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Systematic side-chain engineering of conjugated polymers enables the tailored formation of
nanoparticle-based, water-processed organic solar cells. By systematically varying the alkoxy side-chain
length in benzo[c]thiadiazole polymers, this study reveals how side-chain extension modifies the film
morphology upon thermal annealing and enables efficient OPV device fabrication from eco-friendly
aqueous dispersions. Unlike previous research, which focused mainly on device efficiency or solvent
choice, this approach links polymer design directly to nanoparticle properties and the thermal treatment
temperature necessary to achieve optimized thin film morphology and crystallinity. The FOS8-T:Y6
nanoparticles-based blend achieves over 10% power conversion efficiency with mild thermal treatment,
establishing a new benchmark for green, scalable organic photovoltaics. These findings provide
actionable molecular design rules to achieve high performance nanoparticle-based OPVs for improved

sustainability.

Abstract

Organic photovoltaics (OPVs) have recently exceeded 20% power conversion efficiency (PCE),
reinforcing their potential for commercialisation. However, large-scale adoption also depends on
environmental impact, toxicity, cost, stability, and scalability. Conventional wet-processing routes
typically rely on hazardous organic solvents, whereas aqueous nanoparticle (NP) dispersions offer a
greener alternative and have already enabled device efficiencies above 10%. Yet strategies to tailor
conjugated materials specifically for NP-based processing remain unexplored.

This work examines how alkyl side-chain length influences the performance of nanoparticle bulk
heterojunctions. We investigated three conjugated polymers, FO4-T, FO6-T, and FOS-T, which derived
from a benzo[c][1,2,5]thiadiazole-based backbone and bearing 2-butyl-1-octoxy, 2-hexyl-1-decoxy and
2-octyl-1-dodecoxy side chains, respectively. Donor-acceptor blend NPs were prepared via the
miniemulsion method using Y6 as the non-fullerene acceptor. We correlated optical properties, NP
characteristics, film microstructures, thermal annealing behaviour, and device performances to the

macromolecular structure.
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Our findings show that side-chain length strongly influences nanoparticle-based thin ﬁlmD@Ql?%%%@\%% oase
its behaviour upon thermal treatment and the resulting photovoltaic efficiency. Among the series, FO8-
T:Y 6 exhibited the most favourable microstructure with a thermal treatment lower than FO4-T and FO6-
T counterparts and delivered power conversion efficiencies up to 10.64%. This study establishes

structure—property relationships for water-processed organic solar cells and highlights side-chain

engineering as a key lever for advancing eco-friendly, high-performance active layers.

1 Introduction

Over the past year, the organic photovoltaics (OPV) community has finally achieved the surpassing of
the 20% power conversion efficiency (PCE) milestone, with reported certified efficiencies up to 20.8%.!-
3 This advance underscores OPV’s promise for expanding the photovoltaic markets, yet high PCE alone
is insufficient for commercialization. Other factors such as upscaling of organic solar cells (OSCs), their
toxicity, stability, overall cost and life cycle need to be taken into consideration and addressed for their
commercial success.*® The lab-to-fab transition is enabled by using wet-process fabrication techniques

that present the advantage of being low-cost and versatile to produce large-area OSCs.” However, they

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

often require hazardous organic solvents, such as halogenated or chlorinated compounds, which pose

significant safety and environmental concerns. Numerous studies have explored the use of green (or

Open Access Article. Published on 02 March 2026. Downloaded on 3/2/2026 11:29:00 PM.

greener) solvents for the deposition of the photoactive materials, but few have evaluated all the factors

(cc)

necessary for solvent sustainability, including environmental impact, hazard potential and feedstock
origin.!®-13 Several solvent selection guides have been developed as tools to assess the sustainability of
a solvent for its use in the industry.'* However, only a few solvents qualify as genuinely “green”, and
even fewer are forming efficient active layers for OSCs. While water is often considered an ideal
sustainable solvent, its practical relevance for OPV is limited by the poor solubility of most organic
semiconductors. Efforts to solubilize these materials in water or water/alcohol mixtures for photoactive
layer deposition have typically resulted in low efficiencies, as they often rely on incorporating bulky,

water-compatible side groups which are detrimental for electrical properties. This challenge can be
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overcome by the fabrication of aqueous dispersions of organic semiconductors nanopartic

DOI: 10.1039/D

introduction of the miniemulsion method by Landfester et al. in the early 2000’s, this strategy has
evolved and now represents a viable route for producing eco-friendly OSCs with efficiencies exceeding
10%.15-19

In addition to providing a safer and cleaner route to form the active layer, this strategy allows researchers
to harness the unique form factor of the nanoparticles to control the active layer morphology.?
Nevertheless, more fundamental studies are needed to guide the development of high performing, water-
processed active layers. Building on efforts to develop organic semiconductors compatible with green
solvents, new design strategies need to be established for conjugated materials tailored to be processed
as nanoparticles suitable for efficient OSCs.?!

