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ABSTRACT
The development of dimeric acceptors (DMAs) for near-infrared optoelectronics is hindered by inherent structural limitations
including compromised planarity and reduced conjugation, which lead to blue-shifted absorption spectra. Herein, we develop two
vinylene-bridge-mediated isomeric DMAs based on multi-selenophene substitution, named DYSe-4 and DYSe-5, distinguished
by the different spatial positions of vinylene bridges. The DYSe-4 and DYSe-5 demonstrate record-narrow optical band gaps of
1.29 and 1.27 eV. Compared to DYSe-4, DYSe-5 demonstrates reduced dihedral distortion, improved stacking orderliness, and
enhanced intermolecular interaction. Consequently, the PBDB-T:DYSe-5-based rigid organic photodetector (OPD) achieves an
ultralow dark current of 9.7 × 10−11 A cm−2 and a peak specific detectivity (Dsh*) of 9.7 × 1013 Jones at zero bias. The flexible
counterpart exhibits a responsivity of 0.54 A W−1 at 870 nm, setting a new benchmark for flexible near-infrared OPDs. Extending
beyond conventional externally powered photoplethysmography, we further construct a transmission-mode sensing platform
by integrating a mechanoluminescence (ML) emitter with porcine skin tissue. This work not only achieves a further redshift
in the absorption of DMAs and elucidates the structure-property-performance relationships of isomers but also establishes a
foundational architecture for ML-driven health monitoring systems that operate without external power sources.
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Introduction

ear-infrared (NIR) light, known for its high atmospheric trans-
ittance and superior tissue penetration, is pivotal to numerous
ilitary and civilian technologies such as night vision, remote
aofa Lan and Yuyang Bai contributed equally to this work.
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sensing, and health monitoring [1–3]. In contrast to traditional
inorganic semiconductors like silicon (Si) or indium gallium
arsenide (InGaAs), organic NIR semiconductors present dis-
tinct benefits, including lightweight characteristics, intrinsic
mechanical flexibility, and compatibility with large-area solution
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rocessing. These attributes position them as a highly promising
andidate for next-generation NIR devices, such as solar cells
nd photodetectors [4–7]. Nevertheless, the device performance
f NIR organic semiconductors remains a critical bottleneck,
argely due to the scarcity of high- performance electron acceptors
hat optimally balance a narrow optical bandgap with high
hotoelectrical responsivity and operational stability.

ecently, dimeric acceptors (DMAs) have emerged as a promis-
ng class of organic semiconductors that combine the batch
eproducibility of small molecules and the superior stability of
olymers. These merits make them highly attractive for devel-
ping efficient, stable, flexible and stretchable organic electronic
evices [8–16]. Nonetheless, the structural planarity of DMAs
s often compromised by the inherent dihedral angles between
heir monomeric units, resulting in a blue-shifted solid-state
bsorption that limits their utilization of NIR photons. To address
his limitation, molecular design strategies focus on achieving a
ed-shifted absorption. A primary approach involves extending
he conjugated backbone to narrow the optical bandgap. This can
e effectively complemented bymodifying side chains or terminal
roups and incorporating heteroatoms [17, 18], all of which serve
o enhance electronic interactions at either the intermolecular or
ntramolecular level [19–22]. Among these, replacing thiophene
ith selenophene stands out as a premier strategy for narrowing
he bandgap, achieved by its dual ability to promote quinoid
haracter and strengthen π-π stacking interactions. In our previ-
us work, we developed a series of red-shifted dimeric acceptors
DYSe-1/2/3) via the selenophene substitution strategy and outer
ing alkyl chain/terminal substitution (Figure S1) [23, 24], among
hich DYSe-3 achieved an optical bandgap of 1.35 eV with an
bsorptionmaximum at 842 nm, amilestone that represented the
ost red-shifted DMA reported at the time.

