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Introduction

Vinylene-bridged naphthalenediimide-based
dual-acceptor copolymers for thin-film transistors
and solar steam generationf

Chia-Yang Lin,? Guan-Lin Wu,1° Ting-Yu Wang,” Waner He, 22 Ying-Sheng Wu,”
Shunsuke Imaoka,? Shohei Shimizu,® Wen-Chang Chen, £ > Yoshimitsu Sagara,®
Chu-Chen Chueh @ ** and Tsuyoshi Michinobu © *?

Recent studies have shown that introducing vinylene bridges into naphthalenediimide (NDI)-based dual-
acceptor copolymers is an effective strategy to improve backbone coplanarity and charge transport pro-
perties in organic field-effect transistors (OFETs). However, their potential as multifunctional materials for
broader optoelectronic applications remains unexplored. In this study, we designed and synthesized four
vinylene-bridged NDI (vNDI)-based conjugated polymers containing benzothiadiazole (S), benzotriazole
(N), triazolobenzothiadiazole (NS), and benzobistriazole (NN) as second acceptors. Structural analysis
revealed that the backbone conformation and electron-withdrawing ability of the acceptors significantly
influence optical and electronic properties. Among them, vNDI-NS exhibited the narrowest optical
bandgap (1.05 eV), while vNDI-N displayed the highest ambipolar mobility in OFETSs, attributed to
enhanced crystallinity and improved n—= stacking. Furthermore, these polymers were applied as photo-
thermal membranes in solar steam generation (SSG) devices. Films based on vNDI-NS and vNDI-NN
achieved solar-to-vapor conversion efficiencies of 58.3% and 56.4%, respectively, under 1 sun illumina-
tion. This study expands the applications of vNDI-based polymers beyond OFETs, providing a dual-func-
tional platform combining electrical and photothermal performance.

formance. Recent advancements include the incorporation of
electron-deficient units and the optimization of side-chain

Conjugated polymers, due to their unique n-conjugated back-
bones, can achieve efficient light absorption, charge transport,
and structural tunability through molecular design, making
them a promising material class for optoelectronic and energy-
related applications."™ The ability to tailor polymer backbones
and side chains enables precise control over electronic and
optical properties, making these materials increasingly attrac-
tive for applications in organic light-emitting diodes, organic
photovoltaics, and organic field-effect transistors (OFETs).'®
In OFETs, molecular design and chain architecture are critical
factors determining carrier mobility and overall device per-
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structures, which have significantly improved n-type and ambi-
polar charge transport behaviors.” ™' These improvements are
important for achieving flexible, low-cost, and printable elec-
tronic devices, highlighting the growing potential of conju-
gated polymers in next-generation circuit architectures.
Beyond traditional electronic applications, the multifunction-
ality of conjugated polymers enables their use in solar steam
generation (SSG) systems, where materials capable of convert-
ing solar radiation into thermal energy are indispensable.’*™"”

Despite significant progress, n-type and ambipolar conju-
gated polymers still face critical challenges that limit their
broader applications in electronic devices. One primary limit-
ation is their poor environmental stability. Under environ-
mental conditions, oxygen and moisture capture electrons,
reducing charge transport performance.'®'® Additionally,
developing polymers with deep lowest unoccupied molecular
orbital (LUMO) energy levels remains inherently challenging.
While deep LUMO levels are crucial for efficient electron injec-
tion and enhanced air stability, achieving these levels without
sacrificing charge mobility remains a significant design
challenge.””*' To address these issues, recent studies have
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introduced a dual-acceptor strategy, incorporating two distinct
electron-withdrawing units into the polymer backbone.**™*
This approach not only enables more extended LUMO modu-
lation but also enhances intramolecular charge delocalization,
thereby  improving  electron  transport efficiency.”
Concurrently, the introduction of vinylene bridge units has
emerged as a powerful method for reinforcing the planarity of
the backbone. Vinylene linkers can act as structural locks,
reducing torsional disorder and enhancing n-rn orbital overlap,
which promotes long-range charge delocalization. Both of
these factors are critical for achieving high mobilities.*”

