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Transition metal dichalcogenides (TMDs) attract increased attention for the development of 

donor-acceptor materials enabling improved light harvesting and optoelectronic applications. 

The development of novel donor-acceptor nanoensembles consisting of poly(3-thiophene sodium 

acetate) and ammonium functionalized MoS2 and WS2 was accomplished, while 

photoelectrochemical cells were fabricated and examined. Attractive interactions between the 

negatively charged carboxylate anion on the polythiophene backbone and the positively charged 

ammonium moieties on the TMDs enabled in a controlled way and in aqueous dispersions the 

electrostatic association of two species, evidenced upon titration experiments. A progressive 

quenching of the characteristic fluorescence emission of the polythiophene derivative at 555 nm 

revealed photoinduced intra-ensemble energy and/or electron transfer from the polymer to the 

conduction band of the two TMDs. Photoelectrochemical assays further confirmed the 

establishment of photo-induced charge-transfer processes in thin films, with distinct responses 

for the MoS2 and WS2 based systems. The MoS2-based ensemble exhibited enhanced 

photoanodic currents offering additional channels for hole-transfer to the solution, while the 

WS2-based one displayed increased photocathodic currents providing supplementary pathways 

of electron-transfer to the solution. Moreover, scan-direction depending photoanodic and 

photocathodic currents suggested the existence of yet unexploited photoinduced memory effects. 

These findings highlight the value of electrostatic interactions for the creation of novel donor-

acceptor TMD-based ensembles and their relevance for managing the performance of 

photoelectrochemical and optoelectronic processes. 

 

 

INTRODUCTION 
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Transition metal dichalcogenides (TMDs), with most representative and studied members 

MoS2 and WS2, have attracted great consideration in the last few years as a result of their unique 

optical, electronic and catalytic properties.1, 2 Without surprise, MoS2 and WS2 have also been 

considered potentially suitable for diverse applications, spanning from energy conversion and 

storage (solar cells, batteries, supercapacitors)3-5 to sensing and photo- and electro-catalysis.6,7 

However, in order to take full benefit of the novel characteristics of MoS2 and WS2, manipulation 

in wet media and hybridization with other functional materials is required. The latter can be 

realized by chemically functionalizing TMDs with organic materials, en route the development 

of ensembles with intriguing properties directly derived from the inherent characteristics of the 

two species. The integration of functional species on MoS2 and WS2 can be achieved either via 

covalent bonding or through supramolecular interactions.8 In addition, surface functionalization 

permits managing the charge carrier density, by inducing or removing defects, therefore allowing 

to tune and control the optoelectronic properties of TMDs,9 which are dominated by excitonic 

transitions.10, 11 

In recent years, the functionalization of exfoliated TMDs steadily expands and diverse 

strategies are nowadays available allowing their modification in a facile way. For example, aryl 

diazonium salts and organoiodides have been employed to decorate the basal plane of MoS2 with 

organic addends,12, 13 while functionalization with thiols has been achieved, though without clear 

evidence if the thiol is bound or has been converted to the corresponding disulfide that is 

eventually physisorbed onto the MoS2.14 However, a more straightforward route for obtaining 

functionalized MoS2 and WS2 involves reaction with 1,2-dithiolanes, which possess high binding 

affinity for Mo and W atoms with S vacant sites located at the edges.15. In fact, with the latter 

approach, innovative hybrid materials with interesting photophysical and/or electrocatalytic 
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properties were prepared, also with the advantage of preserving intact the basal plane since the 

functionalization reaction occurs only at edges, where the majority of S defects are concentrated. 

As prominent paradigms, incorporation of pyrene and carbon nanodots (CNDs) on MoS2,15, 16 

and electrostatic association of a porphyrin and CNDs on ammonium functionalized MoS2 and 

WS2,17, 18 should be mentioned. Markedly, femtosecond transient absorption studies on 

covalently modified TMDs revealed that upon photoexcitation of CNDs and TMDs ultrafast 

energy transfer from excited CNDs to MoS2 and WS2 occurs, while when preferentially exciting 

the TMDs within the hybrid materials, charge transfer in CND-MoS2 but not in CND-WS2 was 

identified.16 Conversely, it was revealed that the characteristic photoluminescence of porphyrin 

was quenched by the presence of MoS2 and WS2 within the corresponding nanoensembles 

formed by electrostatic interactions, revealing transduction of energy from the photoexcited 

porphyrin, acting as electron donor, to MoS2 or WS2 acting as electron acceptors.17 Furthermore, 

the electrocatalytic activity of electrostatically bound CNDs/MoS2 ensembles towards the 

hydrogen evolution reaction was assessed and attributed to enhanced charge-transfer kinetics 

owed to the intimate contact between the two species as well as the presence of active sites in 

