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Facile synthesis of water-dispersible
poly(3-hexylthiophene) nanoparticles
with high yield and excellent colloidal stability

Hanyi Duan,1 ChaoGuan,2 Jingyi Xue,3 TessaMalesky,4 Yangchao Luo,3 Yao Lin,1,4 YangQin,1,2,* and Jie He1,4,5,*

SUMMARY

There has been growing interest in water-processable conjugated polymers for
biocompatible devices. However, some broadly used conjugated polymers like
poly(3-hexylthiophene) (P3HT) are hydrophobic and they cannot be processed
in water. We herein report a facile yet highly efficient assembly method to pre-
pare water-dispersible pyridine-containing P3HT (Py-P3HT) nanoparticles (NPs)
with a high yield (>80%) and a fine size below 100 nm. It is based on the fast nano-
precipitation of Py-P3HT stabilized by hydrophilic poly(acrylic acid) (PAA). Py-
P3HT can form spherical NPs at a concentration up to 0.2 mg/mL with a diameter
of �75 nm at a very low concentration of PAA, e.g., 0.01–0.1 mg/mL, as surface
ligands. Those negatively charged Py-P3HT NPs can bind with metal cations and
further support the growth of noble metal NPs like Ag and Au. Our self-assembly
methodology potentially opens new doors to process and directly use hydropho-
bic conjugated polymers in a much broader context.

INTRODUCTION

Conjugated polymers (CPs) have received tremendous attention in the past several decades due to their

applications in emerging fields including organic field-effect transistors (OFETs) (Kim et al., 2020; Klauk,

2010; Koezuka et al., 1987; Tsumura et al., 1986; Yang et al., 2018), organic photovoltaics (OPVs) (Coakley

and McGehee, 2004; Günes et al., 2007; Liu et al., 2016), and organic light-emitting devices (OLEDs) (Bor-

oumand et al., 2005; Greenham et al., 1994; Ho et al., 2000; Liang et al., 2013). The overlapping p-orbitals

along CP backbones create delocalized p electrons, resulting in their semiconductive and even conductive

as well as tailor-designable optical and electronic properties that are missing in conventional non-conju-

gated polymers. Poly(3-hexylthiophene) (P3HT) is one of the prototypical and most extensively studied

CPs because of its synthetic versatility, solution-processability, attractive electronic properties, and high

physical durability. P3HT, therefore, is of broad interest in many applications with extraordinary perfor-

mance, e.g., as donor materials in OPVs (Lim et al., 2016; Marrocchi et al., 2012), as hole transport materials

in perovskite solar cells (Calió et al., 2016), and as p-type semiconductor in OFETs (Sirringhaus, 2014).

Because of its hydrophobicity and rigid backbone, P3HT only dissolves in a few non-polar solvents for pro-

cessing and device fabrication. This largely limits its applications in biocompatible devices, e.g., wearable

electronics where organic solvents can be harmful and toxic to human tissues. To this end, water-dispers-

ible polythiophenes have been synthesized with ionic (Brown et al., 2018; Page et al., 2013) or oligo(ethy-

lene oxide) (Lee et al., 2011) side chains. However, these polymers involve alternative synthetic procedures

and post-functionalization (Di Maria et al., 2017) that are often time-consuming and cost-ineffective.

To achieve water processability without altering chemical structures of CPs, one possible solution is to form

water-dispersible nanoparticles (NPs) through directed self-assembly in solution (Beer et al., 2021; Li et al.,

2017; Reichstein et al., 2016; Richards et al., 2011; Subianto et al., 2016; Tan et al., 2016). Those water-

dispersible NPs would be streamlined for processing and device fabrication in a more environmentally

friendly way. Control of NP size and internal chain packing/aggregate structures also offers additional tools

to tune the electronic or optical properties of CPs, as compared to their bulk films (Liu et al., 2009). Because

the direct self-assembly approach does not alter the chemical structures of CPs, it preserves the best prop-

erties of CPs as originally designed. Water-dispersible P3HT NPs have been extensively explored through

two different methods, namely nanoprecipitation (Fraleoni-Morgera et al., 2004; Palamà et al., 2019; Shi-

mizu et al., 2008; Zangoli et al., 2017; Zucchetti et al., 2017) and microemulsion (Nagarjuna et al., 2012).
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In nanoprecipitation, P3HT dissolved in a good solvent like tetrahydrofuran (THF) is slowly added to water

as a non-solvent for P3HT. The aggregation of collapsed P3HT chains leads to the formation of NPs with a

broad-size distribution. Preparation of water-dispersible CP NPs through nanoprecipitation has attracted

much attention due to its versatility (e.g., applicable to nearly any conjugated polymers) and accessibility

