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Sustainability in the synthesis and processing of organic 
semiconductors is becoming increasingly important as the 
field progresses from fundamental research to technological 
deployment. Volatile organic solvents dominate the environ
mental footprint of both laboratory-scale and industrial pro
duction, significantly increasing hazardous waste generation. 
Substituting these solvents with water dramatically reduces 
environmental impact while enabling new reactivity modes 
and formulation strategies. Recent developments demon
strate that water is not only a benign solvent for synthetic 
chemistry but also a robust medium for preparing stable, 
printable, and device-compatible inks of conjugated mate
rials. This review highlights advances in aqueous-phase 
synthesis as well as modern aqueous processing routes such 
as surfactant-stabilized dispersions, hydrotropic systems, 
and self-emulsifying conjugated polymers. These approaches 
illustrate how water can serve as a unifying platform for high- 
performance and environmentally responsible printed 
electronics.
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Intro
The development of green-chemistry-compliant pro

cesses has become a cornerstone of modern synthetic 

and process chemistry. Although its principles are well 

established in pharmaceutical and natural product 

manufacturing, their adoption in emerging fine- 

chemical sectors―particularly in the synthesis and 

processing of organic semiconductors―remains limited. 

Indeed, sustainability metrics such as the E-factor 

(weight ratio between waste and product), process mass 

intensity (PMI), and solvent environmental impact are 

still only sporadically discussed in the organic elec

tronics literature. This gap is striking given the growing 

industrial interest in flexible and printed optoelectronic 

devices.

Recent work by Sheldon, underscores the overwhelming 

contribution of volatile organic solvents (VOCs) to the 

carbon footprint of multistep syntheses and materials 

manufacturing [1]. Although initially framed in the 

context of bulk synthesis, these considerations are 

equally relevant to printed optoelectronics, where most 

fabrication routes rely on solution processing. Estab

lished device protocols still depend heavily on haloge

nated or aromatic solvents which pose toxicity, 

environmental, and regulatory challenges [2].

Efforts to mitigate solvent impact have led to the 

exploration of alternative media with reduced toxicity or 

derived from renewable feedstocks [3,4]. While these 

approaches provide benefits, they do not fundamentally 

address the high solvent volumes and associated waste 

intrinsic to organic processing. Water, by contrast, offers 

a compelling route to sustainability: it is inexpensive, 

non-toxic, non-flammable, and widely available. With a 

high heat capacity and unique polarity, water can also 

promote reaction pathways inaccessible in organic 

solvents.

Most high-performing conjugated materials are 

intrinsically hydrophobic, presenting challenges for 

aqueous-based workflows. Nevertheless, two com

plementary strategies have significantly expanded the 

role of water in organic semiconductor chemistry 

(Figure 1). The first involves molecular design, 

wherein ionic or hydrophilic side chains (e.g., 

ammonium groups, sulfonates, carboxylates, poly

ethylene glycol moieties) impart intrinsic water 
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solubility [5]. While effective, this approach demands 

substantial synthetic effort, particularly during puri

fication, and may compromise electronic properties.

The second strategy relies on formulation chemistry, 

enabling aqueous dispersibility without altering the 

underlying conjugated backbone. Surfactant-assisted 

dispersion, hydrotropic solvents, and self-emulsifying 

materials allow fully hydrophobic semiconducting poly

mers to be synthesized and processed in water [6]. 

Although surfactants may affect devices performances if 

not properly removed, this approach offers the advan

tage of leveraging widely used, high-performance ma

terials with validated device metrics and commercial 

availability.

