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Abstract: Organic donor-acceptor-donor (D-A-D) polymers or small molecules are widely investigated in 

organic solar cells (OSC) due to their broad light absorption, narrow band gap, excellent charge mobility 

and exciton seperation at the interface. However, studies of conjugated small molecules with D-A-D 

molecule structures as photocatalytically active materials are still rare. In this work, we give an 

unprecedented demonstration that photocatalytic activity can in fact be affected by tuning the D and A. 

Especially, the EBE trimer, comprising 3,4-ethylenedioxythiophene (E) and benzothiadiazole (B) units, 

exhibits the best photophysical, chemical and photocatalytic properties compared to other D-A-D 

combinations of D and A. Detailed kinetic studies show that all these trimers in organic solution present 

relatively long-lived and highly emissive photogenerated singlet excitons (τ = 4 – 13 ns; φem = 0.5 – 0.9) as 

judged by photoluminescence and transient absorption measurements, while in specific cases formation of 

long-lived triplet states can be identified. Organic microparticles of the trimers are efficiently formed in 

aqueous solution by nanoprecipitation, and rapid photoinduced electron release/injection to the solvent is 

evidenced spectroscopically. The results indicate that organic small molecule structures with D-A-D 

structures pave a new pathway for photocatalytic solar-to-chemical energy conversion of novel small 

organic molecules. 
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1. Introduction 

𝜋𝜋-Conjugated polymers (CPs)/small molecules composed of alternating electron donor (D) and 

acceptor (A) moieties have triggered massive interest for organic electronic applications such as 

organic photovoltaic (OPV)1 and organic field-effect transistor (OFET)2, 3 owing to their facile 

processing, relatively high absorption, stability and accessible redox potentials.4-10 Introducing D 

and A group to the conjugated backbone of the molecule would be possible to significantly increase 

the photon response and intramolecular charge transfer upon excitation.11-13 However, conjugated 

small organic molecules with D-A-D structures are rarely explored for their photocatalytic solar 

fuel production although they possess distinct advantages compared with conjugated polymers.14-

16 For example, well-defined chemical structures with tunable structures and known molecular 

weights allow controllable band gap and energy levels by molecular engineering and crystalline 

characteristics of small molecules help solid long-range order and charge carrier transport. In 

particular, easy purification and no batch-to-batch variations prompt their commercial scale 

production and good dispersion and solubility in organic solvents increase the surface area during 

photocatalytic reactions.17-20  

Recent results have shown that different oligomers with D-D, A-A, D-A-D and A-A-A present 

appreciable photocatalytic H2 production activity in a mixture of triethylamine, methanol and water 

solution. Here, the dibenzo[b,d]thiophene sulfone oligomer composed of three repetitive units 

showed comparable photocatalytic activity  (HER = 6550 ± 150 μmol h-1 g-1; λ>295 nm; 3 wt% Pd 

loading) with respect to the corresponding polymer, thus demonstrating that high molar masses are 

not required in order to display high activity, while backbone planarity, bridgehead atom and chain 

length have a greater impact on the photocatalytic property.21 Also, conjugated thiophene-based D-

A-D trimers have been successfully employed for the intermolecular C-H functionalization of 

electron rich heteroaromatics with malonate derivatives, exhibiting activities comparable to the 

[Ru(bpy)3]Cl2 benchmark and indicating that conjugated trimers with D-A-D molecule structures 

are promising photocatalysts for chemical reactions.22 Other effort has been devoted to designing 

D-A structured molecular photocatalysts by controlling local structures of oligomers or polymers 

for significantly enhanced photocatalytic activity.23-27 For instance, D-A linear oligomers showed 

an improvement of charge separation leading to enhanced photocatalytic H2 production activity 

compared with the A-A counterpart.27   

Nevertheless, systematic exploration of the effects of D-A-D conjugated structures by 

alternating sequence of D and A on their photophysical, chemical, and photocatalytic activities 



  

 

remain unexplored. In this work, we report the effect of D-A-D conjugated trimers formed by 

different D and A units on their photophysical, electronic and photocatalytic properties (see Figure 

Figure 1. (a) Structural formulas of trimer photocatalysts. Photograph of catalysts in THF solution (b) 

under ambient light and (c) under UV light (λ = 365 nm). (d) Normalized UV-Vis absorption spectra of 

catalysts dissolved in THF. (e) Normalized steady-state photoluminescence spectra of trimers in THF. (f) 

Fluorescence decays obtained by time-resolved fluorescence spectroscopy with a streak camera (in photon 

counting mode), fitted by a monoexponential function.  