(e.g., without complicated synthetic and purification procedures). As-resultant NPs can be directly used for

therapeutics, such as fluorescence/NIR/photoacoustic imaging (Koralli et al., 2020; Luo et al., 2016) and

therapeutic agents (Gao et al., 2020; Koralli et al., 2021), and biomedical devices with high biocompatibility

(Repenko et al., 2017; Wang et al., 2019). Microemulsion, on the other hand, produces P3HT NPs through

oil-in-water emulsion by evaporating organic solvents in the presence of surfactants. Although those NPs

can be prepared in a much higher concentration, the size of NPs is usually in the range of a few hundred

nanometers. Moreover, the use of surfactants, mostly nonconductive and biocompatible, is detrimental

for the device performance and the biomedical applications of those conjugated polymer NPs.

Herein, we report a facile nanoprecipitation method to prepare water-dispersible NPs with a high yield

(>80%) and a size below 100 nm. The synthesis is simply based on a ligand-assisted nanoprecipitation

with pyridine-containing P3HT (Py-P3HT). Using water-dispersible poly(acrylic acid) (PAA) as ligands, Py-

P3HT during solvent exchange can form hydrogen bonding with PAA to stabilize the aggregation of Py-

P3HT NPs. The advantage of our method, simply as a combination of nanoprecipitation and stabilizer, is

to produce water-dispersible P3HTNPs with high yield, high concentration, high colloidal stability, and sur-

face functionality (e.g., bound with metal cations). In the absence of PAA, nanoprecipitation suffers from a

low yield (<2%) of fine particles and the majority of P3HT (>98%) is removed as macroscopic precipitates

during purification because hydrophobic P3HT has very weak interaction with water. With the concentra-

tion of PAA reaching as low as 0.01 mg/mL, Py-P3HT NPs can assemble into spherical NPs with a diameter

of ca. 75 nm as observed by electron microscopy. Those core-shell NPs are water-dispersible with remark-

able stability above the pKa of PAA. The concentration of PAA-capped Py-P3HT NPs can reach as high as

0.2 mg/mL in water without any aggregation after storage for 8 months. The self-assembly method is appli-

cable to prepare Py-P3HT NPs in other organic solvents that are good solvents for PAA but poor solvents

for P3HT. Because PAA-capped Py-P3HT NPs are negatively charged, they can bind with metal cations to

growmetal NPs on the surface of Py-P3HTNPs. In addition, those surface carboxylic acid groups potentially

offer handles to modify the surface chemistry of P3HT NPs, which is of critical importance for their biomed-

ical applications (Mader et al., 2010). We believe this simple method potentially offers many opportunities

for easy processing and applications of hydrophobic CPs in aqueous solution.

RESULTS AND DISCUSSION

Py-P3HT was synthesized using quasi-living Grignard metathesis polymerization as previously reported (Li

et al., 2013). Briefly, 2-bromo-3-hexyl-5-iodothiophene and ((6-(2-bromo-5-chloromagnesiothiophen-3-yl)

hexyl)oxy)(tert-butyl)dimethylsilane were polymerized sequentially with i-PrMgCl as an initiator. After de-

protection of silylether moieties, the yielded hydroxyl-functionalized P3HT was further acylated with pyri-

dine. The detailed synthetic procedure of the Py-P3HT was shown in Scheme S1. In the 1H NMR spectra

(Figure S1), the peak at 6.98 ppm is assigned to the protons on the thiophene ring and the peak at 2.81

ppm is from the methylene protons that are next to the thiophene moiety. The appearance of the new

peak at 3.6 ppm indicates the successful copolymerization with silylether-contaning thiophene monomer.

After the hydrolysis and acylation, the representative signal at 9.22, 8.76, 8.26, and 7.36 ppm indicates that

P3HT was chemically modified with pyridinyl groups. The molecular weight and dispersity index deter-

mined by gel permeation chromatography (GPC) are 46.6 kg/mol and 1.2 (Figure S2), respectively. The

ratio of non-functionalized block length to functionalized block length (m/n) is calculated to be 4.5 to 1.