espite this progress, achieving further red-shifting of the
bsorption spectra in DMAs continues to pose a considerable
hallenge, thereby limiting their broader application in var-
ous optoelectronic devices. The vinylene unit, composed of
σ-bond and a π-bond, effectively extends conjugation and

edshifts absorption via highly delocalized π-electrons, which
as been validated in the design of small-molecule acceptors
nd polymer acceptors [25–27]. Its non-distortable rigid structure
urther promotes molecular planarity and optimizes molecular
acking. Therefore, the introduction of ethylene double bonds
olds promise for further broadening the absorption range of
imers. More importantly, incorporating the vinylene bridge
nto DMA frameworks enables strategic isomer design through
ositional variation, offering a unique opportunity to elucidate
tructure-property relationships and guide the development of
igh-performance NIR dimers, a focused research direction that
emains unexplored.

n this work, building upon prior multi-selenophene strategy,
e further extended the absorption range of dimeric acceptors
y incorporating vinylene bridges at distinct positions of the
imer backbone to enhance molecular conjugation, thereby
esigning and synthesizing two isomeric DMAs, DYSe-4 and
YSe-5. Both DMAs exhibit significantly redshifted absorption
pectra spanning from 600 nm to 1000 nm. Particularly, the
bsorption maximum of DYSe-5 is determined to be 872 nm,
hich represents the most red-shifted value reported to date
of 12
among all dimeric acceptors. Compared to DYSe-4, the addi-
tional ethylene double bonds in DYSe-5 are positioned closer
to the central backbone of the dimer, extending the backbone
conjugation length and thereby facilitating tighter π-π stack-
ing. Theoretical calculation results reveal that DYSe-5 exhibits
stronger acceptor-acceptor van derWaals interactions thanDYSe-
4 when blended with donor, thereby enabling more ordered
intermolecular stacking. Among the evaluated devices, DYSe-
5-based organic photodetector (OPD) achieves faster exciton
dissociation and charge extraction rates, alongside a lower defect-
state density, compared to DYSe-4 counterpart. Consequently,
an optimal balance is achieved between a remarkable peak
responsivity (R = 0.54 A W−1) and a suppressed dark current (JD
= of 9.7 × 10−11 A cm−2), coupled with a wide linear dynamic
range (LDR) of 151 dB. The corresponding flexible device achieved
a R of 0.54 A W−1 at 870 nm, representing the highest value
reported so far for flexible photodetectors operating in the NIR-
I spectral window (700–1000 nm), while also demonstrating
excellent bending cycling stability. This work highlights the
significant potential of central backbone conjugated extensions
in developing high-performance near-infrared DMAs.

2 Results and Discussion

The design strategy and structures of the dimers DYSe-4 and
DYSe-5 are schematically illustrated in Figure 1a. As detailed in
the Supporting Information, we synthesized these two DMAs
through classic reactions such as Vilsmeier-Haack reaction,
Stille coupling and Knoevenagel condensation. An additional
vinylene bridge was introduced between the central core
and the 1,1-dicyanomethylene-3-indanone (IC)/2-(6,7-difluoro-3-
oxo-2,3-dihydro-1H-cyclopenta[b]naphthalen-1-ylidene)malon -
onitrile (NIC) terminal groups. In DYSe-4, this vinylene bridge
is situated on the IC/NIC side at the terminal end of the
dimer. In contrast, in DYSe-5, the vinylene bridge is located
on the IC/NIC side adjacent to the central backbone of the
dimer. As a non-twisted and rigid linkage, the vinylene bridge is
commonly employed to construct planar molecular frameworks.
Furthermore, the introduction of the vinyl units can enhance
the conjugation effect of the molecule, causing the absorption of
the molecule to shift towards the NIR region. To investigate the
influence of isomerization on the backbone planarity of DMAs,
density functional theory (DFT) calculations were carried out
at the B3LYP/6-31G level. As shown in Figure S2, both DMAs
exhibited planar molecular conformations between the IC/NIC
units and the thiophene linkers in their backbones. The average
dihedral angles (θavg) for the two sides of the thiophene units
were measured at 20.9◦ for DYSe-4 and 20.5◦ for DYSe-5. The
smaller θavg value observed in DYSe-5 indicates a slight advantage
in main-chain planarity, which facilitates more ordered inter-
molecular packing and enhancing electron mobility in thin films
[10].