Synthesis – intrinsically water-soluble 
polymers
Processing of conjugated polymers from water was the 

main original driver for the synthesis of polymers 

featuring intrinsic water solubility. Lately, the develop

ment of electrochemical and electrochemically gated 

transistors — a major research area for applications in 

biosensing and bioelectronics — fostered a renewed in

terest for the development of such materials. The most 

common approach in the field is the functionalization of 

the conjugated backbone with side chains bearing 

ammonium salts or sulfonate group, as well as the partial 

or complete substitution of the alkyl solubilizing chains 

with polyethoxylated ones (Figure 1a). Zhang and co- 

workers reviewed advances in CPE design, demon

strating how backbone planarity, side-chain density and 

counterion selection tune film morphology and device 

performance in organic electrochemical transistors and 

solar cells [5]. Li et al. recently reported a highly 

conductive n-type conjugated polymer complementing 

the performances of PEDOT:PSS and synthesized 

directly in water thanks to the introduction of suitable 

water solubilizing units within its structure [6]. Mean

while, Liu et al. reported that ground-state electron 

transfer between donor-acceptor polymer blends en

ables aqueous processing of water-insoluble conjugated 

polymers―demonstrating that intrinsic water solubility 

is no longer a physical limit [7]. Their work demon

strates that waterborne conductive films derived from 

such blends had conductivities ∼10,000× higher than 

pristine polymers, underscoring the potential of aqueous 

routes for high-performance device applications. The 

direct solubilization in water has advantages, like direct 

compatibility with aqueous environment (e.g., bio

electronics), reduced toxicity and easier handling, po

tential for high ionic conductivity. At the same time 

synthetic complexity, cumbersome purification, and 

long-term hygroscopicity and stability concerns moti

vate interest in a complementary formulative approach 

enabling dispersion in water of established hydrophobic 

polymers.

PEDOT:PSS as the foundational aqueous 
system
PEDOT:PSS (poly(3,4-ethylenedioxythiophene):poly 

(styrene sulfonate)) is the most successful material 

developed for printed electronic applications and re

mains the only conjugated polymer scaled to industrial 

Figure 1 

Examples of common semiconducting polymers. Functionalization sites suitable for the introduction of hydrophilic groups are highlighted with blue 
spheres (a); two approaches for enabling water processability of π-conjugated materials: (left) side chain engineering to impart intrinsic water 
solubility, and (right) surfactant-based chemistry to disperse the hydrophobic backbone in aqueous media (b).
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quantities. This interpenetrated network of PEDOT 

(per se an insoluble material) and PSS (a poly

electrolyte) is commercially available as a wide range of 

aqueous formulations whose properties are optimized 

for applications ranging from capacitors to bioelectronics 

[8]. PEDOT:PSS dispersions are prepared directly in 

water by emulsion polymerization of the EDOT mono

mer in the presence of PSS and a suitable oxidizer [9]. 

The success of PEDOT:PSS has inspired the broader 

field to explore water-mediated routes for other conju

gated materials.

Overcoming hydrophobicity: role of 
surfactants
The intrinsic water solubility of precursors and/or 

products is not a rigid limitation: hydrophobic conju

gated backbones can be synthesized and processed in 

water environments, when supported by appropriate 

self-assembling amphiphilic derivatives like surfactants 

[10]. In this context, one can distinguish between re

actions that occur “in water”, where substrates are ho

mogeneously dispersed as various form of association 

colloids (micelles and microemulsions) or dispersed 

systems (emulsions and dispersions) within the aqueous 

bulk (Figure 2a), and those that occur “on water”, where 

reactivity is modulated by specific interactions at the 

water surface.

On water surface approaches
Prasoon and co-workers provided a compelling demon

stration of interfacial control by showing site-selective 

imide formation between porphyrin and perylene units 

at a surfactant-coated air—water interface [11]. A 

sodium oleyl sulphate monolayer preorganized the pro

tonated amine near the interface, enabling a reaction 

pathway entirely inaccessible in homogeneous solution. 

Their subsequent work in micellar interfaces further 

illustrated how hydration shells and interfacial ordering 

can mimic “on-water surface” environments even under 

fully dispersed conditions [12]. These studies collec

tively reveal that reactant preorganization, the features 

of interfacial electric fields, the hydration-layer struc

ture and microenvironment polarity gradients are crucial 

variables that determine reactivity and selectivity in 

aqueous-phase organic chemistry.