Alkyl side chains play a crucial role in conjugated polymers by enhancing their solubility and, in turn,
their processability. Beyond this, side-chain modification can significantly influence the properties of
both the polymers themselves, and the OSCs derived from them.?? For example, while longer side chains
generally improve solubility, they can hinder charge transport and disrupt optimal phase segregation.
Moreover, careful side-chain engineering has been shown to promote favorable molecular aggregation
and improve crystallinity.?3-26

In the preparation of bulk heterojunction nanoparticles (np-BHJ), parameters such as the synthesis
method (miniemulsion or nanoprecipitation) and the choice of surfactant and can remarkably impact the
internal nanoparticle morphology and processability of np-BHJ.?’ Evaluating whether variations in
polymer alkyl side chain length exerts a comparable influence is essential for the optimizing np-BHJ
formulation for high efficiency OSCs. Previous studies have shown that changing from linear to
branched alkyl side chains alters the internal morphology of the nanoparticles through changes in surface
energy.?® 2 However a systematic investigation into the impact of branching chain length on
nanoparticle formation and OPV device performance is yet to be established.

In our previous work, we developed a versatile two-step synthetic approach to construct a library of
conjugated polymers incorporating a benzo[c][1,2,5]thiadiazole electron-acceptor unit, which readily
enabled the introduction of different alkoxy chains.’® By further combining this unit with thiophene-

based electron-donor units, a broad range of polymer structures were screened. Among these, the co-
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polymer with thiophene, FO6-T, proved particularly promising, achieving a powelaro‘p%;llggg% M onne
efficiency (PCE) of 15.4% in a binary blend with L8-BO as the acceptor and good device stability.3! In
addition to its good OPV performance, its low synthetic complexity makes it an attractive candidate for
potential upscaling. Herein, we focus on three different polymers, namely FO4-T, FO6-T and FOS8-T,
with different alkoxy side chains, 2-butyl-1-octoxy, 2-hexyl-1-decoxy and 2-octyl-1-dodecoxy
respectively (Figure 1a). The number in the polymer name denotes the length of the shorter alkyl chain
in the branched structure. The objective of this study is to investigate the influence of side-chain length
on the performance of nanoparticle-based (NP) active-layer OPV devices, as well as on the thermal
annealing temperature necessary to induce NP coalescence. For this purpose, the non-fullerene acceptor
Y6%? was employed as the small-molecule acceptor, forming composite donor/acceptor nanoparticles
with each FOx-T polymer via the miniemulsion method. The optical properties, physical characteristics
and device performances of the polymers with Y6 were analyzed and correlated to the microstructures
of the films. As a result, we present a comprehensive study on their structure-property relationships, as

well as report a high performing NP-based OSC blend, FO8-T:Y6, obtaining device efficiencies of up

to 10.64 %.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

2 Results and Discussion
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2.1 FOx-T:Y6 Aqueous Dispersions Preparation and Characterization

(cc)

Following the miniemulsion protocol, colloidal dispersions were obtained by mixing an organic
phase containing either FO4-T:Y6, FO6-T:Y6 or FO8-T:Y6 (see Figure 1a) in a chloroform solution
with a water phase consisting of the surfactant sodium dodecyl sulfate (SDS) in water. For all three
dispersions, the donor:acceptor ratio was kept at 1:1.2 and their initial concentration in chloroform was
35 mg ml!. The ratio between the organic and aqueous phase was kept at 1:5 and the concentration of
surfactant in water was 5 mg ml’'. Finally, stable colloidal dispersions were obtained with a similar
diameter for all three dispersions around 60 nm measured by means of dynamic light scattering (DLS)
(Figure S2 and Table S2). To investigate the internal nanoparticles morphology and verify their size,

cryogenic transmission electron microscopy (cryo-TEM) measurements were conducted (Figure 1b and
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Figure S3), confirming particle sizes of approximately 60 nm in all cases. Moreover, the images
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that the nanoparticles were predominantly spherical, but morphology and size distribution was
somewhat dependent on side-chain length. FO8-T:Y6 showed the most uniform and well-defined
particles, whereas FO6-T:Y6 exhibited greater polydispersity and partial aggregation.