For example, introducing a vinylene bridge into naphthale-
nediimide (NDI)-based dual-acceptor copolymers improves
backbone planarity, reduces torsional disorder, and promotes
n-n stacking.”® As a result, electron mobilities significantly
increase, effectively overcoming the limitations associated with
environmental instability and shallow LUMO levels in conven-
tional n-type systems.?® Although these findings preliminarily
reveal the importance of structural design in OFET appli-
cations, the broader multifunctional potential of vinylene-
bridged conjugated polymers remains largely unexplored. In
particular, the impact of vinylene-induced backbone rigidity
on photothermal conversion remains to be evaluated. Given
that effective photothermal materials require strong light
absorption, efficient charge delocalization, and molecular-level
heat dissipation, the extended conjugation of OFETs may also
enhance the SSG performance.®®

This study synthesized four vinylene-bridged naphthalene-
diimide (vNDI)-based conjugated polymers, each containing
different second acceptor units with distinct rigidity and elec-
tron-withdrawing strengths. The incorporated units include
benzothiadiazole (S), benzotriazole (N), triazolobenzothiadia-
zole (NS), and benzobistriazole (NN).>' The structures of the
target polymers are shown in Fig. 1. vNDI-NS and vNDI-NN
exhibited more quinonoidal structures and stronger acceptor
characteristics compared to vNDI-S and vNDI-N. As a result,

Pd(PPhy),

chlorobenzene
MW
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VNDI-NS and vNDI-NN demonstrate broader light absorption
and are expected to exhibit higher photothermal conversion
efficiencies. Furthermore, conventional thiophene spacers
have been replaced with selenophene spacers to enhance inter-
molecular interactions through the larger atomic size of sel-
enium. Selenium has a stronger electron affinity than its
corresponding thiophene unit, enhancing the electron trans-
port properties of the polymer backbone.** Also, the conven-
tional branched alkyl side chains have been replaced with
silane side chains, improving chain stacking and solubility.
These vNDI-based polymers showed considerable potential as
active semiconducting layers in OFETs. The presence of elec-
tron-deficient vNDI cores and strong acceptor moieties pro-
motes efficient n-type charge transport, while tailored back-
bone planarity and side-chain engineering facilitate precise
regulation of molecular stacking and film morphology. Among
them, vNDI-N and vNDI-NS exhibited more ordered molecular
stacking as revealed by GIWAXS analysis, which is generally
beneficial for charge transport in transistor structures.
Conversely, the introduction of long and bulky alkyl chains
into vNDI-NN and sulfur-induced steric distortion in vNDI-S
disrupted regular n-rm stacking, potentially reducing carrier
mobility. Finally, we also evaluated the photothermal pro-
perties of the vNDI-based polymers and their applications in
SSGs. The polymers were introduced into filter paper to fabri-
cate SSG devices.

Experimental section

Materials

Tributyl(selenophen-2-yl)stannane, 1,1,1,2,2,2-hexabutyldistannane,
(E)1,2-bis(tributylstannyl)ethene, N-bromosuccinimide, tetrakis(tri-
phenylphosphine)palladium(0), and common solvents such as
tetrahydrofuran (THF), toluene, ethanol, dichloromethane (DCM),
ethyl acetate (EA), hexane, methanol, acetone, chloroform (CF),

v Highly planar backbone
v Dual acceptor copolymers

Fig. 1 Synthesis and design principles of vNDI-based polymers in this study.
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and chlorobenzene (CB) for synthesis were purchased from Sigma-
Aldrich. 4,7-Dibromo-5,6-difluoro-2,1,3-benzothiadiazole and 4,7-
dibromo-2-(2-ethylhexyl)-5,6-difluoro-2H-benzotriazole were pur-
chased from Luminescence Technology Corp. All chemicals were
used as received without further purification.

Syntheses of monomers

4,9-Dibromo-2,7-bis(8-(methyldioctylsilylJoctyl)-naphthalene-
diimide, 2,7-bis(8-(methyldioctylsilyl)octyl)-4,9-bis((E)-2-(tri-
butylstannyl)vinyl)naphthalenediimide (VNDI), 7-bis(5-bro-
moselenophen-2-yl)-5,6-difluorobenzothiadiazole (S), 4,7-bis
(5-bromoselenophen-2-yl)-2-(2-ethylhexyl)-5,6-difluorobenzo-
triazole  (N),  4,8-bis(5-bromoselenophen-2-yl)-6-(2-ethyl-
hexyl)-[1,2,5]thiadiazolo[3,4-f]benzotriazole (NS), and 4,8-bis
(5-bromoselenophen-2-yl)-2,6-bis(2-ethylhexyl)-1,6-dihydro-
benzo[1,2-d:4,5-d'|bistriazolium (NN) were synthesized
according to the methods reported in the literature.?83>
For detailed information and characterization (Fig. S1-
S5%), please refer to the ESL.}