The shorter functional block consists of a statistical mixture of 3-hexylthiophene and pyridine-containing

hexylthiophene with the ratio of 5/4 (x/y). Thus, the overall pyridine-containing thiophene ratio is about

8% (y/(1 + m/n)) in Py-P3HT.

P3HT NPs were prepared through nanoprecipitation. Py-P3HT was first dissolved into THF at 70�C with a

concentration of 0.2 mg/mL. The Py-P3HT solution was then added dropwise through a microsyringe at

a rate of 50 mL/min into water with pre-dissolved PAA (1.8 kg/mol from Sigma-Aldrich) under vigorous

stirring (1000 rpm). The concentration of PAA was varied to examine its role in nanoprecipitation and

the residual THF was evaporated in the fume hood. As a proof-of-concept experiment, Py-P3HT NPs

was prepared with 0.05 mg/mL of PAA (Figure 1E) and in the absence of PAA (Figure 1B) under the

same conditions. As shown in Figure 1B, the solution of P3HT NPs in the absence of PAA was pinkish.
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When the solution was passed through a 450-nm membrane filter (polyethersulfone, VWR) to obtain ultra-

fine Py-P3HT NPs, it became almost colorless (Figure 1B) because large Py-P3HT NPs could not penetrate

the filter. In the presence of PAA at a very low concentration of 0.05 mg/mL, the solution of P3HT NPs was

red, slightly more concentrated as compared to that in the absence of PAA. After filtered with a 450-nm

membrane, there was no apparent change in solution color, indicating that the yield of P3HT NPs was

significantly improved. We then used the P3HT absorbance at 521 nm to quantify the yield of Py-P3HT

Figure 1. Scheme and characterization of Py-P3HT NPs prepared by PAA-assisted nanoprecipitation

(A) Synthesis and chemical structures of Py-P3HT. The right scheme shows the hydrogen bonding between pyridine units with PAA.

(B) Image, (C) UV-vis and size distribution (D) of Py-P3HT NP solution prepared in the absence of PAA before and after filtration with a 450-nm membrane

filter.

(E) Image, (F) UV-vis and (G) size distribution of Py-P3HT NP solution prepared at a PAA concentration of 0.05 mg/mL before and after filtration.

(H and I) TEM images of Py-P3HT NPs prepared without PAA (H) and that with 0.05 mg/mL PAA (I).

(J) Histogram of diameter of P3HT NPs in (I) (Diameter = 75.3 G 14 nm).

(K) Image of the concentrated P3HT NP aqueous solution at 0.1 mg/mL of Py-P3HT after storage for 6 months.
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NPs (<450 nm), defined as A/A0 where A0 and A are the absolute absorbance of P3HT at 521 nm before and

after filtration. In the absence of PAA, the yield was less than 2%; that is, >98% of Py-P3HTNPs was removed

by the 450-nm filter (Figure 1C). Those results are similar to previously reported examples on nanoprecipi-

tation of conjugated polymers (Shimizu et al., 2008) or hydrophobic organic dyes/chromophores (Frausto

and Thomas, 2017, 2018). For Py-P3HT NPs stabilized by PAA, there was only a slight decrease in the absor-

bance after filtration. The yield of P3HT NPs was 87.1%. This result suggests that Py-P3HT stabilized by PAA

formed much smaller, water-dispersible NPs.

The optical properties of Py-P3HT NPs were characterized by UV-vis spectroscopy (Figures 1C, 1F and S3).

In THF, the fully dissolved Py-P3HT displays a structureless absorption peak centered at ca. 450 nm. In

aggregated states such as thin films and well-defined nanostructures, the absorption profiles of P3HT

are red-shifted. In a typical absorption spectrum, shoulder peaks at ca. 605, 550, and 520 nm are typically

observed, corresponding to the 0-0, 0-1, and 0-2 vibronic transitions, respectively (Spano, 2006, 2010). The

relative intensity between 0-0 and 0-1 transitions is indicative of P3HT solid-state morphologies and

crystallinity (Niles et al., 2012; Spano and Silva, 2014). A higher intensity ratio between 0-0 and 0-1 peaks

suggests more crystallinity, resulting from intrachain exciton coupling, and thus more planar P3HT chains.