UV-visible absorbance spectroscopy was performed for each of the three dispersions, as shown in Figure
lc. All polymers exhibited similar spectral features, with an absorption peak in the high energy region
around 350—400 nm, and two additional peaks in the lower energy region from 600—700 nm. Therefore,
in these regions, the synthesized nanoparticles of FOx-T:Y 6 share the same spectral signature. Looking
more closely at the Y6 region (700-850 nm), the composite nanoparticle FO8-T:Y6 presents a higher
contribution of Y6 absorption. This is probably due to a lower absorption coefficient of the FO8-T
polymer as previously observed for polymers when increasing the side chain length.3?

The photoluminescence (PL) of the np-BHJ was measured in dispersion to investigate a possible
influence on the internal nanoparticle morphology, and the spectra are plotted in Figure 1d. When
excited in the polymer region (A = 624 nm), the FOx-T fluorescence was fully quenched, suggesting
an intimate internal morphology which favours the exciton dissociation generated in the polymer. On
the other hand, one can clearly still see that the fluorescence of Y6 (800 — 1150 nm) is not totally
quenched. Similar fluorescence results were observed with PTQ10:Y6 np-BHIJ.'"® Concerning the
influence of the side chain length, one can see a slightly higher quenching of the Y6 signal in the FO4-
T:Y6 np-BHJ compared to FO6-T:Y6 and FO8-T:Y6 np-BHJ, 10% and 13% respectively and relative
to FO4-T:Y6. Except for this small difference, no significant influence of the polymer alkyl chain
extension was observed, indicating that the aggregation behavior and crystallinity of the np-BHJ are
largely preserved despite this structural modification. However, it should be noted that the internal FOx-
T:Y6 nanoparticle morphology is not fully resolved, as cryo-TEM and PL quenching do not allow

unambiguous determination of internal segregation or phase purity.
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Figure 1. (a) Chemical structures of FO4-T, FO6-T, FO8-T donor polymers and Y6 acceptor small

molecule. (b) Cryo-TEM images of FO4-T:Y6, FO6-T:Y6 and FO8-T:Y6 composite nanoparticles

(scale bars are 50 nm). (¢) UV-visible absorption and (d) PL spectra of FO4-T:Y6, FO6-T:Y6, FOS8-

T:Y6 nanoparticles dispersions. The wavelength of the PL excitation was set at 624 nm.

2.2 Water-Processed OSCs Performances

The effect of the donor alkyl chain length on the processing of NP-BHIJ films was examined through the

fabrication and characterization of organic solar cells (OSCs). The devices were fabricated using an

inverted architecture: Glass/ITO/ZnO/np-BHJ/MoOs/Ag (see Figure 2a). After deposition of the ZnO

electron transport layer (ETL) onto the transparent ITO electrode, the various aqueous colloidal

7
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dispersions were spin-coated onto the UV—-Os-treated ETL surface. Subsequently, the BBE]?&&@%%%@Q;S

were submitted to thermal annealing at various temperatures ranging from 140°C to 200°C in an N,
environment. Note that some layers were only dried at room temperature (RT) in the same inert
environment. The fabrication of OSCs was completed by thermally evaporating MoO; and Ag as hole
transport layer (HTL) and top electrode respectively. Current density — Voltage (J-V) characteristics of
the three donor:acceptor systems with varying thermal annealing temperatures are presented in Table 1
and Figure S5, and the power conversion efficiency (PCE) is summarized in Figure 2b. Without any
thermal treatment, the OSCs are suffering from low efficiencies for all three systems, mainly due to
modest short-circuit current density (J,.). We assign this to structure of the as-cast nanoparticulate film,
where numerous grain boundaries at the NPs interfaces can hinder the transport of photogenerated
charges through the film.** When annealed at 140°C, the FO8-T:Y6 NPs-based OSC exhibits a strong
improvement in both Ji. (19.99 mA cm2) and fill factor (FF, 0.56), leading to an average PCE of 7.33%.
The two systems with shorter polymer sidechains also experienced similar increase in J;. but remain
limited by their FF and open-circuit voltage (V,.), with average PCE of 5.85% and 3.38% for FO6-T:Y6
and FO4-T:Y6, respectively. Increasing the annealing temperature to 170°C further improved the
performance FO8-T:Y6, affording an average PCE 0of 9.54% with a V. 0f 0.69 V, a J;. of 21.47 mA cm-
2, and a FF of 0.65. Both FO6-T:Y6 and FO4-T:Y6 also benefited from annealing at this temperature,
in particular the FO6-T:Y6 system which reached an average PCE of 8.79%. At 200°C, the blends with
shorter side chains (FO4-T:Y6 and FO6-T:Y6) achieved their optimal performances with an average
PCE of 7.69% and 8.80% respectively. As typically observed in NPs-based OSCs, the FF was the
parameter that was most enhanced elevated annealing temperatures. Surprisingly, FO8-T:Y6 deviated
from this trend, with a large drop in all PV parameters (V,, Js. and FF), leading to a decrease in PCE to
an average of 3.12%. These results reveal three distinct trends among the systems. FO8-T:Y6 np-BHJ
OSC exhibits optimal annealing temperature of 170°C, followed by a sharp decline at higher
temperatures. FO6-T:Y6 np-BHJ OSC also reaches its optimal efficiency at 170°C, followed by a
plateau in performance when annealed at higher temperatures. In contrast, FO4-T:Y6 np-BHJ OSC
requires higher temperatures to reach the same performances as the OSCs based on longer alkyl chains,