MoS2.18 

On the other hand, polythiophenes, belonging to the greater family of conjugated polymers, 

exhibit environmentally stable behavior and can find useful applications in organic electronics 

such as for example in field effect transistors, organic solar cells and organic light emitting 

devices.19 However, a major drawback of unsubstituted polythiophenes is their poor solubility in 

organic solvents, which limits sufficient manipulation in wet conditions and handicaps 

processing and fabrication. Therefore, to overcome this hurdle, specific design of the reactive 

monomer unit, incorporating solubilizing side-chains, plays a crucial role for achieving 
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polythiophenes with sufficient solubility, that can ultimately facilitate thin-film handling. 

Furthermore, these side-chains offer opportunities for spontaneous self-assembling of the 

polymeric species, thus inducing formation of crystalline domains, which in turn improve the 

electronic and optical properties.20 To this end, introducing a charged side chain to a polymer 

backbone brings aqueous solubility on the corresponding derivatives of polythiophene.21 

Moreover, the presence of charged groups creates an environment for the development of donor-

acceptor ensembles based on attractive electrostatic interactions, which may promote effective 

electron and/or energy transfer processes to happen between the components of the ensemble. 

Hence, aqueous polythiophenes became attractive and important materials for the development 

of environmentally friendly hybrid materials for optoelectronic devices.22 For instance, a water 

soluble polythiophene derivative was combined with graphene quantum dots to yield hybrid 

nanostructures, which upon fabrication in an organic photovoltaic device exhibited a power-

conversion efficiency of 1.76%.22 Conversely, incorporating C60 as electron acceptor species 

within water-soluble polythiophene micelles, resulted in quenching of the emission of 

polythiophene, indicating the development of photoinduced excited state interactions.23 

Based on the aforementioned considerations, it is absolutely timely to integrate a water-soluble 

polythiophene to TMDs and thoroughly examine the corresponding ensembles to gain insights 

into the optoelectronic properties. To achieve this, (a) polythiophene was specifically modified to 

bear carboxylic units, which can be easily ionized to the corresponding carboxylates, on its 

skeleton, and (b) exfoliated MoS2 and WS2 were chemically modified such as to carry 

ammonium units. Herein, we report on the electrostatic association of poly(3-thiophene sodium 

acetate) 1 with positively charged modified MoS2 2a and WS2 2b, yielding in a controlled 

fashion poly(3-thiophene sodium acetate)/MoS2 and poly(3-thiophene sodium acetate)/WS2 
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ensembles 3a and 3b, respectively. The newly formed 3a and 3b were characterized via 

complementary spectroscopic and electron microscopy imaging techniques and their 

optical/photophysical and photoelectrochemical properties were investigated. Since the redox 

potentials of poly(3-thiophene sodium acetate) 1 are properly aligned with the conduction band 

energy of MoS2 and WS2, photoinduced intra-ensemble charge-transfer processes were exploited 

and assessed by photoluminescence titrations assays. Specifically, strong quenching of the 

characteristic emission of poly(3-thiophene sodium acetate) 1 in the presence of modified MoS2 

and WS2 within ensembles 3a and 3b was evident, showcasing the energetically favored 

photoexcited electron transfer from 1 to the conduction band of MoS2 and WS2. Alongside, the 

improvement of the photoanodic response for 3a and enhancement of the photocurrent for 3b 

further proved the development of strong interactions between the individual components of the 

ensembles. Overall, the current study not only provides perceptions to incorporate new 

functional species within TMDs furnishing hybrid materials with on-demand characteristics, but 

also highlights the significance of interfacing aqueous polythiophene with properly 

functionalized MoS2 and WS2 in solar-light harvesting and optoelectronic applications. 