 

1a and Figure S1). Benzothiadiazole (B) and quinoxaline (Q) are selected as acceptors due to their 

strong electron-withdrawing properties. Thiophene (T), 3,4-ethylenedioxythiophene (E), and 

carbazole (C) are most studied donor units in D-A polymers and oligomers owing to their strong 

electron-push ability. Besides, we provide a simple reprecipitation method to achieve stable 

suspensions of nanoaggregates, which makes the catalyst better dispersed in the aqueous solution. 

Lastly, the photocatalytic activity for H2 generation with conjugated trimers under both ultraviolet 

and visible light irradiation is considered and detailed physico-chemical measurements are 

described below. To our knowledge, we are the first to systematically report the effects of 

conjugated trimers formed by different D and A units on their photophysical, chemical, electronic, 

and photocatalytic properties, which will pave the way for the diverse applications of D-A-D 

conjugated trimers including photocatalytic solar-to-chemical energy conversion. 

 

2. Results and discussion 

2.1 Catalysts characterizations 



  

 

Conjugated trimers were synthesized by Pd (0)-catalyzed Suzuki-Miyaura cross-coupling or 

Stille cross-coupling reactions. The synthetic details and the 1H HMR and 13C NMR 

characterizations are described in the Electronic Supporting Information, ESI (Scheme S1-6, 

Figure S2-S13). Thiophene (T), 3,4-ethylenedioxythiophene (E), and carbazole (C) were selected 

as electron donors, which were combined with different electron acceptors (benzothiadiazole (B) 

and quinoxaline (Q)) to form D-A-D molecular structures (Figure 1a). With respect to typical 

conjugated polymer photocatalysts, these trimers have excellent solubility in organic solvents such 

as tetrahydrofuran (THF), dichloromethane, toluene, methanol and ethyl acetate. 

The optical properties of the D-A-D conjugated trimers were studied in THF by absorption and 

steady-state fluorescence spectroscopy (see Table 1). Figure 1b-c shows the colour variation of 

trimers in THF solvent under ambient light and UV light (λ = 365 nm) irradiation. The broad, 

featureless bands in absorption spectra of the series of synthesized trimers dissolved in THF present 

strong absorption, from the near UV (λmax = 376 nm, ε = 17,500 M-1cm-1 for CQC) with different 

variants spanning the visible spectral region (λmax = 486 nm, ε = 11,800 M-1cm-1 for the most red-

shifted EBE) (Figure 1d), and intense fluorescence emission with quantum yields comprised 

between 0.48 and 0.83  (Table S1). The type of donor unit in the D-A-D structure greatly affects 

both absorption and emission wavelengths, since a bathochromic shift is observed for the series C 

< T < E. Notably, the red-edge absorption of EBE extends to 575 nm, surpassing most organic 

semiconductor photocatalysts used for hydrogen production, in this regard.28-30 Significant Stokes’ 

shifts in emission are noted in each case (in the range 4000 - 6000 cm-1), as often observed for dye 

molecules with push-pull character (see Table S1). 

Room temperature emission maxima range from (λmax = 501 nm for CQC to λmax = 608 nm 

for EBE), with high quantum yield emission values (Φem = 0.48 – 0.83). Trimers flanked by 

thiophene moieties appear to be the most emissive, followed by those comprising carbazole and 

EDOT variants. Fluorescence lifetimes are relatively long for these small organic emitters, and are 

consistent with the observed quantum yields. As a result, intersystem crossing (ISC) to form long-

lived dark states is anticipated to be inefficient. Indeed, transient absorption spectroscopy on the 

series revealed this to be the case with transient decays mirroring changes in fluorescence (see ESI), 

with one notable exception CQC. Here, formation of a long-lived state was observed, attributed to 

ISC giving rise to a triplet state in around 30% of excited molecules (kISC = 2.7 × 108). Solid-state 

fluorescence emission spectra (Figure S14) show red-shifted emission compared with that in 

solution, indicating strong intermolecular interactions. Fluorescence excitation spectra are equally 

consistent with red-shifted absorption (vide infra). 



  

 

The solid powder form of the trimers could not be efficiently dispersed in water directly. 