with an optimal temperature of 200°C.


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ta00092d

Page 9 of 23 Journal of Materials Chemistry A

The changes in optical absorption of the np-BHJ films were also investigated Wi%lowq}.]lb‘g%%%g\%% oase
spectroscopy as well as the external quantum efficiencies (EQE) spectra of the corresponding devices.
The absorbance of the np-BHJ films dried, and annealed at 140°C, 170°C and 200°C are shown in Figure
S6. For each condition, the ratio between the Y6 peak (around 840 nm) and the FOx-T polymers peak
(around 675 nm) was calculated. This ratio increases with the side chain length and for all annealing
temperatures. These results suggest that when subject to thermal energy, the organization inside the
composite particles tends to be more affected when increasing the polymer’s side chain length.
Furthermore, the drop of performance observed for the FO8-T:Y6 np-BHJ OSCs annealed at 200°C is
explained by the EQE which shows a major decrease in photogenerated charges, likely due to increasing
geminate recombination (see Figure S7). Again, such a change indicates a strong influence of the side-
chain length on the processing and hence the thin film morphology prepared from nanoparticles, which
will be discussed in the next section.

The np-BHJ OSC performances have been compared with those of OSCs devices processed from
chloroform and DIO solutions (noted BHI) obtained in a previous study.® The BHJ OSC (FOx-T:Y6

ratio 1:1.2) do not show the same trend in performance as the water-processed devices (Table 1). When

processed from organic solvents, the FO6-T:Y6 BHJ devices clearly show higher efficiencies than both

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

FO4-T:Y6 and FO8-T:Y6 BHJ.*® In this regard, a larger performance gap is observed between FO6-

T:Y6 np-BHIJ solar cells and their organic solvent-procced counterpart FO6-T:Y6 BHJ, 8.80% and

Open Access Article. Published on 02 March 2026. Downloaded on 3/2/2026 11:29:00 PM.

14.10% respectively. By contrast, the FO8-T:Y6 np-BHJ show only a small difference from their BHJ

(cc)

equivalents, with 9.54% and 10.70% PCE achieved respectively. Last, FO4-T:Y6 np-BHJ also show
lower performances compared to FO4-T:Y6 BHJ, 7.69% and 9.8% PCE respectively. These differences
in all np-BHJ FOx-T:Y6 OSC devices is mostly due to a lower J,. compared to BHJ FOx-T:Y 6 devices.
This difference can be explained by the residual Y6 fluorescence observed in np-BHJ, suggesting that
not all excitons formed in Y6 are dissociated, increasing therefore geminate recombination. In addition,
the V. of np-BHJ OSC is slightly lower in all cases than that of BHJ OSC by ~100 mV and similar kind
of difference was also observed for PTQ10:Y6.!® The origin of such loss is still unclear, and work is

currently on going to understand its cause (lower CT state energy, increased recombinations...).
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Nevertheless, when optimized with the proper thickness (around 170 nm), annealing tirn% (2 1%%1 é/eggig\%% oare
filtration the FO8-T:Y 6 np-BHJ devices reached a record efficiency of 10.64% (and average 10.40%),
hence closing the gap with the BHJ devices (see Table S3). The J;. achieved for np-BHJ FO8-T:Y6 is
similar to that of BHJ counterpart (24.17 and 24.16 mA cm-2 respectively). Although a V. loss of 83
mV is noted, this is balanced by the larger FF (0.61 versus 0.57), allowing the water-processed devices
to compete with their organic solvent-processed counterpart. Notably, this PCE ranks among the best
performances reported for water-processed OSCs, in particular those utilizing nanoparticles produced
by miniemulsion methods (Figure 2d). In addition, higher performances were also obtained with FO4-
T:Y6 and FO6-T:Y6 OSCs thanks to slight optimisation of the thicknesses (around 180 nm) and process
(filtration), and up to 9.45% (average 9.01%) and 9.88% (average 9.05 %) PCE respectively were