In water approaches
The in-water approach is by far the most common and 

relies heavily on surfactants features. Industrial surfac

tants are chemical commodities offering the advantage of 

ready availability, low cost and robustness. They can be 

used to prepare conjugated materials, both molecular 

[13] and polymeric [14], sometimes also offering selec

tivity alongside with efficiency mostly due to turning of 

the reagents vs product relative affinity at the reaction 

site [15,16]. On following up the pioneering contribution 

of Lipshutz, the field shifted from generic amphiphiles to 

designer surfactants, specifically engineered to promote 

organic reactions rather than merely provide homoge

neous formulations (Figure 2b). TPGS-750-M, a 

provitamin-derived surfactant, remains the most iconic 

example, exhibiting remarkable performance across a 

wide range of transformations [17,18], including those 

most relevant for conjugated materials [18].

More recently, Hauk and co-workers introduced a next- 

generation functional surfactant optimized for mild C—

H arylation [19], a reaction of increasing relevance in 

the field of organic semiconductors [20].

The same system mediated Suzuki—Miyaura couplings 

of heteroaromatics in water, demonstrating that surfac

tant structure can fine-tune the metal coordination 

environment, accelerating catalysis while maintaining 

colloidal stability.

Sengoden et al. reported a metallo-surfactant in which a 

Pd complex is covalently bound to a CO2-based triblock 

polycarbonate [21]. In water, this material self- 

assembles into micelles that localize both the metal 

centre and the organic substrates, leading to efficient 

cross-couplings with facile catalyst recovery. This 

“catalyst-in-surfactant” design directly addresses con

cerns about metal leaching in electronic materials (re

sidual metals can impair device performance) and offers 

an attractive route toward recyclable reaction media for 

conjugated-polymer synthesis.

Sanzone et al. described the first example of surfactant 

specifically designed for the synthesis of conjugated 

materials, demonstrating particularly fast reactions 

under remarkably mild conditions and selectivity 

directly associated to the reactant/products vs surfac

tant π-π interactions [22]. Finally, the polysarcosine 

endowed Savie deserves a special mention, being the 

only non-PEG derived designer surfactant to date, 

connecting excellent performances and biodegrad

ability [23].

Polymerization carried out in the presence of surfactants 

and for the specific purpose of growing conjugated 

polymers has only relatively recently gained traction. The 

early work of Turner on microemulsion polymerization 

[24,25] is seminal and recently evolved towards a mostly 

solvent free synthesis and processing integrated protocol 

which is still State of the art in the field [26]. Sanzone 

et al. demonstrated the first example of in water poly

merization featuring the industrial surfactant Kolliphor 

EL [14]. More recently, Ceriani et al. extended the 

approach to improve on the previous report by Turner 
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[26], through the development of an integrally organic 

solvent-free protocol going from synthesis to processing 

of field effect transistor devices (Figure 3a) [27]. 

Together, these developments confirm that aqueous en

vironments can support the entire synthetic pathway of 

conjugated polymers―including monomer activation, 

bond formation, chain growth, and dispersion 

stabilization.

Preparation and use of stable aqueous 
formulations of conjugated polymers
As the field of organic electronics increasingly embraces 

sustainability principles, the development of stable 

aqueous formulations of conjugated polymers has become 

a central objective. Green chemistry metrics―including 

E-factor, PMI, and solvent hazard assessments―provide 

quantitative justification for replacing organic solvents 

Figure 2 

Selected examples of in water reactions relevant for the preparation of conjugated materials enabled by functional surfactants (a) [19,22] Examples of 
designer surfactants engineered to promote specific reactivity (b).
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with water [28—30]. In printed electronics, however, 

these metrics must be extended beyond synthesis: the 

majority of solvent usage occurs during ink formulation, 

deposition, and post-processing [31].

For printed electronics, the advantages of using water 

as the processing medium extend beyond reaction 

metrics. Aqueous inks mitigate flammability, reduce 

worker exposure to hazardous vapours (particularly in 

roll-to-roll processes) [32] and simplify compliance 

with solvent emission regulations.