In the absence of PAA, the rising 0-0 vibronic transition suggests the increase of intrachain aggregation

with more planar P3HT chains that favor J-type aggregates. With PAA, a higher intensity of the 0-1 vibronic

transition indicates an H-type-dominated aggregation, resulting from inter-molecular exciton coupling,

and thus less planar and more interchain interaction among P3HT chains in the solid state. Those results

suggest that PAA interacts with Py-P3HT to vary the chain conformation even faster than the chain pack

during solvent exchange. With bound PAA chains, Py-P3HT became less planar with slightly twisted

main chains in order to form spherical Py-P3HT NPs with high surface area and curves. Those PAA-capped

Py-P3HT NPs had very weak emission in the range 600–800 nm. The lifetime of Py-P3HT NPs is around

0.25 ns in water (Figure S3) measured by time-resolved photoluminescence spectroscopy, similar to the re-

ported values of P3HT NPs (Nagarjuna et al., 2012).

The size of Py-P3HT NPs was firstly examined by dynamic light scattering (DLS). In the absence of PAA, the

hydrodynamic diameters (DH) of Py-P3HT NPs prepared in pure water have a broad distribution of 0.4–2 mm

with a polydispersity index (PDI) of 0.49 (Figure 1D). The size of Py-P3HT NPs after filtration cannot be

measured due to its low concentration. Note that those Py-P3HT NPs were not stable in solution. The so-

lution color would become colorless after stored for an hour. In contrast, Py-P3HT NPs prepared with

0.05 mg/mL of PAA has an average DH of 131 nm with a PDI of 0.15. The diameter had a slight decrease

to 122 nm after passing the filter. The morphology of Py-P3HT NPs was revealed by transmission electron

microscopy (TEM). Without PAA, Py-P3HT segregates have irregular micro-sized shapes with non-spherical

surfaces (Figure 1H). With 0.05 mg/mL of PAA, uniform spherical NPs were seen under TEM. The particle

size measured from TEM is 75G 14 nm with its distribution histogram in Figure 1J. The small size difference

between TEM and DLS is likely due to the drying.

Py-P3HTNPs with PAA are extremely stable in water. ThoseNP solutions can be concentrated up to 0.2 mg/

mL by vaporing the water. Figure 1K shows a concentrated P3HT NP aqueous solution at 0.1 mg/mL of

Py-P3HT after storage for 6 months. No obvious color change and no precipitation were observed. The

excellent colloidal stability of Py-P3HT NPs is due to their surface charge. The Zeta potential (z, Table 1)

Table 1. Size and zeta potential of Py-P3HT NPs prepared at various PAA concentrations

CPAA (mg/mL)

As-prepared After-filtered

Diameter (nm) PDI z (mV) Diameter (nm) PDI z (mV)

0 619.5 0.418 �26.9 – – –

0.01 141.0 0.115 �26.3 135.0 0.131 �27.5

0.05 130.7 0.150 �27.8 122.4 0.089 �26.3

0.1 133.8 0.156 �20.8 125.2 0.085 �21.6

0.5 165.5 0.219 �17.3 130.4 0.067 �22.2

1 158.3 0.117 �15.5 128.2 0.067 �17.2

2 249.3 0.262 �11.2 143.2 0.070 �18.0
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of Py-P3HT NPs stabilized by PAA is measured to be �27.8 mV. Because PAA is negatively charged after

deprotonation of carboxylic acids, the surface of Py-P3HT NPs is likely capped with PAA to provide elec-

trostatic repulsion and prevent the interparticle collapse of Py-P3HT NPs.

Hydrophobic Py-P3HT, like P3HT, has no solubility in water or polar organic solvents. PAA is, therefore, hy-

pothesized to form as a hydration layer on Py-P3HT NPs, known as surface ligands of hydrophobic Py-P3HT

NPs. To confirm whether PAA presents on the surface of Py-P3HT NPs, the stability of Py-P3HT NPs was

analyzed through pH titration. Using Py-P3HT NPs prepared at a PAA concentration of 0.05 mg/mL, the so-

lution pHwas varied from 12 to 2.3 using HCl and NaOH (1M). Figure 2A shows the typical images of the Py-

P3HT NP solution under various pHs. The NPs were very stable in basic and weakly acidic conditions where

no color change was observed in the range of 12 to 4.7. When the pH dropped to 4.2, the solution color

became much lighter. There were visible precipitates in the solution as the NPs crushed out. The absor-

bance change at 512 nmwas plotted against pH of the solution as shown in Figure 2B. There was no change

in absorbance until the sharp drop occurred at pH 4.2. Because the pKa of PAA is around 4.5, the change in

the NP stability is attributed to the solubility change of PAA. Above its pKa, the carboxylic acids of PAA are

mainly deprotonated where PAA-capped Py-P3HT NPs have strong electronic repulsion. Below its pKa, the

protonation of carboxylic acids results in attraction among Py-P3HT NPs where the collapse of NPs was

observed as the solution color diminished.