achieved (Table S3). These results demonstrate a good compatibility of the FOx-T polymer library with

this environmentally friendly process.
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Figure 2: (a) The energy levels® of the polymers and the NFA Y6 as well as the OSC device

architecture used in this work. (b) Average PCE vs. the annealing temperature for the OSCs based on
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the active layer FO4-T:Y6, FO6-T:Y6 and FO8-T:Y6. Thick color bands correspond to the calculated

standard deviation on 4 to 8 devices. (¢) J-V curve from the FOx-T:Y6 hero cells corresponding to
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Table S3. (d) Efficiency evolution over the years of organic solar cells processed from water.

(cc)

Table 1. Average OPV performances of optimised FOx-T:Y6 (1:1.2) np-BHJ and BHJ devices extracted

from a minimum of 8 devices with varying annealing temperature.

Active layer Annealing temperature (°C) Jse (MA cm?) Voe (V) FF PCE (%)
RT 11.16 0.62 0.44 3.08 +£0.21
FO4-T:Y6
(1:1.2) 140 19.25 0.45 0.38 3.38+0.92
np-BHJ
170 22.01 0.58 0.47 6.00 £ 0.67
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200 20.66 0.62 060 D% e810G50T100092D
FO4-T:Y6
(1:1.2) BHJ* 100 2.72 0.75 0.58 9.80
RT 10.63 0.64 037 2544037
FO6-T:Y6
112 140 19.02 0.62 0.48 5.85+1.59
np-BHJ
170 23.04 0.66 0.57 879+ 1.16
200 2275 0.66 0.58 8.80 + 0.45
FO6-T:Y6
(1:1.2) BHJ* 100 26.70 0.79 0.67 14.10
RT 12.45 0.68 0.42 3.61+0.56
FOS-T:Y6
112 140 18.99 0.69 0.56 733+ 1.02
np-BHJ
170 21.47 0.69 0.65 9.54+0.19
200 11.81 0.48 0.55 3.1240.17
FOS-T:Y6
(1:1.2) BHJ* 100 24.16 0.79 0.57 10.7

aBHIJ devices made with chloroform + DIO reported in a previous work.3°

2.3 Correlation Between Film Microstructure and OSCs Performances

Differential scanning calorimetry (DSC) was conducted to probe the thermal transitions of the polymers

and Y6 (thermograms are provided in Figures S8-10). Two sets of samples were investigated: FOx-

T:Y6 blends cast from chloroform solutions, and the corresponding nanoparticles. In the chloroform-

cast blends, the glass transition temperatures (T,) of Y6, FO6-T, and FO8-T were observed at 210 °C,

180 °C, and 120 °C, respectively, whereas FO4-T displayed no detectable T,. Thus, the increase in the

side-chain volume leads to a progressive decrease in the polymers’ glass transition temperatures,

consistent with enhanced chain flexibility and resulting in the highest bulk segregation for the FO8T:Y6

blend leading to the decrease of OPV performance for the devices annealed at 200°C. For all three blends

12
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polymer:Y6, a cold crystallization event was recorded between 220 and 230 °C, attriDb&j[?gl Ot%/e“DIZ_ﬁr;\%% oare
occurring once its T, was exceeded, and molecular rearrangement became possible. In a blend with FO4-
T, bearing the shortest alkyl side chains, Y6 exhibits a single melting transition at 290 °C, consistent
with crystallization behavior analogous to the neat acceptor and indicative of limited intermolecular
interactions. Incorporation of FO6-T, with intermediate side chain lengths, results in two distinct melting
transitions at 290 °C and 310 °C, evidencing the coexistence of neat-like Y6 domains and a stabilized
crystalline polymorph promoted by the polymer environment. By contrast, blending with FO8-T, which
possesses the longest alkyl substituents, yields exclusively the higher-temperature transition at 310 °C,
demonstrating strong side-chain-mediated interactions that favor the formation of a distinct and
thermally robust Y6 crystalline phase. Several Y6 melting peaks were also reported by Zhou et al. in
the case of the PM6:Y 6 blend cast from different solvents and this was also linked to the donor-acceptor
thin film morphology driven by the solvent.?