 

EXPERIMENTAL SECTION 

Instrumentation. Steady-state UV-Vis electronic absorption spectra were recorded on a 

PerkinElmer (Lambda 19) UV-Vis-NIR spectrophotometer. Steady-state emission spectra were 

recorded on a Fluorolog-3 JobinYvon-Spex spectrofluorometer (model GL3-21). Picosecond 

time-resolved fluorescence spectra were measured by the time-correlated-single-photon-counting 

(TCSPC) method on a Nano-Log spectrofluorometer (Horiba Jobin Yvon), by using a laser diode 

as an excitation source (NanoLED, 375 nm) and a UV-Vis detector TBX-PMT series (250-850 
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nm) by Horiba Jobin Yvon. Lifetimes were evaluated with the DAS6 Fluorescence-Decay 

Analysis Software. Mid-infrared spectra in the region 500−4500 cm−1 were obtained on a Fourier 

transform IR spectrometer (Equinox 55 from Bruker Optics) equipped with a single reflection 

diamond ATR accessory (DuraSamp1IR II by SensIR Technologies). A drop of the solution was 

placed on the diamond surface, followed by evaporation of the solvent, in a stream of nitrogen, 

before recording the spectrum. Typically, 100 scans were acquired at 2 cm−1 resolution. Micro-

Raman scattering measurements were performed at room temperature in the backscattering 

geometry using a RENISHAW inVia Raman microscope equipped with a CCD camera and a 

Leica microscope. A 2400 lines/mm grating was used for all measurements, providing a spectral 

resolution of ± 1 cm−1. As an excitation source the Ar+ laser (633 nm with less than 2.65 mW 

laser power) was used. Measurements were taken with 15 seconds of exposure times at varying 

numbers of accumulations. The laser spot was focused on the sample surface using a long 

working distance 50x objective. Raman spectra were collected on numerous spots on the sample 

and recorded with Peltier cooled CCD camera. The data were collected and analyzed with 

Renishaw Wire and Origin software. Thermogravimetric analysis was performed using a TGA 

Q500 V20.2 Build 27 instrument by TA in a nitrogen (purity >99.999%) inert atmosphere. 

Scanning electron microscope (SEM) imaging and energy dispersive X-ray spectroscopy (EDS) 

were performed using a FE-SEM (model JSM-7610F) equipped with an EDAX (X-ACT, Oxford 

instrument). Zeta potential studies were carried out using a Zeta-sizer NanoZS (Malvern 

instruments Ltd, UK). The electrochemical experiments were performed with a AUTOLAB 

PGSTAT302N potentiostat. Cyclic voltammetry assays were carried out in a three-electrode cell 

employing a 0.1 M NaClO4 in dry acetonitrile as supporting electrolyte at a scan rate of 20 mV/s. 

Photoelectrochemical measurements were carried out on spray-coated samples on FTO 
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substrates (covering area 1 cm2) as working electrode, which were illuminated through a quartz 

window by a 150 W Xenon arc lamp (LOT-Oriel GmbH, Germany). 

Synthesis of 3-thiophene methyl acetate. Thiophene-3-acetic acid (1 g) in dry methanol (20 

mL) with a 0.05 mL H2SO4 was refluxed for 24 hours. Then, the reaction poured onto the 

ultrapure water and extracted with dichloromethane. The organic phase was dried over 

magnesium sulfate and the solvent was evaporated to furnish a pale-yellow liquid in 80 % yield.  

Synthesis of poly(3-thiophene methyl acetate). The monomer 3-thiophene methyl acetate (2 

mmol) was dissolved in dry chloroform (10 mL) and then FeCl3 (8 mmol) dissolved in 10 mL of 

chloroform was added dropwise under an inert atmosphere. The reaction mixture was stirred at 

room temperature for 24 hours, then poured into methanol and the precipitate was filtered. The 

filtered polymer was washed with methanol and water several times to remove unreacted 

monomer and any FeCl3 residue. The obtained poly (3-thiophene methyl acetate) was dried at 

room temperature overnight.  

Synthesis of poly(3-thiophene sodium acetate) 1. Poly(3-thiophene methyl acetate) (100 

mg), deionized water (50 mL) and aqueous 2 M NaOH (10 mL) were placed in a double-neck 

flask and refluxed overnight. After that period, the reaction mixture was filtered and the 

supernatant centrifuged at 4000 rpm for 5 minutes in order to remove any insoluble materials. 

The collected supernatant was transferred inside a dialysis tubing and dialyzed against deionized 

water for 3 days at room temperature. Subsequent evaporation of water by freeze-drying 

technique gave 1 as a reddish solid. 

Preparation of 2a and 2b. Briefly, 50 mg of exfoliated semiconducting MoS2 or WS2 was 

added to 20 mg of the 1,2-dithiolane derivative carrying a tert-butyl carbamate (BOC) ethylene 

glycol side chain in 10 mL of DMF. The mixture was stirred at 70 °C for 3 days. After that 
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period, the reaction mixture was filtered through a PTFE membrane (0.2 µm pore size) and the 

solid residue was washed with dichloromethane. In order to cleave the BOC protecting group, 30 

mg of the BOC-modified TMD-based materials were redisperse in dichloromethane and treated 

with gaseous HCl. The reaction mixture was left under stirring for 12 hours and then filtered 

through a PTFE membrane (0.2 µm pore size) to yield 2a and 2b. 