Synthesis of NDI-based dual-acceptor polymers

The monomers v-NDI and S/N/NS/NN, along with the catalyst
Pd(PPh;), (5 mol% relative to v-NDI), were added to a micro-
wave vessel containing CB (0.1 M). The vessel was then sealed
in a nitrogen-filled glovebox and subjected to microwave
heating at 160 °C for 90 minutes under Stille coupling con-
ditions. At the same temperature, 2-(tributylstannyl)thiophene
and 2-bromothiophene (each at 1.1 equivalents relative to v-
NDI) were sequentially added, and the reaction was carried out
for 15 minutes to perform the end-capping reaction. After
cooling to room temperature, the reaction mixture was poured
into methanol, and the precipitate was filtered and collected.
Soxhlet extraction was performed using various solvents.
Acetone and hexane were used to remove residual catalysts and
oligomers, while the desired product was extracted with CF.
The CF solution was concentrated under vacuum and slowly
added to methanol to obtain the target polymers. Finally, the
polymers were collected by filtration and dried under vacuum.
For detailed information and characterization (Fig. S6-S97),
please refer to the ESL.{

OFET fabrication and characterization

Bottom-gate/top-contact (BG/TC) transistor devices were fabri-
cated in this work. Highly n-doped silicon wafers (100) were
used as substrates with a 300 nm SiO, dielectric layer (areal
capacitance = 10 nF c¢cm?). Prior to device fabrication, the
wafers were exposed to UV/ozone for 1 hour. A self-assembled
monolayer of n-octadecyltrichlorosilane (ODTS) was sub-
sequently deposited onto the dielectric layer by spin-coating
its precursor solution (15 pL of ODTS in 15 mL of trichloro-
ethylene) at 3000 rpm for 10 seconds in a glovebox. Note that
the chemical reaction between ODTS and SiO, is accelerated
by the presence of NH; gas and continues overnight. The
sample was then ultrasonicated in toluene for 15 minutes to
remove residual chemicals. Prior to depositing the active layer,
the ODTS-modified wafers were partially covered with polydi-

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

methylsiloxane (PDMS) and subjected to 8 minutes of plasma
treatment to form a hydrophilic boundary. Polymer solutions
of vNDI-N, vNDI-S, vNDI-NS, or vNDI-NN were prepared in CF
(5 mg mL™") and stirred for 4.5 hours in a glovebox. Before
spin-coating, the polymer solution was filtered through a
0.22 pm filter. Then, spin-coating was performed at 2000 rpm
for 60 seconds in a glovebox, followed by annealing at a
specific temperature (150 °C, 200 °C, or 250 °C) and an opti-
mized time (10 or 30 minutes) to prepare the film. Finally, top-
contact gold electrodes were deposited via thermal evaporation
using a shadow mask, with channel length (L) of 50 um and
channel width (W) of 1000 pm. The performance of the OFETSs
was characterized using a Keithley 4200-SCS semiconductor
parameter analyzer (Keithley Instruments Inc.) in a glovebox.

SSG device fabrication and characterization

This study investigated the photothermal and SSG properties
of vNDI-based polymers using a membrane-based system.
Commercial filter paper (Kiriyama, No. 5B; particle retention:
4 pm; thickness: 0.22 mm) was selected as the substrate. Due
to the randomly arranged cellulose fiber networks of the filter
paper, it provides an ideal structural scaffold for photothermal
membranes in SSG applications.*® The inherent porous struc-
ture facilitates water uptake and capillary transport. The vNDI-
based polymers were dissolved in CF (5 mg mL™") by heating
and stirring at 50 °C for 4 hours, then deposited onto the filter
paper using a micropipette in a dropwise manner (10 pL x 10
times). The resulting membranes were dried under vacuum at
room temperature overnight. This preparation method ensures
uniform adsorption and fixation of the polymer layer on one
side of the filter paper substrate. The surface morphology of
the resulting photothermal membranes was examined using
optical microscopy (OM) (Fig. S10t), and static water contact
angle measurements were performed on the top surface (inset
of Fig. S107) to evaluate the wetting characteristics.