DSC characterization of the nanoparticles was limited to 240 °C to prevent SDS degradation within the
instrument (Figure S9). The analysis consistently revealed an additional transition at 95 °C, attributed

to SDS melting. Cold crystallization of Y6 was observed in both pure Y6 nanoparticles and all

polymer:Y6 blends around 225 °C, indicating that the miniemulsion process partially restricts its

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

crystallization. A melting signal at 195 °C was detected in pure Y6 and FO4-T:Y 6 nanoparticles, similar

to observations previously reported for PTQ10:Y6 nanoparticles prepared via miniemulsion.!® This

Open Access Article. Published on 02 March 2026. Downloaded on 3/2/2026 11:29:00 PM.

feature is unlikely to arise solely from SDS, as it was not observed in all samples, nor from Y6 melting,

(cc)

which occurs near 300 °C. While further experiments are required to confirm its origin, the signal may
result from co-crystallization between SDS and Y6 at the nanoparticle surface.

To clarify the trends observed with varying alkyl chain length and thermal annealing, the np-BHJ films
were characterized using atomic force microscopy (AFM) and grazing incidence wide-angle X-ray

scattering (GIWAXS) and the results are presented in Figure 3 and in Figure S11-S15. All the samples
were prepared under the same conditions as the OPV devices. In the 2D GIWAXS pattern of the FOS8-
T:Y6 NPs without annealing, we observe a thin film morphology with no preferential orientation,

indicated by the presence of isotropic scattering halos. At low ¢ values, the main reflection observed is

13
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assigned to the FO8-T (100) lamellae (g;90 = 2.7 nm™")*° while the reflection at g =17.9 nmb1 corresph
to a combination of the FOS8-T (010) planes and the n—= stacking of Y6,3 here assigned by direct
comparison with films annealed at higher temperatures (see Figure 3a, b). This agrees with what we
previously observed for this polymer:acceptor blend in BHJ (non-NP) films.?° In pristine FO8-T and Y6
films, the (010) and mn—= stacking reflections appear too close in g-space so that they cannot be
unambiguously ascribed to either the donor or acceptor materials in this work. Here, the reflection
appearing at high ¢ values (typically 17.6-18.0 nm™") is fitted using a single pseudovoigt peak. However,
upon annealing at 140 °C, i.e. just above the T, of FO8-T, distinct scattering features arise in the oop
direction correlating to Y6 that coexist with the FOS-T lamellae. In addition, one can observe that
thermal annealing provokes a favorable orientation of the m—m stacking in the out-of-plane (oop)
direction, with a stronger diffraction peak appearing, thus signaling a transition from isotropic (at RT)
to oriented films with thermal annealing. At 170 °C, this effect is even more pronounced, with stronger
scattering intensity values for the periodic aromatic-aliphatic packing of Y6 in the oop direction.’” For
this blend, upon annealing at 200 °C, the Y6 diffraction features partly fade out while that of FOS-T is
enhanced, which eventually leads to a disruption in the microstructure. Since this temperature is well
above the Tg of FO8-T (Tg = 120°C) and approaching the T, of Y6 (Tg = 210 °C), polymer and NFA
molecules can both be mobile and segregate. Cold crystallization of Y6 can also happen, both
phenomena explaining the morphological changes. When interpreting the AFM images, we focus on the
smaller scale images (0.5 um x 0.5 um) for the interpretation, but the root-mean-square (RMS)
roughness was determined from larger scale images (2 pm x 2 um). The AFM images correlate well
with these findings (see Figure 3c), with RMS surface roughness decreasing from 8.4 nm to 6.3 nm with
increasing TA temperature (RT to 170 °C; see Figure S11), but for 200 °C the roughness is larger again
(Rims =35 nm), due to the crystallization and thus stronger aggregation of Y6. This phenomenon is likely
the result of enhanced molecular mobility for an annealing temperature exceeding Tg of FO8-T (Tg =
120 °C) and approaching that of Y6 (Tg =210°C).