Surfactants and stabilizers enable the formulation of 

stable aqueous dispersions of otherwise hydrophobic 

materials ― enabling long-term colloidal stability, 

printability and compatibility with aqueous 

manufacturing lines. Unfortunately, the dispersing ad

ditive is insulating and non-volatile, thus requiring 

removal after deposition by washing with organic sol

vents [26,27]. As recently demonstrated by Lee et al., 

the use of an hydrotrope (benzyl alcohol) offers an 

alternative solution. They demonstrated the formula

tion as water stable dispersion of the lipophilic n-type 

high performance polymer DPP-TT. The dispersing 

additive is volatile and can be removed directly by 

suitable thermal treatment (Figure 3c) [31]. Hydro

tropes thus represent an interesting bridge between 

formulation chemistry and device-grade film purity.

Figure 3 

Different approaches for the preparation of aqueous conjugated materials inks. Micellar synthesis of the active material, followed by dialysis (a); 
synthesis of a self-emulsifying material bearing ionic groups to grant dispersibility in water (b); aqueous ink formulation of a water-insoluble active 
material by mean of an hydrotrope (c).
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Finally, the conjugated polymer itself can act as its own 

emulsifier. Gwiazda et al. showed that fluorene-based 

monomers bearing sulphate groups can polymerize 

into self-emulsifying conjugated polymers, producing 

aqueous dispersions without surfactants (Figure 3b) 

[33]. Benefits include removal of insulating residues, 

simplified formulation and improved batch-to-batch 

reproducibility. Although this strategy requires syn

thetic modification of monomers, it avoids the perfor

mance penalties associated with classical surfactants.

Outlook for aqueous synthesis and 
processing of conjugated derivatives
Water is consolidating its position as the solvent of 

choice for both the sustainable synthesis and processing 

of organic semiconductors. The work discussed 

throughout this review demonstrates that most of the 

limitations historically associated with aqueous 

media―poor solubility, incompatibility with organome

tallic catalysts, and uncontrolled aggregation―can be 

overcome through innovations in surfactant design, 

formulation chemistry, and molecular engineering of 

conjugated systems. From a processing perspective, 

water-based dispersions, hydrotropic formulations, and 

surfactant-free strategies provide a promising solution 

for sustainable ink formulation and film deposition. 

These developments collectively reduce VOC emis

sions, PMI, flammability risk and the generation of 

hazardous waste. Nevertheless, challenges remain. On 

the synthetic side, extensive collaboration between 

organic chemists and materials engineers is required to 

establish a trade-off between sustainability of synthetic 

procedures and performance of the obtained materials. 

On the processing side, the removal of insulating sur

factants, control of water-induced microstructure, long- 

term stability under humidity, and compatibility with 

flexible substrates are still active areas of investigation. 

A key frontier is establishing fully aqueous workflows, 

where materials are synthesized, formulated in water 

and deposited exclusively from water.

Such a unified approach promises unprecedented sus

tainability and scalability for printed electronics. 

Continued innovation in biodegradable surfactants, 

recyclable aqueous media, water-compatible catalysts, 

and water-stable device architectures will be essential to 

achieving this vision.

Ultimately, water is no longer a compromise medium―it 

is a functional, tunable, and sustainable platform 

capable of supporting the next generation of organic 

semiconductors and printed electronic technologies.

Declaration of competing interest
The authors declare the following financial interests/ 

personal relationships which may be considered as 

potential competing interests: Luca Beverina reports 

financial support was provided by European Commis

sion. If there are other authors, they declare that they 

have no known competing financial interests or personal 

relationships that could have appeared to influence the 

work reported in this paper.

Acknowledgment
The authors gratefully acknowledge support from Ho

rizon-eic-2023-pathfinderchallenges project GRETA 

(green, organic and printed ultra-high frequency iden

tification tags) under Grant Agreement n◦ 101161032.

Data availability 
No data was used for the research described in the 

article.

References
Papers of particular interest, published within the period of review, 
have been highlighted as: 

* of special interest 
* * of outstanding interest

1. Arthur Sheldon R: The E factor at 30: a passion for pollution 
prevention. Green Chem 2023, 25:1704 – 1728. https://doi.org/ 
10.1039/D2GC04747K.