Results and discussion
Synthesis and characterization of polymers

The target polymers were synthesized via the Stille polyconden-
sation method (Fig. 1), and their chemical structures were con-
firmed by "H NMR (Fig. $6-S91). The number-average mole-
cular weights (M,,) of vNDI-S, vNDI-N, vNDI-NS, and vNDI-NN
were 33, 47, 7, and 8 kDa, respectively, and the corresponding
polydispersity indices (M,/M,) estimated by GPC were 2.7, 2.3,
1.2, and 1.8, respectively. When testing their molecular
weights, we found that vNDI-NS and vNDI-NN did not fully dis-
solve in CF. We believe this is the primary cause of their lower
molecular weights. All four polymers exhibited good thermal
stability, with a 5% weight loss temperature (75%) greater than
387 °C, as shown in Fig. 2a and Table 1. Note that vVNDI-N con-
tains a 1,2,3-triazole (N-N-N) structure with a branched alkyl
chain on the central nitrogen, which shows superior thermal
stability compared to vNDI-S. This is because the triazole struc-
ture provides better resonance stabilization, stronger bonding

RSC Appl. Polym., 2025, 3,1011-1018 | 1013
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Fig. 2 (a) TGA thermograms, (b) UV-vis-NIR film absorption spectra, (c)
photoluminescence (PL) emission spectra, and (d) energy levels
(obtained) by cyclic voltammetry (CV) of vNDI-based polymer films.

Table 1 Thermal, optical, and electrochemical properties of VNDI-
based polymers

Amax, film EQtP HOMO* LUMO* 5% 4
VvNDI- (nm) (eV) (eV) (ev) (°C)
S 643 1.56 -5.78 -3.64 387
N 662 1.50 -5.73 ~3.55 422
NS 888 1.05 -5.46 -3.80 400
NN 615 1.30 -5.23 -3.68 392

“Thin-film absorption maximum. ? Optical bandgap estimated from
the absorption onset of polymer films.  Estimated from the onset oxi-
dation/reduction potentials. ¢ 5% weight loss temperature.

interactions, and the possibility of non-covalent contacts (e.g.,
N---Se), while the side chains offer steric protection.**>?
Notably, vNDI-NS maintained high thermal stability (75% =
400 °C) despite containing the same N-S-N moiety as vNDI-S.
This is attributed to the stabilizing effect of the opposing N-
N-N ring.***” Asymmetric substitution promotes favorable
molecular stacking, where the triazole unit compensates for
the weaker thiadiazole unit, maintaining overall thermal
robustness.

Optical properties

Fig. 2b shows the ultraviolet-visible-near-infrared (UV-vis-NIR)
absorption spectra of these polymers in the thin-film states,
and Table 1 summarizes the main spectral data. All polymers
displayed absorption characteristics in the UV-vis region.
VNDI-NS exhibited the most red-shifted intramolecular charge-
transfer (ICT) absorption, extending beyond 1100 nm, indicat-
ing the strongest electron donor-acceptor interaction and the
narrowest bandgap (E,).** vNDI-NN showed strong absorption
around 850 nm, with distinct vibronic features in the m-n*
region, suggesting enhanced backbone planarity and aggrega-
tion.*® In contrast, vNDI-N displayed a slightly blue-shifted ICT
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peak with moderate aggregation-induced characteristics.
VNDI-S exhibited the weakest and most blue-shifted ICT band,
with minimal spectral changes in the solid state, indicating
limited intermolecular interactions and a larger E.

The photoluminescence (PL) spectra of these films were
also measured as shown in Fig. 2c. When illuminated with
incident light at 385 nm, the vNDI-S and vNDI-N films exhibi-
ted PL at 904 and 900 nm, respectively. On the other hand,
VNDI-NS and vNDI-NN showed no luminescence. The fluo-
rescence quantum yields (@¢) and lifetimes (z) of vNDI-S and
vNDI-N were measured, as summarized in Table S1.7 Based on
@; and 7, the radiative decay rate constant (k;) and non-radia-
tive decay rate constant (k,,) were estimated using the follow-
ing equations:

ke
O = ——— 1
Pk + Ko (1)
1
- - 2
Tkt ko @)