Titration assays – preparation of 3a and 3b.  Aliquots of aqueous 2a or 2b (0.33 mg/mL) 

were added to aqueous 1 (2 mL, 10 mM) and changes after each addition in the UV-Vis 

absorption and fluorescence emission spectra upon excitation at 395 nm were recorded. 

 

RESULTS AND DISCUSSION 

Based on the general functionalization methodology of exfoliated TMDs with 1,2-

dithiolanes,15 treatment of exfoliated MoS2 and WS2 with the 1,2-dithiolane tert-butyl carbamate 

derivative shown in Figure 1, yielded the butoxycarbonyl (BOC)-modified MoS2 and WS2 

materials. Acidic deprotection of the BOC group furnished the ammonium functionalized 

materials 2a and 2b (Figure 1). At this stage, two points should be noted (i) the presence of the 

solubilizing chain as addend on the modified MoS2 and WS2, in 2a and 2b, contributing to 

solubilization and allowing handling and characterization in liquid media, and (ii) the existence 

of positive charges, due to the incorporated ammonium species in 2a and 2b, which can be 

exploited in attractive electrostatic interactions. The structure of 2a and 2b was unambiguously 

proved and justified by IR and Raman spectroscopy, thermogravimetry (TGA), Kaiser test and ζ-

potential assays. Without going into deep detail, (a) IR spectroscopy verified the success for the 

preparation of BOC-modified MoS2 and WS2 and the corresponding ammonium functionalized 

materials 2a and 2b, by observing spectral changes in the characteristic carbonyl vibrations due 
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to the amide and BOC moieties. Specifically, the BOC carbonyl stretching vibration located at 

1710 cm-1 for the BOC-modified MoS2 and WS2 was missing in the spectra of the corresponding 

ammonium functionalized materials 2a and 2b, in which only the carbonyl amide at 1665 cm-1 

was evident (Supporting Information, Figure S1), (b) Raman spectroscopy, performed under on-

resonance conditions (633 nm for MoS2-based materials and 514 nm for WS2-based materials), 

proved the effective functionalization by revealing suppression of the 2LA(M) band, related to 

sulfur vacancies, at 460 and 350 cm-1 for 2a and 2b respectively, as compared to the one due to 

exfoliated MoS2 and WS2 (Supporting Information, Figure S2), respectively, (c) TGA allowed 

the estimation of one ammonium moiety for every 48 and 35 units of MoS2 and WS2, 

respectively, by calculating the corresponding mass loss observed in the temperature range 250-

540 oC to be 2.6 and 2.3% for 2a and 2b (Supporting Information, Figure S3), respectively, 

while ζ-potential measurements revealed that the values obtained for exfoliated MoS2 (-25.7 mV) 

and WS2 (-31.5 mV) were significantly shifted to more positive values for 2a (10.6 mV) and 2b 

(6.9 mV) respectively, due to the presence of the positively charged ammonium moieties.  

The synthesis of the poly(3-thiophene sodium acetate) 1 was accomplished via oxidative 

polymerization of 3-thiophene methyl acetate in the presence of iron(III) chloride.24 Briefly, 3-

thiophene acetic acid was initially esterified to the corresponding methyl acetate derivative, in 

order to protect the oxidative decomposition of the carboxylic acid side chain of the monomer 

during the oxidative coupling polymerization reaction.25 Next, the thiophene ester was 

polymerized, by employing iron(III) chloride as oxidative coupling agent. Subsequent alkaline 

hydrolysis of the ester, resulted on the negatively charged water-soluble poly(3-thiophene 

sodium acetate) 1, which was further purified by dialysis and obtained in powder form by 
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repetitive freeze-drying cycles. The structure of 1 was spectroscopically justified by FTIR and 1H 

NMR (Supporting Information, Figures S4 and S5).  

 

Figure 1. Illustrative preparation of ammonium functionalized MoS2 2a and WS2 2b and their 

electrostatic association with poly(3-thiophene sodium acetate) 1, furnishing ensembles 3a and 

3b, respectively.  