Fourier transform infrared spectroscopy (FT-IR) was further used to study the interaction between PAA

and Py-P3HT. Figure 2C shows the typical FT-IR spectra of PAA, Py-P3HT, and dried PAA-capped Py-

P3HT. The peak at 1696 cm�1 is assigned to the C=O stretching of carboxylic acids of PAA, while the

C=O stretching for the ester groups in Py-P3HT appeared at 1725 cm�1. The broad band above

Figure 2. pH titration of Py-P3HT NPs

(A) Images of Py-P3HT NP aqueous solution at various pHs.

(B) Plotting absorbance of Py-P3HT NP solution at 512 nm as a function of pH.

(C and D) FT-IR spectra of PAA, Py-P3HT, and P3HT NP (C) and the zoom-in spectra (D).
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3,000 cm�1 is attributed to the O-H stretching of PAA. The peak at 2922 cm�1 is assigned the C-H vibra-

tion of the hexyl groups in Py-P3HT. The thiophene ring breathing model in Py-P3HT can be identified by

the peak at 1460 cm�1. For PAA-capped Py-P3HT, a new vibrational band is seen at 1540 cm�1 corre-

sponding to the characteristic peak of pyridine bonded with Brønsted acid (Velthoen et al., 2018; Zhang

et al., 2015). Pyridinium-like structures are indicative of hydron-bonded pyridine groups in Py-P3HT. In

case of the C=O stretching, there is also a small shift from 1696 cm�1 of free PAA to 1700 cm�1 of

PAA-capped Py-P3HT as often observed in hydrogen-bonded carboxylic acids (Wei et al., 2013). We

therefore deduce that PAA stabilizes Py-P3HT as surface ligand through the formation of hydrogen

bonding. The multidentate carboxylate groups in PAA would serve as the counter ions to cap the surface

of Py-P3HT and thus provide the strong electrostatic repulsion to stabilize hydrophobic Py-P3HT cores. In

addition, proton doping from Brønsted acids to P3HT can possibly further stabilize the core-shell NPs,

the effect of which is however weak given the absence of absorption signals in the near-IR region typical

of doped P3HT (Suh et al., 2020).

While PAA works very effectively to stabilize Py-P3HT NPs even at a very low concentration, the outcome

of Py-P3HT NPs, including the yield, size, and surface charge, can be tuned by the concentration of PAA.

We first studied the yield of Py-P3HT NPs at various concentrations of PAA in the range of 0.01 mg/mL to

2 mg/mL. Similarly, the UV-vis spectra of Py-P3HT NP solutions before and after filtration were recorded

to determine the yield as A/A0. Those results are summarized in Figure S4. The yield of Py-P3HT NPs

shows a linear correlation with the concentration of PAA (Figure 3A). A small amount of PAA, as low

as 0.01 mg/mL, was sufficient to stabilize Py-P3HT NPs. The yield of Py-P3HT NPs was in the range of

Figure 3. Impact of PAA concentration on Py-P3HT NPs

(A) Yield of Py-P3HT NPs prepared with different concentrations of PAA.

(B) Zeta potential (square) and hydrodynamic diameter (cycle) of Py-P3HT NPs prepared under different concentrations of

PAA prior to filtration.
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83%–87% with 0.01 to 0.1 mg/mL of PAA in water. Further increasing the PAA concentration caused a

sharp drop in the yield as displayed in in Figure 2A. The yield was down to 67% at 0.5 mg/mL of PAA

and it went further down to 14% at 2 mg/mL of PAA. The decrease in the yield of Py-P3HT NPs below

450 nm indicates the size increase of Py-P3HT NPs at a higher concentration of PAA. This presumably

is due to the interparticle bridging by PAA where the multiple carboxylic acids can bind with pyridines

of different Py-P3HT NPs. The increase of PAA likely decreased the solution pH that also reduced the

solubility of those Py-P3HT NPs in solution.