Molecular surface electrostatic potential (ESP) serves as a key
indicator in judging intermolecular interactions and predicting
electronic properties. The overall ESP distribution of DYSe-4 and
DYSe-5 exhibits significant differences (Figure S3), the DMAs
were divided into 15 fragments according to Figure S4, and their
average ESP was calculated for each fragment. As shown in
Figure 1b, the additional embedded vinylene double bond exerts
Small, 2026
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FIGURE 1 (a) Molecular design strategy (left) and molecular structures (right) of DYSe-4 and DYSe-5. (b) ESP of fragments for DMAs. (c) The
histograms of ESP area distribution of DMAs. MD simulation of the (d) PBDB-T:DYSe-4 and (e) PBDB-T:DYSe-5 blend films. (f) Statistical diagram
of interaction energy in blend films. (g) Normalized UV-Vis-NIR absorption spectra for DMAs. (h) Summary of λmaxfilm and Egopt of reported DMAs.
(i) Energy level alignments of all materials in this work.
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eak influence on the ESP of the linking unit itself but signifi-
antly alters the ESP of its adjacent groups. DYSe-5 exhibits fewer
ragments with positive ESP values and lower corresponding
alues compared to DYSe-4, which can be primarily attributed
o the pronounced negative electrostatic potential originating
rom the central IC/NIC segment in dimer DYSe-5. Besides, the
rea proportion of 5–10 kcal mol−1 decreases (Figure 1c) and the
eduction in positive surface area corroborate the aforementioned
henomenon. On the other hand, the average ESP (ESPavg) of
YSe-4 and DYSe-5 are 5.35 and 5.11 kcal mol−1, respectively.
onor materials (such as PBDB-T) typically exhibit a relatively
egative ESP distribution due to their high electron density. The
maller ESP difference betweenDYSe-5 and PBDB-T is thought to
e beneficial for forming an optimized bulk heterojunction (BHJ)
etwork [28–30]. To investigate the influence of different accep-
ors on the blend film formation kinetics, molecular dynamics
mall, 2026

t

(MD) simulationswere performed onPBDB-T:DYSe-4 andPBDB-
:DYSe-5 blend films, as illustrated in Figure 1d, e, and detailed
data are summarized in Table S1. The calculated donor/acceptor
(D/A) interaction energy derived from Van der Waals forces for
PBDB-T/DYSe-5 is lower than for PBDB-T/DYSe-4, corroborating
the prior ESP results. Moreover, the stronger acceptor/acceptor
intermolecular interaction observed among DYSe-5 compared to
DYSe-4 suggests a potentially tighter A/A stacking in the PBDB-
:DYSe-5 blend film (Figure 1f), thereby facilitates the formation
of long-range ordered charge transport pathways.

The photophysical behaviors of both DMAs and donor PBDB-T
were investigated by ultraviolet-visible-near infrared (UV-vis-
NIR) absorption spectroscopy. In dilute chloroform solution,
the two acceptors exhibit nearly identical absorption profiles,
featuring characteristic absorption maxima at 793 nm for
3 of 12
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TABLE 1 Optical properties of the dimers.

Molecule λmax
sol. [nm] λmax

film [nm]
Δλfilm-sol.
[nm]