 

The realization of ensembles 3a and 3b was accomplished upon addition of aqueous 2a and 2b 

to water-soluble 1, by performing a series of titration assays, monitored with the aid of electronic 

absorption spectroscopy. In more detail, the UV-Vis spectrum of 1 exhibits a strong and broad 

absorption band around 400 nm due to π-π* transitions of the conjugated polymer backbone, 

corresponding to the non-aggregated amorphous polymer domains.24 Upon incremental additions 

of 2a and 2b, the excitonic bands of MoS2 at 629 and 687 nm and of WS2 at 654 nm started to 

evolve (Supporting Information, Figure S6). Please note that additional bands of MoS2 due to 

indirect excitons at 481 and 523 and for WS2 at 426, 481 and 566 nm (Supporting Information, 

Figure S7) were masked by the broad absorption of 1 in the visible region. Subtraction of the 

absorption background due to MoS2 and WS2 allowed a clear observation of the titration effect 
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on the polymer’s absorption features, during formation of 3a and 3b. Specifically, a blue-shift of 

4 and 9 nm of the polymer’s band after a total of 290 µL and 40 µL was observed for 3a and 3b, 

respectively (Figure 2a and b). This hypsochromic shift corresponds to conformational changes 

on the structure of 1, as the long π-π conjugation system of the coplanar polythiophene breaks25 

due to the developed attractive electrostatic interactions with the modified TMDs 2a and 2b. In 

addition, the absorption band due to 1 was progressively decreased upon interaction with 2a and 

2b. Considering that the unstacked carboxylate unit absorbs more light in intact polymer 1, the 

latter decrease identified in the corresponding absorption band of the ensembles 3a and 3b can 

be safely attributed to efficient interactions developed between the carboxylate units of 1 and the 

ammonium species of 2a and 2b, respectively. On the other hand, in blank titration assays 

performed by employing exfoliated MoS2 and WS2 instead of the positively charged 2a and 2b, 

neither a blue-shift nor a decrease in the polymer’s absorption features were observed (Figure 2c 

and d), showcasing the role of modified MoS2 and WS2 with ammonium units for the effective 

Coulombic association with negatively charged 1. 
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Figure 2. Electronic absorption spectra of 1 upon incremental additions of (a) ammonium 

functionalized material 2a, forming ensemble 3a, (b) ammonium functionalized material 2b 

forming ensemble 3b. UV-Vis blank titration assays of 1 upon incremental additions of 

exfoliated (c) MoS2, and (d) WS2. 

 

Photoluminescence spectroscopy measurements were carried out to elucidate possible 

interactions at the excited states between 1 with 2a and 2b. Aqueous 1 exhibits fluorescence 

emission centered at 555 nm, upon excitation at 395 nm. This photoluminescence band gradually 
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decreases with increasing amounts of ammonium modified MoS2 2a or WS2 2b (Figure 3a and 

b), thereby leading to the realization of 3a and 3b, respectively. These outcomes prove the 

effective deactivation of the singlet excited state of 1 to MoS2 and WS2, via energy and/or 

electron transfer as the decay mechanism. Besides, when blank assays were investigated, by 

incorporating exfoliated MoS2 and WS2 instead of the positively charged ones, a substantially 

lower quenching rate for the emission of 1 was observed (Figure 3c and d). The observation of 

intra-ensemble photoinduced processes from poly(3-thiophene sodium acetate) 1 to MoS2 and 

WS2 is consistent with the oxidation potential of the former, precisely the energy of the singlet 

excited state of 1, that lays above the conduction band of MoS2 and WS2. The energy for the 

singlet excited state of 1 can be easily obtained from the crossing point of the corresponding 

absorption and emission spectra (Supporting Information, Figure S8) and found to be 2.50 eV. 

On the other hand, the conduction band edges for MoS2 and WS2 were calcualted to be 4.27 and 

3.96 eV below the vacuum level, respectively, as a result of the higher reactivity of Mo vs W.26 

Hence, photoexcited electron/energy transfer from 1 to both MoS2 and WS2 within 3a and 3b 

respectively, is an energetically favored process. Moreover, the degree of fluorescence emission 

quenching of 1 in the presence of WS2 is more prominent than that registered by MoS2. For 

instance,  for the quantitative emission quenching of 1 (2 mL, 10 mM) addition of 290 µL of 2a 

(0.33 mg/mL) is required, while only 40 µL of 2b (0.33 mg/mL) produces similar result – see 

Figure 3a and b. This fact is attributed to the smaller energy difference between the singlet 

excited state of 1 and the conduction band of WS2, calculated to be 1.46 eV, as compared to that 

of MoS2 which is calculated to be 1.77 eV. 
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Figure 3. Photoluminescence spectra of 1 upon incremental additions of (a) ammonium 

modified MoS2 2a, forming ensemble 3a, (b) ammonium modified WS2 2b, forming ensemble 

3b. Blank photoluminescence titration assays of 1 upon incremental additions of (c) exfoliated 

MoS2, and (d) exfoliated WS2. All measurements were conducted upon excitation at 395 nm. 