DLS experiments were conducted to measure the DH of Py-P3HT NPs prepared at different PAA concen-

trations as plotted in Figure 3B. When PAA concentration increased from 0.01 to 0.1 mg/mL, the DH of Py-

P3HT NPs prior to filtration is around 130.7 nm regardless of PAA concentrations (Table 1 and Figure S5 for

DLS results). Those NPs have net negative charges on the surface. The zeta potential of Py-P3HT NPs with

0.05 mg/mL PAA is �27.8 mV. Because those NPs were highly stable in water under natural pHs, the PAA

chains were considered to ‘‘wrap’’ around Py-P3HT NPs and bind with pyridines on the surface of individual

Py-P3HT NPs. When PAA concentration reached 2 mg/mL, the DH of NPs increased to 249.3 nm with a

broad distribution (Figures S5 and S6). This trend is consistent with the decrease in yield of smaller NPs

while large NPs cannot pass the filter. It is, therefore, reasonable to assume that excess PAA promotes

interparticle interaction to increase the DH. The aggregates of NPs also have a lower surface charge, as

compared to well-dispersed Py-P3HT NPs prepared with a lower PAA concentration. The zeta potential

of Py-P3HT NPs with 2 mg/mL PAA decreased to �11.2 mV. Therefore, the size of Py-P3HT NPs is sensitive

to the concentration of PAA. A small amount of PAA is optimal to prepare Py-P3HT NPs with fine sizes and

excellent colloidal stability.

Nanoprecipitation assisted by PAA can produce Py-P3HT NPs in a broad range of organic solvents in which

PAA has better solubility than Py-P3HT. For example, polar organic solvents like ethanol, methanol and 1,4-

dioxane can be used to prepare Py-P3HT NPs. Figure 4A shows the pictures of Py-P3HT NP solution pre-

pared with different solvents with 0.05 mg/mL of PAA. The use of different solvents has a pronounced

impact on the solution colors (Figure 4A). The UV-vis spectra of Py-P3HT NPs in different solvents are given

in Figure 4C. As compared to Py-P3HT NPs in water, those NPs in organic solvents show less absorption

tailed at 520 nm as the 0-2 vibronic transition, closely related to the intraband transition in disordered

P3HT chains (Jo et al., 2019). Therefore, in organic solvents, the better solvation allowed P3HT chains

(Jo et al., 2019) to pack with increased interchain interaction, although all those NPs display H-type

aggregation behaviors. It is noticeable in the absorption spectrum of dioxane solution that there is a small

shoulder peak at ca. 450 nm. This is attributed to the presence of fully solvated P3HT chains. TEM images of

Py-P3HTNPs prepared in organic solvents are displayed in Figures 4E–4G. Py-P3HTNPs in organic solvents

are non-spherical compared with the ones in aqueous solution. All structures seemed to have branched

elongated topologies. The size of those irregular NPs is in the range of a few hundred nanometers with

a broad distribution. Those structures showed anisotropies as the core crystallinity was improved by

organic solvents.

Interestingly, Py-P3HT NPs prepared in dioxane showed right orange emission when excited at 365 nm

(Figure 4B), while the fluorescence in other solvents was very weak or less emissive. The emission spectrum

of Py-P3HT NPs in dioxane is shown in Figure 4D. A sharp emission peak centered at 575 nm along with a

shoulder peak at 608 nm was seen. The emission is likely from the solvated Py-P3HT chains because of their

much higher fluorescence intensity. These solvated P3HT chains are likely located on the peripheries of NPs

where the localized concentration of PAA is high. In the absence of PAA, Py-P3HT is not emissive in

dioxane.

Because Py-P3HT NPs are capped with PAA, those fluorescent NPs in dioxane can interact with transition

metal cations, e.g., as fluorescent probes to measure heavy metal ions. As a proof of concept, we examined

the fluorescence quenching of Py-P3HT NPs by Cu2+ ions. In dioxane with 0.01 mg/mL of Py-P3HT NPs, the

fluorescence titration was carried out by adding CuCl2 aqueous solution (Figure 5). Cu2+ ions that bind with

negatively charged Py-P3HT NPs can quench the fluorescence of Py-P3HT NPs. With 40 mL of 100 mM

CuCl2, about 80% of emission of Py-P3HT NPs was quenched. Other transition metal ions, like Co2+, can

quench the fluorescence of Py-P3HT NPs as well (Figure S7) since metal ions interact with PAA-capped

Py-P3HT NPs through non-specific electrostatic interactions. In addition, those water-dispersible Py-

P3HT NPs can further be used to grow metal NPs. As a p-type semiconductor, photoexcited electrons
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of Py-P3HT are highly reductive to generate metal NPs in situ (see supplemental information for details).