2. Lukyanov DA, Levin OV: Inkjet printing with (semi)conductive 
conjugated polymers: a review. ChemEngineering 2024, 8:53. 
https://doi.org/10.3390/chemengineering8030053.

3. �Slusarczyk K, Flejszar M, Chmielarz P: From non-conventional 
ideas to multifunctional solvents inspired by green chemis
try: fancy or sustainable macromolecular chemistry? Green 
Chem 2023, 25:522 – 542. https://doi.org/10.1039/D2GC03558H.

4. Clarke CJ, Tu W-C, Levers O, Bröhl A, Hallett JP: Green and 
sustainable solvents in chemical processes. Chem Rev 
2018, 118:747 – 800. https://doi.org/10.1021/ 
acs.chemrev.7b00571.

5. Zhang C, Yao L, Pu M, Zhou C: Recent material development 
and applications of conjugated polyelectrolytes by leveraging 
electronic and ionic transport properties. RSC Appl Polym 
2025, 3:549 – 573. https://doi.org/10.1039/D5LP00012B.

6
* *
. Li Q, Huang J-D, Liu T, van der Pol TPA, Zhang Q, Jeong SY, 

et al.: A highly conductive n-Type conjugated polymer syn
thesized in water. J Am Chem Soc 2024, 146:15860 – 15868. 
https://doi.org/10.1021/jacs.4c02270.

This work presents the synthesis of a novel n-type conductive poly
mer (PDADF) obtainable from polymerization in water, and process
able from water. The material displays remarkable conductivity (up to 
66 S cm−1) and stability under air (90% retention of the electrical 
conductivity after 146 days). PDADF configures as the n-type equiv
alent of PEDOT:PSS.

7
* *
. Liu T, Heimonen J, Zhang Q, Yang C-Y, Huang J-D, Wu H-Y, 

et al.: Ground-state electron transfer in all-polymer donor: 
acceptor blends enables aqueous processing of water- 
insoluble conjugated polymers. Nat Commun 2023, 14:8454. 
https://doi.org/10.1038/s41467-023-44153-7.

This contribution demonstrates that a water-insoluble conductive 
polymer can be formulated to obtain an aqueous ink by use of a p- 
type polyelectrolyte promoting ground-state electron transfer. This 
approach not only allows to process conductive polymers from water, 
but also enhances their performances thanks to the mutual electrical 
doping in the donor:acceptor blend.

8. Tropp J, Mehta AS, Ji X, Surendran A, Wu R, Schafer EA, et al.: 
Versatile Poly(3,4-ethylenedioxythiophene) polyelectrolytes 
for bioelectronics by incorporation of an activated ester. 
Chem Mater 2023, 35:41 – 50. https://doi.org/10.1021/ 
acs.chemmater.2c02315.

6 VSI: Green methods in chemistry in water (2026)

Current Opinion in Green and Sustainable Chemistry 2026, 60:101079 www.sciencedirect.com

https://doi.org/10.1039/D2GC04747K
https://doi.org/10.1039/D2GC04747K
https://doi.org/10.3390/chemengineering8030053
https://doi.org/10.1039/D2GC03558H
https://doi.org/10.1021/acs.chemrev.7b00571
https://doi.org/10.1021/acs.chemrev.7b00571
https://doi.org/10.1039/D5LP00012B
https://doi.org/10.1021/jacs.4c02270
https://doi.org/10.1038/s41467%2D023%2D44153%2D7
https://doi.org/10.1021/acs.chemmater.2c02315
https://doi.org/10.1021/acs.chemmater.2c02315


9. Fan X, Stott N E, Zeng J, Li Y, Ouyang J, Chu L, et al.: PEDOT: 
PSS materials for optoelectronics, thermoelectrics, and 
flexible and stretchable electronics. J Mater Chem A 2023, 11: 
18561 – 18591. https://doi.org/10.1039/D3TA03213B.