However, the insoluble solid trimers can be homogeneously dispersed in aqueous media by means 

of a simple reprecipitation method, achieving stable suspensions of nanoaggregates. Here, a THF 

solution of the trimer was rapidly injected into an excess volume of water and finally THF was 

removed under vacuum giving a stable and homogeneous particle dispersion. This strategy 

overcomes the low solubility in water intrinsic of these molecules and ensures a large active particle 

surface area, which is desirable for photocatalysis (Figure 2a and Figure S15). Dynamic light 

scattering (DLS) shows that the EBE particles have a broad size distribution due to particle 

aggregation in THF/H2O solution (Table S2 and Figure S16). Meanwhile, TBT (421 ± 33 nm) and 

CBC (314 ± 9 nm) displayed a rather uniform size distribution. Interestingly, the absorption and 

emission spectra of EBE in THF/H2O and THF/H2O/TEOA suspension, where triethanolamine 

(TEOA) serves as a sacrificial hole scavenger in H2 production experiments (see below), are 

strongly red shifted with respect to the spectra of EBE in THF. This is consistent with J-aggregation, 

which may help long-range order and charge carriers’ transport inside the nanocrystals (Figure 2 

and Figure S17-19). Note that it is unclear whether aggregation is generally beneficial for 

photocatalytic performance, although one study showed that aggregation enables high 

photocatalytic activity by intermolecular interactions.31 

 

 

Figure 2. (a) The scheme of the reprecipitation method. (b) Normalized absorption spectra of EBE in THF 

(OD < 0.1), and of EBE in THF/H2O 1:3 (volume ratio) and THF/H2O/TEOA 1:3:1 (volume ratio), after a 

line subtraction treatment. 

 



  

 

Considering EBE, SEM and AFM analyses show clear cubic crystals with different sizes 

(Figure 3a-b, Figure S20-21). The morphology of other trimers was shown in Figure S20 and 

Figure S21. TEM (Figure 3c-d) and a Fourier transform (insert in Figure 3c) reveal the crystallinity 

of EBE. Typically, the crystalline properties of small molecules help solid long-range order and 

charge carrier transport. XRD (X-Ray Diffraction) further demonstrate that all these conjugated 

trimers have good crystallinity (Figure S22). EDS (energy dispersive spectroscopy) mapping 

shows the chemical composition of the trimers are S, C, and O, which indicates the purity of the 

samples (Figure 3e-g). No additional Pd particles were observed, confirming the low Pd residue. 

Thermogravimetric analysis (TGA) indicated that EBE and EQE are thermally stable in a nitrogen 

atmosphere up to 270 °C and other trimers present relatively poor thermal stability (Figure S23). 

 

Figure 3. (a-b) SEM images, (c) TEM image and Fourier transform (insert image), (d) HAADF-STEM 

image, (e) S element of HAADF-STEM image, (f-g) the element mapping of EBE trimer.  

 

Surface wettability is one of the key factors of heterogeneous photocatalysts to enhance their 

photocatalytic behaviour. For most polymer photocatalysts, their inherent apolar nature makes 

dispersion in aqueous solution more difficult, leading to low activity.32 Figure S24 shows the image 

of a water droplet placed on the trimer-film/glass. The trimers may be considered hydrophilic with 

around 40~60° contact angles, except that of TQT (106.6°). The hydrophilic property of trimers can 



  

 

increase the contact between the trimer catalysts and the water, which may help to improve the 

photocatalytic performance of trimers. The optical absorption property of trimers in the solid state 

were investigated by UV-Vis diffuse reflectance spectroscopy (DRS), and all the trimers exhibit 

broad light absorption (Figure 4a). However, CQC, TQT and CBC show lower absorption in the 

visible region compared to EBE, EQE, TBT. Accordingly, the optical band gaps of trimers are 

determined on applying the Tauc equation (Figure 4b). The estimated band gap (Eg) of EBE, EQE, 

TBE, TQT, CBC and CQC are 1.94, 2.08, 2.04, 2.24, 2.36 and 2.63 eV, respectively (exciton 

binding energy of trimers was not considered), which are much smaller than the band gap of TiO2 

(3.2 eV). These narrow band gaps enhance the light-harvesting capability of the trimers and induce 

their absorption in the visible range. The LUMO (lowest unoccupied molecular orbital) levels are 

estimated by cyclic voltammetry (CV) and the HOMO levels are calculated by Eg - E(LUMO). 

Their band positions indicate that trimers are thermodynamically suited to drive reduction of 

protons to hydrogen since their reduction potentials are more negative than the potential of proton 

reduction (2H+ + 2e- → H2, E = -0.41 V vs. NHE at pH = 7) (Figure 4c-d and Figure S25). In 

addition, electrochemical impedance spectroscopy (EIS) allowed examination of the interface 

charge transfer resistances of the electrode materials. The smallest semicircles in the Nyquist plots 

for EBE and TBT (Figure 4e) indicate the faster and more efficient interfacial charge transfer 

ability of these two trimers with respect to the others, which is favorable with higher photocatalytic 

activity as shown below. 