When excited by visible light (>400 nm), noble metal NPs like Ag and Au with a diameter of a few to

tens of nanometers can grow on the surface of Py-P3HT NPs that likely will be of interest for photocatalysis

and photovoltaics (Figure S8) (Pan et al., 2016). In addition, it is reasonable to assume that the surface PAA

chains can possibly interact with other materials, e.g., fullerene derivatives, to improve the interfaces for

photovoltaic device applications (Tang et al., 2011; Tokuhisa and Hammond, 2003).

Conclusion

In summary, we demonstrated a facile but highly efficient method to prepare water-dispersible P3HT NPs

with >80% yield. The synthesis was simply based on PAA-assisted nanoprecipitation where water-dispers-

ible PAA interacted with Py-P3HT during solvent exchange and stabilized Py-P3HT NPs. With a very low

concentration range of PAA, e.g., 0.01–0.1 mg/mL, sub 100 nm Py-P3HT NPs could be prepared in water

with high yield and excellent colloidal stability. PAA-capped Py-P3HT NPs could reach 0.2 mg/mL in water

without any aggregation. In the presence of PAA, we found that Py-P3HT NPs favored H-type aggregates

where P3HT chains bound with PAA were slightly twisted for interchain interaction. While PAA acted as the

surface ligands to stabilize Py-P3HT NPs, excess PAA would result in interparticle aggregation by bridging

those surface pyridines among multiple NPs. This methodology was applicable to prepare Py-P3HT NPs

directly in other organic solvents as well. Negatively charged Py-P3HT NPs were able to bind with metal

cations and further support the growth of metal NPs. Our results could potentially offer new opportunities

Figure 4. Solvent effect on Py-P3HT NPs

(A and B) Images of Py-P3HT NP solution prepared with different precipitants under sunlight (A) and 365-nm

irradiation (B).

(C) UV-vis absorption spectra of Py-P3HT NPs in different solvents.

(D) Emission spectra of Py-P3HT NPs prepared in dioxane.

(E–G) TEM images of Py-P3HT NPs prepared in ethanol (E), methanol (F), and dioxane (G).
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in utilizing hydrophobic conjugated polymers in a broad range of applications such as nanomedicine, pho-

tocatalysis, and organic electronics.

Limitations of the study

In this work, a facile yet highly efficient method to prepare water-dispersible P3HT NPs was developed with

a high yield and controllable size. As-prepared P3HT NPs exhibited excellent colloidal stability and distinc-

tive optical properties. However, currently, the applications of those water-soluble P3HT NPs for photoca-

talysis are limited by the solvent shifting, which is probably due to their unique surface chemistry. The future

work will focus on expanding the conjugated polymer scope and optimizing the condition of the P3HT NPs-

metal NPs as hybrid catalysts in photocatalysis.
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the lead contact, Jie He (jie.he@uconn.edu).

Materials availability

This study didn’t generate new unique reagents.

Data and code availability

d All data reported in this paper will be shared by the lead contact upon request.

d This paper does not have coding.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

METHOD DETAILS

Synthesis of Py-P3HT NPs by nanoprecipitation

2 mg of Py-P3HT was first dissolved in 10 mL THF and was heated at 75�C for 10 min to afford a transparent

orange solution, which was used when the temperature went back to RT. Aqueous PAA solution (10 mL)

were prepared with different concentration (2 mg/mL,1 mg/mL, 0.5 mg/mL, 0.1 mg/mL, 0.05 mg/mL,

0.01 mg/mL). Then 0.2 mL THF dissolved with Py-P3HT was slowly added into aqueous PAA solution by

a microsyringe (50 mL/min) under strong magnetic stirring (1000 rpm). The obtained Py-P3HT NP aqueous

solution (10 mL) was placed in hood overnight to evaporate the residual THF, which was then concentrated

into 4 mL by blowing nitrogen gas. Same procedures were followed when ethanol, methanol and dioxane

were used as precipitant.

pH titration experiment

The pH meter was calibrated following three-point method before use. 1, 0.1 and 0.01 M NaOH and HCl

aqueous solution were prepared with the volumetric flask. Firstly, 2 mL Py-P3HT NP aqueous solution

(prepared under 0.05 mg/mL PAA) was added into a glass vial, which was then added trace amount

of 1 M NaOH solution to achieve a pH as 12. Different amount of HCl aqueous solution was added

to decrease the pH continuously until reaching 2.3. Py-P3HT NP aqueous solution were equilibrated

for 5 min at room temperature each time when the pH was changed, then the UV-vis of which was

measured.