10. Sorhie V, Alemtoshi Gogoi B, Walling B, Acharjee SA, 
Bharali P: Role of micellar nanoreactors in organic chem
istry: green and synthetic surfactant review. Sustain Chem 
Pharm 2022, 30, 100875. https://doi.org/10.1016/ 
j.scp.2022.100875.

11. Prasoon A, Yu X, Hambsch M, Bodesheim D, Liu K, Zacarias A, 
et al.: Site-selective chemical reactions by on-water surface 
sequential assembly. Nat Commun 2023, 14:8313. https:// 
doi.org/10.1038/s41467-023-44129-7.

12
*

. Prasoon A, Ghouse S, Nguyen NN, Yang H, Müller A, Naisa C, 
et al.: Mimicking on-water surface synthesis through micellar 
interfaces. Nat Commun 2024, 15, 10495. https://doi.org/ 
10.1038/s41467-024-54962-z.

This study uses micellar structures to mimic the on-water surface, 
where it is possible to promote several condensation reactions tuning 
the reactivity thanks to the confined surface and geometry. This 
approach allows for preparation of both small molecules, and 2D π- 
conjugated polymers.

13
*

. Mattiello S, Rooney M, Sanzone A, Brazzo P, Sassi M, 
Beverina L: Suzuki-Miyaura micellar cross-coupling in 
water, at room temperature, and under aerobic atmo
sphere. Org Lett 2017, 19:654 – 657. https://doi.org/10.1021/ 
acs.orglett.6b03817.

One of the very first papers where micellar catalysis is explicitly 
introduced as a tool for the preparation of conjugated molecules of 
interest for printed electronics.

14. Sanzone A, Calascibetta A, Monti M, Mattiello S, Sassi M, 
Corsini F, et al.: Synthesis of conjugated polymers by sus
tainable suzuki polycondensation in water and under aerobic 
conditions. ACS Macro Lett 2020, 9:1167 – 1171. https:// 
doi.org/10.1021/acsmacrolett.0c00495.

15. Sanzone A, Calascibetta A, Ghiglietti E, Ceriani C, Mattioli G, 
Mattiello S, et al.: Suzuki-Miyaura micellar one-pot synthesis 
of symmetrical and unsymmetrical 4,7-Diaryl-5,6-difluoro- 
2,1,3-benzothiadiazole luminescent derivatives in water and 
under air. J Org Chem 2018, 83:15029 – 15042. https://doi.org/ 
10.1021/acs.joc.8b02204.

16. Mattiello S, Ghiglietti E, Zucchi A, Beverina L: Selectivity in 
micellar catalysed reactions. The role of interfacial dipole, 
compartmentalisation, and specific interactions with the 
surfactants. Curr Opin Colloid Interface Sci 2023, 101681. 
https://doi.org/10.1016/j.cocis.2023.101681.

17. Lipshutz BH, Ghorai S, Abela AR, Moser R, Nishikata T, 
Duplais C, et al.: TPGS-750-M: a second-generation amphi
phile for metal-catalyzed cross-couplings in water at room 
temperature. J Org Chem 2011, 76:4379 – 4391.

18. Parmentier M, Wagner M, Wickendick R, Baenziger M, 
Langlois A, Fabrice Gallou: A general kilogram scale protocol 
for suzuki-miyaura cross-coupling in water with TPGS-750- 
M surfactant. Org Process Res Dev 2020, 24:1536 – 1542. 
https://doi.org/10.1021/acs.oprd.0c00281.

19
* *

. Hauk P, Trienes S, Gallou F, Ackermann L, Wencel-Delord J: 
Next-generation functional surfactant for mild C−H arylation 
under micellar conditions. Chem Catal 2024, 4, 101146. 
https://doi.org/10.1016/j.checat.2024.101146.

In this study, a designer surfactant (PyOH-750-M) containing a 
coordinating unit allows to perform Ru-catalyzed C – H activation 
using water as the reaction medium. Due to the presence of the 
ligand in the surfactant structure, the arylations performs remarkably 
well even at 35 ◦C. The surfactant can also be recovered and 
recycled.