λonsetfilm
[nm] Egopt [eV]a EHOMO [eV]b ELUMO [eV]b

DYSe-4 793 864 71 961 1.29 −5.57 −3.83
DYSe-5 790 872 82 976 1.27 −5.59 −3.78

aCalculated via thin film absorption onset (Egopt = 1240/λonsetfilm);
bCalculated via CV data.
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YSe-4 and 790 nm for DYSe-5, respectively (Figure 1g). Fur-
hermore, both acceptors demonstrate unique absorption spectra
haracterized by triplet vibronic bands. As depicted in Figure
5, DYSe-5 exhibits a substantially higher J value (Ratio of 0-
peak to 0–1 peak) compared to DYSe-4 (2.17 vs. 1.52), reveals
prevalence of J-aggregation behavior in DYSe-5 over DYSe-
[31, 32]. It is noteworthy that the maximum film absorption
eaks (λmaxfilm) of DYSe-4 and DYSe-5 reach 864 nm and 872 nm
Table 1), which represent the most red-shifted DMAs reported
o date (Table S2 and Figure 1h), with corresponding optical
and gaps (Egopt) of 1.29 and 1.27 eV, respectively. The films
f DYSe-4 and DYSe-5 exhibit redshifts of 71 nm and 82 nm,
espectively, relative to their solution states. The larger redshift
bserved for DYSe-5 signifies superior molecular packing [33],
s confirmed by grazing incidence wide-angle X-ray diffraction
GIWAXS) analysis showing a smaller π-π stacking distance
nd a larger coherence length (CL) (Figure S6 and Table S3).
igure 1i displays the energy level diagram derived from cyclic
oltammetry determinations (Figure S7), the highest occupied
olecular orbitals (HOMO)/lowest unoccupiedmolecular orbital
LUMO) energy levels for DYSe-4 and DYSe-5 are -5.57/-3.83 eV
nd -5.59/-3.78 eV respectively, exhibiting trends consistent with
ata obtained from DFT calculations (Figure S8). The slightly
igher LUMO energy of the DYSe-5 helped in achieving a greater
uilt-in electric field when blended with PBDB-T as a polymer
onor, thereby more effectively driving the charge transport. It
s worth noting that while the LUMO offset of PBDB-T:DYSe-5
0.31 eV) is slightly smaller than that of PBDB-T:DYSe-4 (0.36 eV),
t still exceeds the empirical threshold (≈ 0.3 eV) and remains
ufficient to drive efficient exciton dissociation.

ubsequently, self-powered OPDs were fabricated with the
tructure of glass/ITO/PEDOT:PSS/PBDB-T:DYSe-4 (or DYSe-
)/PNDIT-F3N/Ag, and optimized details are shown in Tables
4, S5. The optimal donor-acceptor (D:A) weight ratios for the
wo systems were determined to be 1:1.4 and 1:1.5, respectively.
hile such discrepancies inevitably influence the morphology
nd optoelectronic properties of the blend films, this specific
ailoring is essential to fully realize the maximum potential of
ach respective material combination. The dark current density
JD), a critical parameter governing the detection limit of OPDs,
as evaluated under zero bias conditions. The PBDB-T:DYSe-5-
ased device exhibited a notably lower JD of 9.7 × 10−11 A cm−2,
pproximately one-sixth that of the DYSe-4-based device (5.8 ×
0−10 A cm−2), as depicted in Figure 2a and Table 2. Spectral
esponse measurements (Figure 2b) revealed a broad detection
ange of 300–1000 nm, with maximum R of 0.49 A W−1 and
.54 A W−1 at NIR-I region for devices based on DYSe-4 and
YSe-5, respectively. As summarized in Figure 2c and Table S6,
YSe-4 and DYSe-5 demonstrate R values that rank among the
of 12
highest achieved in self-powered NIR-OPDs. As presented in
Figure 2d, the DYSe-4-based OPDs exhibited shot noise specific
detectivity (D*sh) values above 1013 Jones across the 420–960 nm
range, reaching a maximum of 3.6 × 1013 Jones at 860 nm.
Owing to its superior responsivity and significantly suppressed
dark current, the DYSe-5-based device achieved even higher
D*sh values, exceeding 1013 Jones across the 380–960 nm spectral
range and reaching a maximum of 9.7 × 1013 Jones, underscoring
its enhanced broadband detection performance. Furthermore,
based on the noise spectral density (Sn) at 5 Hz (Table 2), the
calculated peak D* reached 1.3 × 1012 Jones for the DYSe-4-
based OPDs and 3.3 × 1012 Jones for the DYSe-5-based devices
(Figure S9). Compared to DYSe-4, the DYSe-5-based device also
exhibits faster photoresponse with a rise/fall time (trise/tfall) of
5.4 µs/3.3 µs (Figure 2e), wider LDR of 151 dB (Figure 2f), and
larger f-3 dB of 85.2 kHz (Figure S10), indicating a promising
future for applications with high LDR requirements, such as
NIR imaging and health monitoring. The photoresponse time is
also fast enough for high frame-rate video recording and optical
communications [34]. Moreover, organic solar cell devices based
on DYSe-5 also demonstrate superior performance compared to
DYSe-4 devices, particularly in terms of short-circuit current
density (Figure S11 and Table S7).