The results suggest that VNDI-S and vNDI-N exhibited
similar optical properties in both absorption and PL spectra.
Therefore, their k. and k,, values were also similar, with k, ~
10° st and k,, ~ 108 s~

Electrochemical properties

The electrochemical properties of these polymers were evalu-
ated using cyclic voltammetry (CV), with the results summar-
ized in Table 1. The highest occupied molecular orbital
(HOMO) energy levels and the LUMO energy levels were esti-
mated from the onset oxidation and reduction potentials,
respectively (Fig. S11f). The HOMO and LUMO energy levels
and E,s of these four polymers are significantly influenced by
the second acceptor units. VNDI-S and vNDI-N displayed
deeper HOMO energy levels and shallower LUMO energy
levels. This result indicates that the triple-fused heterocyclic
compounds have significantly narrowed Egs. Compared to
VNDI-N containing difluorobenzotriazole (HOMO: —5.73 eV,
LUMO: -3.55 eV), vNDI-S containing a second acceptor of
difluorobenzothiadiazole exhibited slightly deeper HOMO
(=5.78 eV) and LUMO (-3.64 eV) energy levels. The same
applies to vNDI-NS (HOMO: —5.46 eV, LUMO: —3.80 eV) and
vNDI-NN (HOMO: —5.23 eV, LUMO: —3.68 eV). This result indi-
cates that the benzotriazole unit is a stronger donor than the
benzothiadiazole unit. In other words, the benzothiadiazole
unit is a stronger acceptor than the benzotriazole unit. The
electrochemical E,s are related to the optical E,s because elec-
tron transfer and electronic transitions involve the same

orbitals.*>*!

Molecular simulations

To investigate the electronic structures of vNDI-based poly-
mers, we performed density functional theory (DFT) calcu-
lations. All calculations were carried out using the B3LYP func-
tional and 6-31G(d) basis set, implemented in the Gaussian 16
software package. To reduce computational complexity, we

© 2025 The Author(s). Published by the Royal Society of Chemistry
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adopted trimer models with simplified alkyl side chains (sub-
stituted by methyl groups). Fig. 3 shows the frontier molecular
orbitals (FMOs) of trimers, and Table S21 summarizes the
corresponding energy levels. The overall trend of HOMO and
LUMO energy levels is consistent with the experimental
results, but the experimentally determined E,s are larger than
those calculated by DFT. This is a common result because DFT
does not account for quasiparticle corrections (e.g., GW) or
include recombination energy and charge transfer shielding
effects.*>*?

FMO analysis indicated that the HOMOs of all four vNDI-
based polymers are delocalized along the polymer backbone.
In contrast, the distribution of LUMOs varies depending on
the structural motif. For vNDI-S and vNDI-N, LUMOs are pre-
dominantly localized on the NDI core. In the case of vNDI-NN,
although the NDI segment remained the primary localization
site, the LUMO extended throughout the benzobistriazole unit.
For vNDI-NS, the LUMO was more uniformly distributed along
the backbone. These results suggest that introducing stronger
electron-accepting units modulates electron distribution, par-
ticularly affecting LUMO characteristics, and provides an
effective strategy for adjusting polymer energy levels. This
redistribution of orbital density is consistent with the batho-
chromic shifts observed in the absorption spectrum.

Morphological characterization

We utilized atomic force microscopy (AFM) and grazing-inci-
dence wide-angle X-ray scattering (GIWAXS) measurements to
investigate the influence of structural differences on the mor-
phology and crystalline properties of these polymer films. The
samples were prepared by spin-coating polymer solutions onto
Si substrates with a 300 nm-thick SiO, dielectric layer, followed
by annealing at different temperatures and times (VNDI-S at
200 °C for 30 minutes; vNDI-N, vNDI-NN, and v-NDI-NS at
250 °C for 10 minutes). As shown in Fig. 4a-d, all films exhibi-
ted smooth surface morphologies with low root-mean-square