 

In order to get additional insight on the electronic communication between 1 with MoS2 and 

WS2, within ensembles 3a and 3b, time-resolved photoluminescence assays based on the time-
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correlated-single-photon-counting method were conducted. Polymer 1 shows a decay at 555 nm, 

which was monoexponentially fitted with a lifetime of 0.6 ns. On the other hand, 3a and 3b were 

better correlated with a biexponential fitting, which after analysis gave rise to lifetimes of 0.12 

and 0.6 ns for 3a and 0.14 and 0.6 ns for 3b. While the slow lifetimes were identical to those due 

to free polymer 1, the faster new ones 0.12 and 0.14 ns, for 3a and 3b, respectively, correspond 

to the fluorescence quenching of the emission intensity of the singlet excited state of the polymer 

within the ensembles 3a and 3b. Then, the quenching rate constant and quenching quantum yield 

were estimated for both 3a and 3b and presented in Table 1. 

To further investigate the interactions between 1 with modified MoS2 and WS2 within 

ensembles 3a and 3b, Raman measurements were carried out under on-resonance conditions 

(633 nm for MoS2-based materials and 514 nm for WS2-based materials) on drop-casted films of 

the materials. Specifically, the Raman spectrum of MoS2 is governed by four distinctive modes, 

namely, the 2LA(M) band located at 460 cm-1 which is associated with sulfur defected sites, the 

A1g band located at 406 cm-1 which is associated with out-of-plane vibrations, the E2g band 

located at 380 cm-1 which is associated with in-plane vibrations and the two phonon difference 

combination mode of A1g(M)-LA(M) located at 176 cm-1 which is related to the asymmetry of 

few layered MoS2. Markedly, the ammonium modified MoS2 material 2a was characterized by 

alterations in intensity of the 2LA(M) mode as compared with that due to exfoliated MoS2. The 

intensity ratio I2LA(M)/IA1g was decreased to 0.85 for 2a, from the value of 2.09 due to exfoliated 

MoS2 (Supporting Information, Figure S2), in agreement with earlier reports.13, 27 The decrease in 

the intensity of the 2LA(M) band for the functionalized materials 2a comes as result of the 

reduced number of sulfur defects due to edge functionalization of MoS2. As far as ensemble 3a 

concerns, on top of the aforementioned observations, an additional band at 1460 cm-1 after 
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subtracting the intense fluorescence of 1, was observed (Figure 4a). The latter band is due to the 

C=C of the thiophene ring28 and found to be red-shifted by 5 cm-1 as compared with the 

corresponding band registered for intact 1. Similar is the situation with the Raman spectra due to 

WS2-based materials. In this case, WS2 shows Raman features at 350, 355 and 419 cm-1, related 

with the 2LA(M), E1
2g and A1g modes, respectively. Again, the 2LA(M) band was found 

decreased for the modified material 2b as compared to that belonging to exfoliated WS2, while in 

ensemble 3b the band due to the C=C of the thiophene was red-shifted by 10 cm-1 centered at 

1455 cm-1 as compared to intact 1. 

 

Figure 4. Raman spectra for (a) exfoliated MoS2 (blue), ensemble 3a (red), 1 (black), obtained 

upon 633 nm excitation, and (b) exfoliated WS2 (olive), ensemble 3b (brown) and 1 (black), 

obtained upon 514 nm excitation 

 

The morphology of modified TMDs 2a and 2b was paralleled with that of ensembles 3a and 

3b and assessed by SEM imaging. Briefly, a few drops of aqueous dispersions of the materials 

were deposited by drop-casting onto the SEM sample holder and imaged after the solvent was 

slowly evaporated. From extensive imaging of several different areas and flakes, oligolayered 
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flat nanostructures lacking amorphous impurities with size of few hundred nanometers for 2a 

and 2b were evident (Figure 5a and b). It should be noted that the imaging of oligolayered flakes 

in 2a and 2b most likely derived from the restacking of TMD sheets as occurred during the 

drying process after being deposited on the SEM sample holder. In addition, the robust and 

continuous network shown in those images suggests the integrity of the basal plane in 2a and 2b, 

in other words free of defects basal plane, assuring the presence of high-quality materials with 

intact electronic properties, in accordance with the performed 1,2-dithiolane-based 

functionalization at the edge of the MoS2 and WS2 layers. Similar images were acquired for 3a 

and 3b (Figure 5c and d), though it can be clearly seen that MoS2 and WS2 were covered by soft 

organic matter due to the presence of polymer 1. The latter is further corroborated by the lack of 

crystallinity as the commonly observed flat structures of TMDs appeared wrinkled and roughen 

upon integration of 1. 
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Figure 5. Representative FE-SEM images for (a) 2a, (b) 2b, (c) 3a and (d) 3b. 