 



  

  

 

Figure 4. (a) DRS absorption spectra of the samples measured in the solid state (normalized intensities); 

(b) Calculated band gap from 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; (f) Nyquist plots of EIS for trimers/FTO electrodes under UV-Vis 

light irradiation.

 

2.2 Photocatalytic H2 performance and kinetic study 

Photocatalytic processes generally harness light absorption to generate charge carriers 

(electron-hole pairs), followed by charge separation and transportation, followed by redox reactions 

on the photocatalyst surface.33 Upon excitation, the populated LUMO of the trimer can 



  

 

thermodynamically drive proton reduction, while the sacrificial donor (TEOA) is oxidized via the 

HOMO of the trimer because it requires less thermodynamic potential than water oxidation (2H2O 

→ O2 + 4 H+ + 4e-, E = 0.82 V vs. NHE at pH = 7), Figure S25. Photocatalytic H2 evolution using 

trimers was first investigated under both ultraviolet and visible light irradiation (λ ≥ 420 nm) in a 

TEOA/H2O (1: 3, v/v) mixture. Meanwhile, H2 was not detected in the dark or without trimer 

photocatalysts. Indeed, as illustrated in Figure 5a-c and Figure S26, all trimers are active for 

photocatalytic H2 generation under both ultraviolet and visible light irradiation without any 

additional cocatalyst modification, and the hydrogen evolution rates of trimers proved higher than 

that of typical inorganic semiconductor TiO2 under the same conditions. EBE exhibits the highest 

photocatalytic activity (HER = 275 μmol h-1g-1 under UV light and 142 μmol h-1g-1 upon visible 

irradiation), and apparent quantum yield (AQY) exceeding 2% at 400 to 450 nm, 1% at 550 nm and 

0.3% at 600 nm, respectively, which is attributed to better wettability, broader light absorption, 

smaller band gap and longer lifetime of excitons (Figure S27). The activity of EBE slightly 

decreased after modification with 0.1 wt% Pt, which indicates Pt metal in the EBE may not assist 

in catalysing proton reduction (Figure 5d). The possible reasons are the reduction of multivalent 

Pt to Pt metal consuming part of the photogenerated electrons, and the excessive loading of Pt leads 

to the formation of the recombination center of photogenerated charger carriers and may block the 

active sites of conjugated trimers. In addition, the size, dispersion of Pt and the nature of support 

may also cause the reduction of the photocatalytic activity of Pt-EBE.34, 35 The contents of residual 

Pd in trimers were measured by inductively coupled plasma-mass spectrometry (ICP-MS) (Table 

1). EBE was found to contain 0.04 wt% residual Pd, while no residual Pd was detected in TBT. 

Likewise, we note that CBC and CQC show lower activity compared to that of EBE and TBT, 

although it had more Pd content (0.30 and 0.33 wt%, respectively). These results suggest that 

residual Pd may affect the photocatalytic reaction. Note that not only the loading amount of Pd, but 



  

 

also its particle size, distribution, etc. will affect the activity.35-37, 38 For comparison, all data for 

these trimers are collected in Table S3. It is noteworthy that EBE presents activity even in pure 

water for hydrogen production without scavengers and exhibits high stability during photocatalysis 

without a significant decline after 5 cycles (Figure 5d-e). The slight decrease in hydrogen 

production may be attributed to consumption of TEOA or sample aggregation. TEM and FTIR 

analysis of the recycled EBE reveals no changes in the spectrum compared with the starting 

material, suggesting that the chemical structure is stable during the photocatalytic H2 evolution 

reaction (Figure S28-S29).

 

 

Figure 5. (a) Time course of photocatalytic H2 generation for trimers under UV-Vis light; (b) Normalized 

H2 production under UV-Vis light; (c) Time-course of photocatalytic H2 generation for trimers under visible 

light (λ ≥ 420 nm); (d) Photocatalytic H2 generation for EBE trimer under different conditions (in pure 

water, water + TEOA, 0.1wt% Pt modification); (e) H2 generation with cycling in the presence of EBE in 

TEOA/H2O solution; (f). Time course of photocatalytic H2 generation for EBE-based composites under 

UV-vis light. 
 