Reagent or Resource Source Identifier

Chemicals and Regents

Tetrahydrofuran Sigma Aldrich 109-99-9

Poly(acrylic acid) (MW = 1800 Da) Sigma Aldrich 9003-01-4

Copper (II) chloride Sigma Aldrich 7447-39-4

Cobalt (II) chloride hexahydrate Sigma Aldrich 7791-13-1

Methanol Sigma Aldrich 67-56-1

Ethanol Sigma Aldrich 64-17-5

N, N-dimethyl formamide Sigma Aldrich 68-12-2

Water High-Q distillation system model # 103S
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Growth of metal NPs on Py-P3HT NPs

The growth of gold and silver on Py-P3HT NPs was conducted by following such a procedure: 20 mL

aqueous HAuCl4 (1 mg/mL) or AgNO3 (1 mg/mL) solution was added into a quartz vial with 2 mL P3HT

NPs solution (0.05 mg/mL) followed by the addition of triethanolamine (0.4 mL) as electron donor. Then

the vial was sealed with a rubbery stopper and bubbled with nitrogen gas for 10 min. Afterwards the quartz

vial was irradiated with white light (halogen lamp) for 5 min. The unreacted metal precursors were removed

by dialysis against water.

Fluorescence quenching experiment

100 mM CuCl2 and CoCl2 aqueous solution was prepared and stored in volumetric flash before experi-

ments. 2 mL Py-P3HT NP dioxane solution was added into a quartz cuvette sealed with cap, the fluores-

cence spectrum of which was then measured. The emission intensity of P3HT NPs at 575 nm without metal

ions was used as the standard to quantitate the efficiency of fluorescence quenching. And 5 mL CuCl2
aqueous solution (100 mM) was added into cuvette and mixed with dioxane, the solution equilibrated at

RT for 2 min before testing by fluorescence spectrometer. Then, the CuCl2 aqueous solution (100 mM)

was added continuously to reaching the volume same as in Figure 5A. There is always a 2 min interval

each time between adding CuCl2 solution and fluorescence testing. In the case of cobalt, 40 mL of CoCl2
aqueous solution was directly added into 2mL Py-P3HTNP dioxane solution, which was then tested by fluo-

rescence spectrometer after equilibrated at RT for 2 min.

Characterizations

Ultraviolet-visible (UV-vis) absorption spectra were recorded on Cary 60 UV-vis spectrometer (Agilent).

Fluorescence spectra were recorded on a Cary Eclipse Fluorescence Spectrometer (Agilent). The UV-vis

and fluorescence spectra of all samples were measured by using a quartz cuvette (4 mL). Fourier-transform

infrared spectra (FTIR) were recorded on a Bruker FTIR spectrometer (ALPHA Platinum-ATR). Py-P3HT NPs

sample for FTIR characterization was prepared by dropping the aqueous Py-P3HT NPs solution (20mL) to

the top of glass, which was repeated over times after the solvent was evaporated by dry nitrogen gas

flow, the red solid power was then collected from the surface of glass and subject to testing. Dynamic light

scattering and Zeta potential was tested on Zetasizer Nano ZS (Malvern Instrument). Hydrodynamic diam-

eter (Dh) of NPs was measured by DLS at scattering angle q of 173�. Transmission electron microscopy

(TEM) images were recorded on FEI Tecnai 12 G2 Spirit BioTWIN. Lifetime measurement was conducted

at a Mini-tau lifetime spectrometer (Edinburgh Instruments). The TEM sample were prepared by dropping

the Py-P3HT NP solution to the TEM gird placed on the top of a filter paper, which stand at room temper-

ature for 1 h to fully evaporate the solvent.

QUANTIFICATION AND STATISTICAL ANALYSIS

The diameters of NPs shown in TEM image were measured by ImageJ and the data in Figure 1J was rep-

resented as meanG SD, which were given by Origin. Except this, our study does not include any other sta-

tistical analysis or quantification.
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