
Electrons are mainly distributed around the S atoms of the
thiophen- group and the N atoms of the thiadiazole- group at both
ground and excited states, indicating the existence of
intramolecular charge transfer (Figure 5¢). In addition, there is
an obvious structural deformation at the thiophen side groups



after excitation due to the largest steric hindrance effect of TBT-3,
which will also contribute to the charge transfer by forming a larger
T-conjugated region. In summary, the decreased aggregation
tendency of TBT-3 leads to a smaller aggregate size, and its
reactive molecular orbitals strongly enhance the photocatalytic
HER, which is responsible for the higher H, production of TBT-3.
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Figure 5. (a) Energy change of aggregating different number of molecules. (b)
Calculated HOMO-LUMO gap and the experimental determined gaps for the
considered molecules. (c) Electron density distribution of TBT-3, TBT-4, TBT-5
and TBT at ground state and excited state (d) Optimized structures and
corresponding densities of TBT-3, TBT-4, TBT-5 and TBT.

Conclusion

In summary, the aggregation size and crystallization properties of
TBT were successfully regulated by incorporating and alternating
the position of methyl side chains on thiophene units. The
introduction of -CHj3 at the 3-position of TBT not only increased
the crystallinity, but also reduces the degree of agglomeration,
which in turn reduced the distance for electrons to migrate to the
surface and improved the charge transportation performance,
resulting in an enhanced photocatalytic activity. These results
demonstrated that the aggregation behavior and crystalline state
of OSCs can be effectively tuned by the subtle manipulation of
side chain, which opens a new avenue for the design of high-
performance OCSs photocatalysts for solar fuels production.
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Microaggregates

The relationship between the aggregation of TBT-based conjugated trimers and the photocatalytic activity was systematically
investigated by methyl side-chain engineering. TBT-3 with the smallest size of aggregates and best crystalline, exhibit the best
photocatalytic H, evolution activity, which is due to the shorten charge carrier transport distance and solid long-range order.