20. Pouliot J-R, Grenier F, Blaskovits JT, Beaupré S, Leclerc M: 
Direct (hetero)arylation polymerization: simplicity for conju
gated polymer synthesis. Chem Rev 2016, 116:14225 – 14274. 
https://doi.org/10.1021/acs.chemrev.6b00498.

21. Sengoden M, Bhat GA, Rutledge RJ, Rashid S, Dar AA, 
Darensbourg DJ: Micellar catalysis: polymer bound palladium 
catalyst for carbon-carbon coupling reactions in water. Proc 
Natl Acad Sci 2023, 120, e2312907120. https://doi.org/10.1073/ 
pnas.2312907120.

22
*

. Sanzone A, Mattiello S, Garavaglia GM, Calascibetta AM, 
Ceriani C, Sassi M, et al.: Efficient synthesis of organic 
semiconductors by Suzuki – Miyaura coupling in an aromatic 
micellar medium. Green Chem 2019, 21:4400 – 4405. https:// 
doi.org/10.1039/C9GC01071H.

Instructive example of designer surfactant specifically targeting con
jugated materials for printed electronics.

23
* *

. Kincaid JRA, Wong MJ, Akporji N, Gallou F, Fialho DM, 
Lipshutz BH: Introducing savie: a biodegradable surfactant 
enabling Chemo- and biocatalysis and related reactions in 
recyclable water. J Am Chem Soc 2023, 145:4266 – 4278. 
https://doi.org/10.1021/jacs.2c13444.

Next generation designer surfactant leveraging on the previous con
tributions by the same group but also critically introducing 
biodegradability.

24. Behrendt JM, Esquivel Guzman JA, Purdie L, Willcock H, 
Morrison JJ, Foster AB, et al.: Scalable synthesis of multi
colour conjugated polymer nanoparticles via Suzuki- 
Miyaura polymerisation in a miniemulsion and application in 
bioimaging. React Funct Polym 2016, 107:69 – 77.

25. Muenmart D, Foster AB, Harvey A, Chen M-T, Navarro O, 
Promarak V, et al.: Conjugated polymer nanoparticles by 
Suzuki – Miyaura cross-coupling reactions in an emulsion at 
room temperature. Macromolecules 2014, 47:6531 – 6539. 
https://doi.org/10.1021/ma501402h.

26. Rahmanudin A, Marcial-Hernandez R, Zamhuri A, Walton AS, 
Tate DJ, Khan RU, et al.: Organic semiconductors processed 
from Synthesis-to-device in water. Adv Sci 2020, 7, 2002010. 
https://doi.org/10.1002/advs.202002010.

27. Ceriani C, Scagliotti M, Losi T, Luzio A, Mattiello S, Sassi M, 
et al.: Organic solvent free synthesis and processing of 
semiconducting polymers for field effect transistors in 
waterborne dispersions. Adv Electron Mater 2023, 2201160. 
https://doi.org/10.1002/aelm.202201160.

28. Martínez J, Cortés JF, Miranda R: Green chemistry metrics, A 
review. Processes 2022, 10:1274. https://doi.org/10.3390/ 
pr10071274.

29. Sheldon RA: Metrics of green chemistry and sustainability: 
past, present, and future. ACS Sustainable Chem Eng 2018, 6: 
32 – 48. https://doi.org/10.1021/acssuschemeng.7b03505.

30. Bardow A, Pérez-Ramírez J, Sala S, Vaccaro L: Measuring 
green chemistry: methods, models, and metrics. Green 
Chem 2024, 26:11016 – 11018. https://doi.org/10.1039/ 
D4GC90118E.

31. Hwang T, Kim Y, Seo J, Park J, Kang M, Hou B, et al.: Sus
tainable aqueous emulsification of polymer semi
conductors for ecofriendly, streamlined organic 
electronics. Small Struct 2025, 2400659. https://doi.org/ 
10.1002/sstr.202400659.

32. Iervolino F, Suriano R, Cavallaro M, Castoldi L, Levi M: 
Additively manufactured polymers for electronic compo
nents. Appl Sci 2025, 15:8689. https://doi.org/10.3390/ 
app15158689.