  

  

Constructing hybrid materials containing the π conjugated structure provides unique 

advantages for photocatalysis, which can enhance the light absorption and stability of catalysts,39 

and the formed heterojunctions also exhibit more efficient charge separation and transfer through 

Schottky junctions.40-42 We attempted to optimize the activity of EBE by introduction of benchmark 

semiconductors (such as TiO2, BiVO4 and C3N4 as model inorganic and organic semiconductors) 

(Figure 5f). A major increase in photocatalytic H2 production was obtained when the EBE was 

combined with TiO2. The enhanced activity of EBE-TiO2 is attributed to formation of a p-n 

heterojunction, as a result of TiO2 lower-lying conduction band (ECB = -0.5 V vs. NHE at pH = 7) 

and valence band (VB) levels (EVB = 2.7 V vs. NHE at pH = 7) with respect to EBE, which is 

beneficial to the charge carrier seperation.43 Lower hydrogen production was observed when EBE 

was combined with BiVO4 or C3N4. The absorption of EBE based composites is higher in the visible 

region compared with pure TiO2, BiVO4 or C3N4 (Figure S30-32). The dynamics of charge-carriers 

in EBE-TiO2 composites at different wavelengths was investigated by time-resolved microwave 

conductivity (TRMC), Figure S33-35. A flat and higher signal intensity indicates less 

recombination and good charge carrier separation in the EBE-TiO2 composite, which favours the 

photocatalytic activity. We foresee that conjugated trimers or trimer-based composites may provide 

ample scope for photocatalytic solar fuel production. 

To understand the high activity of EBE, further optical measurements were undertaken on 

particles in aqueous solution. Time-resolved luminescence decays show a shortened emission, 

satisfactorily fit by a stretched exponential, with a relatively narrow distribution (τ = 0.71 ns) 

showing strong intermolecular interaction in the particle (Figure S36-46). Interestingly, transient 

absorption spectroscopy (Figure 6) shows, following pulsed laser excitation (λex = 532 nm), rapid 

formation of a rather broad absorption band spanning the visible spectral region and significantly 

different to that of solubilized free EBE (Figure S41-42). This is attributed to generation of hot 

solvated electrons, and thus offers compelling evidence for photoejection of an electron from the 

EBE particle to the solution.44, 45 Variations of relative ∆A in the 400-500 nm region reflect varying 

absorptivity of the different radical distributions in each case (Figure 6b). Similarly, fast 

photoejection of an electron was observed in the presence (τ = 11 ns) or absence (τ = 12 ns) of the 

TEOA sacrificial reductant (Figure 6c). Spectral evolution on longer timescales (Figure S44) 

ultimately leads to a visible spectrum comprising negative signals corresponding to ground state 

bleaching (upon comparison with Figure 2), showing the organic particles is in a metastable, non-

native state, and the other positive signal is attributed to absorption of the formed radical EBE 



  

 

particle. The presence of TEOA reductant appeared to slow down the kinetics of radical EBE 

particle-photoejected electron recombination (τ = 12 ns vs 17 ns), further supporting the possibility 

of light-driven electron photoejection from the EBE particle to bulk solvent, which may participate 

in H2 production.  

 

 
Figure 6. Transient absorption studies of EBE particles in aqueous media (λex = 532 nm): (a) 

Transient absorption map in THF/H2O/TEOA 1:3:1; (b) Transient absorption spectra at maximal 

∆A (16 ns) in the absence (blue) or presence (red) of TEOA sacrificial reductant; (c) Kinetics of 

spectral change (spectral region 395–415 nm), showing generation of solvated hot photoelectrons 

followed by radical recombination (solid lines are data fits, according to model described in ESI). 

3. Conclusions 

A series of donor-acceptor-donor (D-A-D) conjugated trimers were systematically investigated for 

the effect of different D and A on their photophysical, chemical, electronic and photocatalytic 

hydrogen production properties. As expected, the choice of the donor and acceptor units makes it 

possible to tune the final optical properties of the material, with a clear impact on the photocatalytic 

performances. Stable suspensions in water/TEOA of trimer microaggregates were obtained by a 

simple reprecipitation method, overcoming trimers insolubility in water and ensuring large 

photocatalytic surface area. Particularly, EBE displays the highest H2 generation activity among the 

series of trimers without additional cocatalyst modification (275 μmol h-1 g-1 and 142 μmol h-1 g-1 

under UV and visible light irradiation, respectively). Appropriate energy band levels provide 

possibility of water splitting by rational design of molecular structures. Besides, the enhanced 

activity of EBE-TiO2 demonstrates that organic-inorganic heterojunction construction is an 

efficient way for further improvement in the photocatalytic activity. This work opens new 

perspectives for small organic molecules, such as conjugated trimers, as promising photocatalysts 

for solar to chemical energy conversion. 
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