Apart from these, the impact of isomerization on exciton dis-
sociation and charge collection in the devices was assessed via
photocurrent density (Jph) as a function of effective voltage
(Veff) [35]. In comparison with the PBDB-T:DYSe-5-based device
(93%), the PBDB-T:DYSe-4-based organic photodetector exhibits
a lower exciton dissociation efficiency (ηdiss) of 91%. Further-
more, the former demonstrates a significantly higher charge
collection efficiency (ηcoll) of 77% compared to 65% for the latter,
which serves as the dominant factor contributing to its superior
sensitivity (Figure S12). The energetic disorder in the active
layer can be quantified by the Urbach energy (EU), obtained
from the exponential tail in the Fourier-transform photocurrent
spectroscopy EQE (FTPS-EQE) spectrum [36]. As shown in
Figure 2g, devices with DYSe-5 exhibit a lower EU of 22.7 meV
compared to 25.3 meV for DYSe-4, indicating reduced disorder
and narrower band-tail state distribution. Recent studies further
link the thermal activation energy (Ea) of dark current to both
the effective donor–acceptor energy offset (Eeff) and the density of
band-tail states, emphasizing the significance ofmolecular design
in noise suppression [37]. Since both devices utilize an identical
donor, the shallower LUMO level of DYSe-5 creates a larger Eeff in
its blend with PBDB-T relative to the DYSe-4-based counterpart.
This synergistic effect between the increased Eeff and reduced EU
in theDYSe-5 device collectively contributes to a higherEa, which
in turn effectively suppresses the thermal generation of dark
current [38].
Small, 2026
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FIGURE 2 (a) J-V curves of dimer-based OPDs under dark conditions. (b) EQE and R curves of dimer-based OPDs. (c) Summary of reported NIR-
OPDs with high R. (d) The Dsh* curves of dimer-based OPDs, the inset is noise spectrum density. (e) Photoresponse time curves of the OPDs at 808 nm.
(f) LDRofOPDsunder the irradiation of 808 nmat zero bias. (g) FTPS-EQE curves ofOPDs. (h) 1/C2-V curves of dimer-basedOPDs and theMott-Schottky
linear fitting for them. (i) tDOS curves of OPDs.

TABLE 2 Device performances of OPDs based on DYSe-4 and DYSe-5.

BHJ JD [A cm−2]a Rmax [AW−1]a,c Sn [A Hz−0.5]a,b Dsh, max* [Jones]a,c

PBDB-T:DYSe-4 5.8 × 10−10 0.49 1.9 × 10−13 3.6 × 1013

PBDB-T:DYSe-5 9.7 × 10−11 0.54 8.2 × 10−14 9.7 × 1013

aMeasured under 0 V;
bAbstracted under a frequency of 5 Hz;
cAbstracted at 860 nm.
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ott-Schottky analysiswas performed to evaluate the trap density
Nt) of dimer-based OPDs (Figure 2h; Figures S13, S14) [39]. The
BDB-T:DYSe-5-based OPD exhibited a reduced Nt of 8.6 × 1015
m−3 and an extended depletionwidth (WD) of 132 nm, in contrast
o the PBDB-T:DYSe-4-based device, which showed values of
.4 × 1016 cm−3 and 98 nm, respectively. These characteristics
re conducive to the suppression of dark current and promote
ffective dissociation of photogenerated excitons [33, 40]. To gain
urther insight into the distribution of trap density of states,
mall, 2026
capacitance-frequency (C-ω) measurements were conducted to
probe the trap characteristics across varying energy depths. The
resulting C-ω profiles and the corresponding density of trap states
are presented in Figure 2i and Figure S15, respectively. Notably,
within the shallow energy regime, the device incorporating
DYSe-5 exhibits a markedly lower trap density compared to
that based on DYSe-4, suggesting improved charge transport
and collection efficiency. In contrast, both devices demon-
strate comparable densities of trap states in the deeper energy
5 of 12
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FIGURE 3 (a, b) 2D fs-TAS images of blend films. (c, d) Time-resolved TAS of blend films under 800 nm pumping. (e) Dynamic curves and
(f) detailed fitting parameters for the rise kinetics of blends probed at 640 nm. (g) The calculated results of Ks for blend films.
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egions, implying similar nature and distribution of deep-level
efects [38, 41].