(@)

o L

LUMO

Fig. 3 Frontier molecular orbitals (FMOs) of trimer backbones calcu-
lated using DFT based on (a) vNDI-S, (b) vNDI-N, (c) vNDI-NS, and (d)
vNDI-NN.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(RMS) values. Interestingly, among the four samples, the
triple-fused ring polymers, vNDI-NS and vNDI-NN, displayed
the highest and smallest RMS values (809.4 pm and 420.3 pm,
respectively). This result indicates that the triple-fused ring
polymers exhibit unique film morphologies. For vNDI-NS, the
relatively high RMS value can be attributed to the strong self-
assembly properties of the NS units. The formation of cluster-
like crystalline domains leads to a rough surface. On the other
hand, the symmetrical triple-fused structure of vNDI-NN may
facilitate moderate molecular stacking, resulting in a smooth
morphology. vNDI-N and vNDI-S exhibited moderate rough-
ness values, indicating that the vNDI moiety is the primary
driving force for aggregation, while the second acceptor units
have a relatively minor influence on morphology.

GIWAXS was used to evaluate the crystallinity and chain
stacking behavior of films. The 2D GIWAXS patterns are shown
in Fig. S12,1 while the 1D line-cut profiles extracted from the
2D patterns are shown in Fig. 4e-h. The 1D line-cut profiles
clearly exhibited two distinct trends: one group containing
vNDI-N and vNDI-NS, and the other group containing vNDI-S
and VNDI-NN. The 1D profile of vNDI-N showed prominent
out-of-plane (100) and (200) scattering peaks, indicating an
edge-on orientation and more ordered lamellar stacking.
Similarly, the 1D profile of vNDI-NS showed a trend like that of
VNDI-N. Table S3+ shows the crystalline coherent length (CCL)
and d-spacing (DS) calculated based on the scattering peaks in
the 1D line-cut profiles. The results showed that although
VNDI-NS exhibited a similar trend, its CCL value (97.58 A) is
lower than that of VNDI-N (165.15 A). This difference may be
attributed to the interference of the S substituent. vNDI-N
exhibited intramolecular Se-F interactions, whereas vVNDI-NS
lacked this conformational locking effect due to the additional
benzothiadiazole annulation, resulting in decreased crystalli-
nity. In contrast, the other groups, vNDI-S and vNDI-NN,
exhibited a higher proportion of amorphous structures
(Fig. 4e, h and Fig. S12c¢, df). Based on these results, we
propose that the introduction of the S substituent disrupts the
overall structural consistency and leads to disordered mole-
cular stacking. Notably, despite the N-dominated structure of
VNDI-NN, its crystallinity remains poor, which may be attribu-
ted to the absence of intramolecular conformational locking
and the excessive flexibility of the long alkyl chains, leading to
a disordered arrangement.

Characterization of OFET devices

The charge transport properties of these four polymers were
evaluated by fabricating bottom-gate/top-contact (BGTC)
OFETs. Detailed information on device fabrication and charac-
terization is described in the ESI.{ Fig. 5a shows the best trans-
fer curves of OFETs based on these polymer films under
different annealing conditions (VNDI-S at 200 °C for
30 minutes; vNDI-N, vNDI-NN, and v-NDI-NS at 250 °C for
10 minutes). Fig. 5b presents the corresponding hole and elec-
tron mobilities, and Table S41 summarizes the detailed tran-
sistor performance. Although all polymers displayed ambipo-
lar charge transport behavior, the mobilities of vNDI-NS and

RSC Appl. Polym., 2025, 3,1011-1018 | 1015
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Fig. 5 (a) Transfer curves and (b) mobilities of the optimized FET
devices based on vNDI-based polymers.

VNDI-NN were lower than those of vNDI-S and vNDI-N. This
can be attributed to the molecular weight issues. As reported
in many studies, molecular weight is closely related to the
carrier mobility, and a positive relationship can be observed
before molecular weight saturation.** Therefore, the low mole-
cular weights of vNDI-NS and vNDI-NN may be the primary
cause of their poor mobilities. Regarding vNDI-N and vNDI-S,
VNDI-N exhibited higher charge transport properties, which
was attributed to its higher crystallinity. Although the electron
mobility of vNDI-S was similar to that of vNDI-N, its hole mobi-
lity decreased significantly, which was due to its deeper
HOMO energy level, resulting in a larger hole injection barrier
and poorer hole transport properties.