Reduction of the side chain from FOS8 to FO6 (and FO4) leads to a decrease in the lamellar stacking
distance, as evidenced by the shift of the (100) peak toward higher g values (see Table S4). NP films of

FOG6-T and Y6 exhibited comparable features in the 2D GIWAXS patterns (see Figure S12). In the

14
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pristine (non-annealed) films, only the (100) and n—x scattering peaks were detected andDV&i:t}}){lo%G)YDeg%% oare
preferential orientation. Upon annealing at 140 °C, distinct oop peaks appeared, evidencing the
development of more ordered Y6 domains. This effect is slightly more pronounced after annealing at
170 °C, while at 200 °C the sharp oop reflections mostly disappear and the (100) peak of FO6-T
dominates. A preferential orientation of the m—n stacking is also observed with a stronger diffraction
peak in the oop direction for 170 and 200 °C TA films. Interestingly, the Y6 morphology in the
nanoparticles-based thin films seems to be more stabilized in blends with FO6-T, as compared to FO8-
T, since we do not observe the reduction in polymer ordering. However, the AFM images (Figure S13)
seem to indicate surface melting upon annealing at 200 °C. Contrary, FO4-T:Y6 blends are
comparatively less crystalline and more isotropic, as indicated by the oop lamellar 100 and n—r peaks
appearing with reduced intensity (Figure S14). Higher annealing temperatures increase the order
slightly, especially after annealing 170 °C, and only after annealing at 200 °C do the features appear
more distinct including the irruption of an isotropic halo attributed to the disordered side-chains of FO4-
T. Overall, in FO4-T:Y6 the preferential orientation of the n—= stacking upon annealing is not as clear

as for FO6-T:Y6 and FO8-T:Y6 NPs. One can suggest that, since FO4-T has ill-defined or very high

Tg, polymer backbones and Y6 molecules do not have the mobility to reorganize as much as in the other

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

systems. In addition, for FO4-T the degree of disorder appears to be substantially higher; consequently,

a more ordered state is observed only when Y6 begins to form crystallites.

Open Access Article. Published on 02 March 2026. Downloaded on 3/2/2026 11:29:00 PM.

Overall, the oop orientation appeared to be favored upon thermal annealing for all three polymers

(cc)

although it is more pronounced for FO6-T:Y6 and FO8-T:Y6 NP layers. The AFM images for FO4-
T:Y6 np layers (Figure S15 and S11) show a significant decrease in roughness (R,s) from 9.2 nm (w/o
TA) to 8.9 nm upon annealing at 170 °C, and at 200 °C the coalescence of the NPs can be observed (R s
= 3.4 nm). The key figures of the GIWAXS analysis are presented in Figure 3d-f and Tables S4 and S5
for the three different polymer blends annealed at different temperatures. Assuming that the peak width
is governed by the crystallite size, the crystallite size can be inferred from the full width at half maximum
(FWHM) of the diffraction peaks (Figure 3e) and the corresponding X-ray coherence length (CCL,
Figure 3f). For the (100) planes attributed to the polymer lamellae, the FWHM decreases with increasing

annealing temperature for the FO8-T and FO6-T blends, indicating improved ordering, but broadens
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again at 200 °C. This behavior is attributed to the formation of Y6 crystallites at lemperatiresc e onie

approaching the glass transition temperature of Y6, which not only affects the packing of the polymer
(100) planes but also is consistent with the cold crystallization observed in DSC. The minimum FWHM,
corresponding to the most ordered domains, differs among the polymers: for FO6-T and FOS-T the
optimum occurs at 170 °C, whereas for FO4-T it appears at 200 °C. This suggests that FO4-T exhibits
a generally higher initial degree of disorder, with improved ordering happening only when the annealing
temperature is close to the T, of Y6, giving therefore more mobility to Y6 which begins to crystallize.
FO6-T and FOS-T display broadly similar trends, although FO8-T shows smaller FWHM values (greater
order) at 170 °C.

For the m-m reflections, the FWHM decreases with increasing annealing temperature, but remains
broader overall compared to the lamellar peaks (see SI). The g value corresponds to the paracrystalline

disorder parameter, which quantifies the extent of structural disorder within the crystalline regions of a

_ FWHM
9= |"2ngq

A g value of 0 denotes a perfectly ordered crystal with no lattice distortion, while increasing g values

polymer and is defined as

reflect greater paracrystalline disorder, i.e., enhanced randomness or irregularity in lattice spacing.’®
Here, the g values exhibit trends similar to the FWHM of the (100) plane (see Figure 3d). However, for
the m-m planes, the difference between 170 °C and 200 °C is negligible, with little to no variation
observed across the polymers (see SI). Similarly, the X-ray coherence length (CCL, defined as
2nK/FWHM, with K = 0.9) provides insight into crystalline domain size and order, with larger CCL
values reflecting higher quality crystallinity, which often correlates with enhanced electronic and optical
properties in organic polymer films.** For the (100) plane, the CCL increases sharply with annealing
temperature up to 170 °C for all three polymers, after which the behaviour diverges. FO4-T exhibits
relatively small CCL values overall, with a maximum of 6.5 nm at 200 °C. In FO6-T, the maximum
CCL of 8.1 nm occurs at 170 °C, with only a slight reduction at 200 °C. FO8-T shows the highest overall