ext, we employed femtosecond transient absorption spec-
roscopy (fs-TAS) to investigate the photo-induced charge transfer
ynamics in dimer-based OPDs [42]. An 800 nm pump wave-
ength was specifically selected to resonantly excite the acceptor
omponents at their characteristic absorption peak, thereby
llowing the investigation of hole transfer dynamics within the
orresponding blend films. Figure 3a, b present the 2D color plots
f transient absorption for the blend films, while Figure 3c, d
isplay the TA spectra of the three blend films at selected delay
imes. Ground state bleaching (GSB) features corresponding to
he donor and acceptor appeared in the 530–670 nm and 810–
50 nm spectral regions, respectively. Upon selective excitation
f the acceptor, the GSB signal at 800 nm exhibited a rapid decay,
oncurrent with the growth of GSB signals at 584 nm and 640 nm,
evealing efficient photoinduced hole transfer from DMAs to the
BDB-T. Additionally, a long-lived positive peak is present, which
an be attributed to the absorption of the charge-separated state,
ndicating effective charge separation and stabilization [43]. The
ecay dynamics were further analyzed using a bi-exponential
odel: I = A1 exp(-t/τ1) + A2 exp(-t/τ2), where τ1 defines the time
f exciton dissociation at theD/A interface, with τ2 corresponding
o the exciton diffusion within the acceptor domains [44]. By
itting the GSB signal at 640 nm (Figure 3e), we extracted the
ime constants for each blend film. For the PBDB-T:DYSe-5
lend, τ1 and τ2 were extracted as 0.52 and 6.45 ps, respectively
Figure 3f), notably shorter than the corresponding values for
BDB-T:DYSe-4 (τ1 = 0.85 ps, τ2 = 9.27 ps). These reduced time
onstants reflect accelerated dissociation and diffusion process of
xciton within the PBDB-T:DYSe-5 blend, leading to suppressed
xciton recombination while yielding enhanced responsivity and
of 12
reduced dark current. The charge separation rate (KS), defined
as the inverse of the average carrier lifetime (KS = 1/τavg) [31],
was derived from the fitting curves of 640 nm GSB signals. As
summarized in Figure 3g and Table S8, the PBDB-T:DYSe-5 blend
film exhibits a higher KS value than PBDB-T:DYSe-4 blend film
(0.17 vs. 0.12 × 1012 s−1), further indicating more rapid charge
separation in the PBDB-T:DYSe-5 system.

To investigate the evolution kinetics of blend films during thermal
annealing, in situ absorption profiles for the PBDB-T:DYSe-4
and PBDB-T:DYSe-5 systems are provided in Figure 4a, b and
Figure S16. The annealing process is generally characterized
by three consecutive stages, initiating with heat transfer and
residual solvent evaporation (stage I), followed by molecular
reorganization (stage II), and culminating in the establishment of
a final morphology (stage III) [45]. Both films were prepared with
chloroform as the solvent and 1,8-diiodooctane as a processing
additive. Owing to this formulation, stage I proceeded rapidly
and was accompanied by minimal shift in the maximum absorp-
tion peaks. Nevertheless, a continuous reduction in absorption
intensity was observed over time via in situ spectral mapping.
This prompted a detailed analysis of the temporal evolution
of the absorption intensity at 845 nm, corresponding to the
characteristic wavelength of the acceptor materials. As shown in
Figure 4c, stage II concludes more rapidly in the PBDB-T:DYSe-5
blend, with a duration of approximately 18.2 s, compared to 22.6 s
for the PBDB-T:DYSe-4 blend. The shorter reorganization period
of PBDB-T:DYSe-5 promotes faster crystallization, enabling the
timely formation of a stable and favorable, ultimately supporting
superior device performance [46].