 

The electronic interactions identified between the two components in ensembles 3a and 3b 

were further examined by photoelectrochemical measurements. Precisely, dark cyclic 

voltammetry (CV) assays of 1 showed a voltammogram qualitatively similar to analogous 

polythiophene derivatives.29 Specifically, the CV of 1 (Supporting Information, Figure S9) was 

governed by a capacitive behavior at potentials below 0.6 V, and displayed a faradaic feature 

beyond this value, corresponding to the regions of the bandgap and valence band of 1, 

respectively. On the other hand, exfoliated WS2 and MoS2 dark voltammograms showed a 

typical capacitive behavior, with no remarkable redox features. The background current for 

MoS2 was lower than that for WS2, which suggests a lower electrochemical active area and/or 

lower conductivity of the material.30 Focusing on ensembles 3a and 3b, some key differences 

were observed under dark current assays. In the case of 3a, the CV showed an enhancement of 

the current at negative potential values, indicative of strong interactions between MoS2 and 1 at 

the level of MoS2 conduction band. By contrast, 3b exhibited a CV similar to that of free 

polymer 1 (Supporting Information, Figure S9), however, with a higher value for the 

electrochemical capacitive current in the bandgap region due to the presence of WS2. Next, CV 

under on-off illumination conditions for 1 revealed a photocathodic response (Figure 6a), typical 

of p-doped materials. The cathodic photocurrent started at ca. 0.8 V and reached a maximum 

value of -1.1 µA/cm2, while a small anodic photocurrent, reaching 0.1 µA/cm2, appeared in 

positive scans, at potentials higher than 0.8 V (Figure 6b). For exfoliated MoS2 and WS2, both 

photocathodic and photoanodic currents were observed. Notably, for exfoliated WS2, the 

photocathodic current (-0.33 µA/cm2 at 0.21 V) was higher than the photoanodic one (0.14 
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µA/cm2 at 0.12 V). For exfoliated MoS2 the opposite phenomenon was observed and the 

photocathodic response was very low (-0.02 µA/cm2 at 0.07 V), while the photoanodic current 

was rather high (0.09 µA/cm2 at 0.46 V), though still lower than that registered for exfoliated 

WS2. The photopotential and photocurrent values for WS2 thus reveal favorable transfer of both 

electrons and holes to the solution underlining its ability to act as p- and n-doped material. For 

MoS2, however, mostly holes are transferred to the solution, thus performing as an n-doped 

material in these conditions. 
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Figure 6. Photocurrents obtained by on-off cyclic voltammetry (a) photocathodic branch, and (b) 

photoanodic branch, for 1 (black), 3a (red), 3b (orange), exfoliated MoS2 (blue) and exfoliated 

WS2 (olive), obtained at a scan rate of 20 mV/sec and with 0.1 M NaClO4 as electrolyte.  

 

The behavior of 3b was qualitatively similar to that of 1, with a very similar but smaller 

photoanodic response in the positive scan (0.07 µA/cm2 at 0.85 V). In the negative scan, 

however, there was observed a decrease of the photocurrent at potentials higher than 0.3 V, with 

a difference of 0.13 µA/cm2 at 0.6 V, and an increase in the photocurrent value at potentials 

lower than 0.3 V, with a difference of 0.09 µA/cm2 at -0.1 V. The latter finding shows the 

existence of charge-transfer phenomena between 1 and WS2, within ensemble 3b. Particularly, 

WS2 accepts photoelectrons from 1 and transfers them to the solution, while increasing cathodic 

photocurrent at low potentials. At potentials higher than 0.3 V, the current decreased due to the 

activity of generated photoholes, which start to react with the species present in the solution, 

resulting in an overall decrease of the net cathodic photocurrent. In contrast, MoS2 was not 

electrochemically active towards photoreduction. Therefore, photoelectron transfer from MoS2 in 