33
*

. Gwiazda M, Lidster BJ, Waters C, Wongpanich J, Turner ML: 
Surfactant-free preparation of conjugated polymer nano
particles in aqueous dispersions using sulfate functionalized 
fluorene monomers. J Am Chem Soc 2024, 146:27040 – 27046. 
https://doi.org/10.1021/jacs.4c08985.

In this work, conjugated polymer nanoparticles are prepared in 
miniemulsion polymerization in the absence of a surfactant. The 
dispersibility of the polymerized material is ensured by the presence 
of 2 – 20% of a sulfate-bearing monomeric unit, which act as a “self- 
emulsifier” for the final polymer.

Water enables sustainable printed electronics Crosta et al. 7

www.sciencedirect.com Current Opinion in Green and Sustainable Chemistry 2026, 60:101079

https://doi.org/10.1039/D3TA03213B
https://doi.org/10.1016/j.scp.2022.100875
https://doi.org/10.1016/j.scp.2022.100875
https://doi.org/10.1038/s41467%2D023%2D44129%2D7
https://doi.org/10.1038/s41467%2D023%2D44129%2D7
https://doi.org/10.1038/s41467%2D024%2D54962%2Dz
https://doi.org/10.1038/s41467%2D024%2D54962%2Dz
https://doi.org/10.1021/acs.orglett.6b03817
https://doi.org/10.1021/acs.orglett.6b03817
https://doi.org/10.1021/acsmacrolett.0c00495
https://doi.org/10.1021/acsmacrolett.0c00495
https://doi.org/10.1021/acs.joc.8b02204
https://doi.org/10.1021/acs.joc.8b02204
https://doi.org/10.1016/j.cocis.2023.101681
http://refhub.elsevier.com/S2452-2236(26)00021-0/sref17
http://refhub.elsevier.com/S2452-2236(26)00021-0/sref17
http://refhub.elsevier.com/S2452-2236(26)00021-0/sref17
http://refhub.elsevier.com/S2452-2236(26)00021-0/sref17
https://doi.org/10.1021/acs.oprd.0c00281
https://doi.org/10.1016/j.checat.2024.101146
https://doi.org/10.1021/acs.chemrev.6b00498
https://doi.org/10.1073/pnas.2312907120
https://doi.org/10.1073/pnas.2312907120
https://doi.org/10.1039/C9GC01071H
https://doi.org/10.1039/C9GC01071H
https://doi.org/10.1021/jacs.2c13444
http://refhub.elsevier.com/S2452-2236(26)00021-0/sref24
http://refhub.elsevier.com/S2452-2236(26)00021-0/sref24
http://refhub.elsevier.com/S2452-2236(26)00021-0/sref24
http://refhub.elsevier.com/S2452-2236(26)00021-0/sref24
http://refhub.elsevier.com/S2452-2236(26)00021-0/sref24
https://doi.org/10.1021/ma501402h
https://doi.org/10.1002/advs.202002010
https://doi.org/10.1002/aelm.202201160
https://doi.org/10.3390/pr10071274
https://doi.org/10.3390/pr10071274
https://doi.org/10.1021/acssuschemeng.7b03505
https://doi.org/10.1039/D4GC90118E
https://doi.org/10.1039/D4GC90118E
https://doi.org/10.1002/sstr.202400659
https://doi.org/10.1002/sstr.202400659
https://doi.org/10.3390/app15158689
https://doi.org/10.3390/app15158689
https://doi.org/10.1021/jacs.4c08985

	Synthesis and processing of π-conjugated derivatives in aqueous media: Introducing sustainability in printed electronics
	Intro
	Synthesis – intrinsically water-soluble polymers
	PEDOT:PSS as the foundational aqueous system
	Overcoming hydrophobicity: role of surfactants
	On water surface approaches
	In water approaches
	Preparation and use of stable aqueous formulations of conjugated polymers
	Outlook for aqueous synthesis and processing of conjugated derivatives
	Declaration of competing interest
	Acknowledgment
	Data availability
	References