CCL values, reaching maximum of 11.3 nm and 9.5 nm after annealing at 170 °C and 200°C
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respectively. For the n-n reflections, the CCL increases with annealing temperature for, all thiee oot
polymers, although the effect is minimal for FO4-T:Y6, suggesting that thermal annealing has little
influence on n—x stacking coherence in such blend. In contrast, FO6-T and FO8-T exhibit a pronounced
response, with the CCL approximately doubling upon annealing, reaching maximum values at 200 °C.
The microstructural changes can be correlated to the device performance. It is, indeed, possible to
attribute the higher performance of FO8-T:Y6 devices annealed at 170 °C to the increase in FF, most
likely due to a more favorable microstructure in the NPs and in the thin film upon sintering. The drop
of the PCE at higher thermal annealing can be correlated to the formation, on the one hand, of the large
Y6 domains apparent in the AFM images leading to the drop of J,. and, on the other hand, to the reduced
order in the microstructure and hence a significant drop in the FF. For FO6-T:Y6 np-BHJ thin film,
thermal annealing is also necessary to create interconnection between the nanoparticles and improve the
ordering of the polymer chains and n—= stacking, improving therefore the PV performances. However,
the PCE’s of devices of FO6-T:Y6 annealed at 170 °C and 200 °C are not showing any differences, in
accordance with the almost unchanged microstructure detected by GIWAXS. For FO4-T:Y6 np-BHJ

thin film, thermal treatment was also shown to be necessary to improve the connection of the

nanoparticles and enhance polymer and molecular ordering. Notably, the best performance in OPV

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

devices for the FO4-T:Y6 blend was obtained after thermal annealing at 200 °C, which again coincides

with the most ordered thin film morphology according to GIWAXS analysis. These findings suggest

Open Access Article. Published on 02 March 2026. Downloaded on 3/2/2026 11:29:00 PM.

that alkyl side-chain length modulates polymer chain mobility during thermal annealing, with longer

(cc)

chains (FO8-T) enabling earlier formation of ordered lamellar and n—r stacking due to its low Tg (120
°C), while shorter chains (FO4-T), having no or ill-defined Tg, require higher temperatures.
Consequently, a structural evolution model emerges in which side-chain—mediated mobility controls Y6

and polymer crystallization, governing nanoparticle sintering and ultimately device performance.
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Figure 3. Morphological characterization of NP films. a) 2D GIWAXS patterns and b) 1D line plots of
FOS8-T:Y6 (1:1.2) annealed at different temperatures. c) AFM images of FO8-T:Y6 blends annealed at
different temperatures. d) g-factor, ¢) FWHM and f) CCL extracted from the (100) polymer planes

obtained by GIWAXS for the different blends with Y6 annealed at different temperatures.
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. View Article Online
3 Conclusion DOI: 10.1039/D6TA00092D

In summary, we investigated how altering alkyl side-chains lengths in FO4-T, FO6-T and FOS8-T
polymers impacts the internal nanoparticle morphology as well as that of nanoparticles-based thin films
and their resulting photovoltaic performances. While no significant influence of this structural
modification was observed on the nanoparticle internal morphology between all three FOx-T:Y6
systems, contrasted features upon thermal annealing were revealed and correlated with the OPV results.
It was found that extending the polymer sidechains could benefit the nanoparticles to form a more
ordered and crystalline film. In thin films, The FO4-T based particles (shortest chains) required high-
temperature annealing for inter-particle coalescence and to impose an ordered microstructure, while
FOS-T based nanoparticles self-organizes favorably at lower temperatures. As a result, OPV devices
prepared with FO8-T:Y6 blend already reach high performance at 140°C, with an optimal treatment of
170°C resulting in record 10.64% PCE (miniemulsion prepared NP OPVs). These findings reveal that
nanoparticles-based thin films made with long-sidechain polymers exhibit enhanced microstructural
arrangement during thermal annealing. This approach presents a promising design strategy to lower
processing temperatures for water-processed OSCs, overcoming the high-temperature sintering

requirements typically associated with highly crystalline mini-emulsion nanoparticles.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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4 Experimental Section

(cc)

Experimental details and polymer and nanoparticle characterization are described in the Supporting

Information.
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