Photothermal properties

Given the unique absorption characteristics of these four poly-
mers, we next investigated and compared their performance in
photothermal and solar steam generation (SSG) applications.
To conduct this study, we coated the polymers onto commer-
cial filter paper to prepare photothermal membranes. The
surface morphology of the photothermal membranes was
examined using an optical microscope, as shown in Fig. S10.1
The water contact angle measurements revealed that the
surface exhibited a Janus structure, with the upper surface
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(a—d) AFM images and (e—h) 1D line-cut profiles extracted from 2D GIWAXS patterns of vNDI-based polymer thin films.

being hydrophobic (6 value: 105-120°) and the lower surface
being hydrophilic (Fig. $101).** An infrared thermal imaging
camera was used to monitor surface temperature changes
under simulated solar irradiation. After continuous irradiation
for 6 minutes, thermal images of the dry membranes were
recorded. The surface temperature of untreated filter paper
(without polymer coating) was 33.3 °C. In contrast, the surface
temperature of the filter membranes coated with vNDI-based
polymers was higher, indicating effective photothermal conver-
sion. Specifically, the surface temperatures of the filter mem-
branes containing vNDI-S, vNDI-N, vNDI-NS, and vNDI-NN
were 55.2 °C, 57.8 °C, 68.1 °C, and 65.9 °C, respectively. These
trends are consistent with the absorption and PL character-
istics of the corresponding polymers. The photothermal
response profiles under simulated sunlight showed a rapid
temperature increase within the first minute of irradiation
(Fig. 6a). To assess photothermal stability and reversibility, the
membranes were subjected to four irradiation cycles, each con-
sisting of 2 minutes of light exposure followed by 2 minutes of
rest, as displayed in Fig. 6b. Consistent final temperatures
were obtained after each irradiation cycle, confirming the
excellent photostability and reusability of the photothermal
membranes under repeated operating conditions.

To evaluate the performance of SSG, the membranes coated
with vNDI-based polymers were placed over the mouth of a
plastic bottle filled with deionized water, ensuring that only
the photothermal membranes were directly exposed to simu-
lated sunlight. The entire setup was placed on an electronic
balance to monitor water mass loss in real time during
irradiation, providing a quantitative assessment of SSG
efficiency. Under simulated solar irradiation, the surface temp-
eratures of the photothermal membranes and the corres-
ponding mass losses were recorded over a 20-minute period,
as shown in Fig. 6¢c and d. The solar-to-vapor conversion
efficiency (7) was determined as the ratio of the energy
required for water evaporation to the total incident light

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Temperature changes in (a) dry and (c) wet photothermal mem-
branes with vNDI-based polymers and filter paper (control sample)
under simulated sunlight irradiation for 6 minutes. (b) The repeated
simulated sunlight irradiation at intervals of 2 minutes. (d) The weight
loss of wet photothermal membranes with vNDI-based polymers under
simulated sunlight irradiation for 20 minutes.

energy. A calibrated solar simulator (AM 1.5G) was used to
maintain light intensity at 1000 W m™>, and a standard silicon
reference cell was used for calibration. To ensure accuracy, the
baseline water evaporation rate under dark conditions was
measured separately and subtracted from the irradiation values.
The 5 values of the membranes containing vNDI-S, vNDI-N,
VvNDI-NS, and vNDI-NN were 47.4%, 52.3%, 58.3%, and 56.4%,
respectively. In contrast, the efficiency of the control sample
(uncoated filter paper) was 31.2%. These results are consistent
with the temperature profiles observed for each photothermal
membrane, further highlighting the correlation between photo-
thermal conversion and evaporation efficiency.

Conclusions

In this study, we designed and synthesized a series of vinylene-
bridged naphthalenediimide (VNDI)-based copolymers with a
dual-acceptor architecture to investigate their multifunctional
performance in OFET and SSG devices. By incorporating struc-
turally diverse second acceptors, selenium-based spacers, and
silane side chains, these polymers exhibited tunable energy
levels, enhanced backbone planarity, and optimized molecular
stacking. Among the series, vVNDI-N demonstrated the highest
ambipolar charge mobilities in OFETs, attributed to its
improved crystallinity and favorable n-n stacking. Note that the
lower molecular weights of VNDI-NS and vNDI-NN may have
limited the crystallinity and electron transport properties.
However, in SSG applications, the vNDI-NS-based photother-
mal membrane achieved the highest solar-to-vapor conversion
efficiency due to its narrow bandgap and strong intramolecular
charge transfer. These findings highlight the effectiveness of
molecular design in regulating the optoelectronic and photo-
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