3a yielded a clear decrease in the photocathodic current (-0.24 µA/cm2 at 0.60 V), since the 

photoelectrons were not easily transferred to the solution. Furthermore, photoanodic current was 

clearly observed, opposite to the case for 3b, and even enhanced with respect to exfoliated MoS2 

(with two peaks, giving 0.15 µA/cm2  at 0.5 V and 0.20 µA/cm2 at 0.84 V). Here, the availability 

of photoholes for the oxidation was not masked by the presence of active photoelectrons for 

photoreduction. A collection of the photoelectrochemical and photophysical parameters for 

ensembles 3a and 3b is shown in Table 1. 
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Table 1. Summary of photoelectrochemical and photophysical data for ensembles 3a and 3b as 

well as poly(3-thiophene sodium acetate) 1 and exfoliated MoS2 and WS2. 

Materials Anodic photocurrent j 
(µA/cm2) 

Cathodic photocurrent 
j (mA/cm2) 

τf (ns) a kS
q (s-1) b Φs

q c 

1 0.1 (at 0.85 V) -0.60 (at 0.60 V)  

-0.68 (at -0.10 V) 

0.6   

3a 0.15 (at 0.50 V) 

0.2 (at 0.84 V) 

-0. 26 (at 0.60 V) 

-0.24 (at -0.40 V) 

0.12 / 0.6 6.67x109 0.80 

3b 0.07 (at 0.85 V) -0.47(at 0.60 V) 

-0.77 (at -0.10 V) 

0.14 / 0.6 5.48x109 0.78 

Exfoliated 
MoS2 

0.09 (at 0.46 V) -0.02 (at 0.07 V)    

Exfoliated 
WS2 

0.14 (at 0.12 V) -0.31 (at 0.02 V)    

a λ(exc) =376 nm; λ(em) = 555 nm 

b The quenching rate constant ks
q is derived by the equation: ks

q = 1/τf -1/τo 

c The quenching quantum yield Φs
q is derived by the equation: Φs

q = (1/τf - 1/τo)/(1/τf) 

In the above equations, τ0 is the lifetime of free polymer 1 and τ0 is the lifetime of polymer in the 

corresponding ensemble 3a and 3b. 

 

Finally, the observation of both positive and negative photocurrent intensities at the same 

applied potential for WS2, MoS2 and 3a, as a function of the scan direction, suggests an 
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important inertness of the photoinduced charges to follow the applied electric field causing a 

photoinduced memory effect. While this explains concomittantly competing photoanodic and 

photocathodic contributions in our measurement, this effect, moreover, is reminiscent of a 

photomemristor behavior,31 thus opening new pathways for forthcoming studies on TMD-based 

materials.  

 

CONCLUSION 

The integration of poly(3-thiophene sodium acetate) 1 with ammonium functionalized MoS2 

and WS2 materials 2a and 2b, forming novel aqueous and stable donor-acceptor nanoensembles 

3a and 3b, respectively, was accomplished. The presence of side chains featuring carboxylate 

anions in the polythiophene backbone of 1 was beneficial for the development of attractive 

electrostatic interactions with the positively charged ammonium moieties, covalently grafted via 

the 1,2-dithiolanes functionalization route, on modified MoS2 and WS2 materials 2a and 2b, 

respectively. Electronic absorption and fluorescence emission titration assays proved the creation 

of ensembles 3a and 3b. Notably, progressive quenching of the characteristic emission of 1 at 

555 nm upon incremental additions of 2a and 2b suggested the existence of energy and/or 

electron transfer as channel for the deactivation of the singlet excited state of 1 to MoS2 and 

WS2. Photoelectrochemical assays confirmed the existence of intra-ensemble electronic 

interactions and revealed the establishment of photo-induced charge-transfer processes. Here, 3a 

exhibited an enhanced photoanodic current offering additional channels for hole-transfer to the 

solution, while 3b displayed an increased photocathodic current providing supplementary 

pathways of electron-transfer to the solution. Moreover, the observed inertness of the 

photoinduced charges to follow the applied electric field upon reversal of the scan direction not 
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only facilitates concomittantly competing photoanodic and photocathodic processes contributing 

to the distinct photoresponse behavior of 3a and 3b, but even more reveals the existence of 

unique photoinduced memory effects in these novel donor-acceptor materials. All in all, the 

outcome of the current study showcases the significance of TMD-based donor-acceptor 

ensembles in optoelectronics and photoelectrochemical applications, while it is expected to 

further encourage and motivate additional explorations of diverse TMD-based ensembles and 

their performance in charge-transfer processes. 
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