The GIWAXS was employed to further elucidate the molecular
packing of the blend films, as illustrated by the 2D diffraction
Small, 2026
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FIGURE 4 (a, b) In situ thermal annealing absorption profiles of the dimer-based blend films. (c) Dynamic evolution of the peak intensity at
845 nm of DYSe-4 and DYSe-5 during thermal annealing. 2D GIWAXS images of (d) PBDB-T:DYSe-4 and (e) PBDB-T:DYSe-5 blend. (f) The line cut
profiles of the dimer-based blend films. (g, h) AFM height and phase image of blend films. (i) Statistical particle size distribution diagrams of blend
films.
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aps and the corresponding line-cut profiles (Figure 4d, e),
ith quantitative parameters detailed in Table S3. Both blends
isplay pronounced (010) diffraction signals along the out-of-
lane (OOP) direction and (100) diffractions in the in-plane (IP)
irection, indicating that the molecules adopt a predominantly
ace-on orientation [47]. Further evaluation of molecular order-
ng and crystallinity was performed based on the line-cut profiles
f the (010) peaks in OOP direction (Figure 4f). In the PBDB-
:DYSe-4 and PBDB-T:DYSe-5 blends, the (010) diffraction peak
ere measured at 1.70 Å−1 and 1.71 Å−1, respectively, and the
orresponding d-spacing are 3.70 Å and 3.67 Å, which indicates
closer π-π stacking distance in the PBDB-T:DYSe-5 blend.
ombine with the in situ absorption results, these observations
uggest that the PBDB-T:DYSe-5 film forms a favorable nanoscale
orphology through relatively rapid and controlled crystalliza-
ion accompanied by tight π-π stacking, thereby facilitating
mproved charge transport and overall device performance. The
urface topographies of the blend films were probed using atomic
orce microscopy (AFM), as illustrated in Figure 4g, h. Both the
mall, 2026
PBDB-T:DYSe-4 and PBDB-T:DYSe-5 blends manifest relatively
uniform surfaces, yielding root-mean-square roughness (Rq) of
1.35 nm and 1.01 nm, respectively. Statistical analysis performed
along the indicated directions (illustrations in Figure 4g, h)
revealed a reduced fiber size of 14.9 nm for the PBDB-T:DYSe-
5 blend, compared to 16.4 nm for PBDB-T:DYSe-4, as presented
in Figure 4i and Figure S17. Such an optimized morphology
for PBDB-T:DYSe-5, characterized by appropriate domain sizes,
is highly conducive to efficient exciton dissociation, thereby
mitigating charge recombination losses and augmenting charge
transport capabilities. [48]

In addition to height/phase images, adhesion images (Figure 5a,
b)were captured usingAFM force spectroscopy, and the represen-
tative adhesion force spectroscopy images are shown in Figure 5c.
The measured adhesion forces for PBDB-T:DYSe-4 and PBDB-
:DYSe-5 blend films were determined to be 33.6 nN and 46.1 nN,
respectively. The significantly greater adhesion strength exhib-
ited by the PBDB-T:DYSe-5 film promotes enhanced interfacial
7 of 12
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FIGURE 5 AFM adhesion force mapping of (a) PBDB-T:DYSe-4 and (b) PBDB-T:DYSe-5. (c) AFM force spectroscopy for the tip interacting with
different surfaces derived from the mappings. (d) Histograms of COS of the two blend films. The insets are optical micrographs of the formed cracks of
PBDB-T:DYSe-4 and PBDB-T:DYSe-5 blend films by stretching on PDMS substrates. (e) Device structure of flexible OPDs. (f) R spectra of flexible OPDs.
(g) Flexible NIR-OPDs with high R reported in the literature. (h) Normalized R of flexible OPDs versus bending cycles. (i) The radar chart to compare
the molecular properties and device performance.
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dhesion between the active layer and adjacent charge transport
ayers, which is expected to improved mechanical durability in
lexible device [49]. Moreover, both blend films exhibit excellent
rack onset strain (COS) of 15.5 ± 0.8% for PBDB-T:DYSe-4
nd 17.7 ± 0.4% for PBDB-T:DYSe-5, as evaluated using a film-
n-elastomer (FOE) method with polydimethylsiloxane as the
ompliant substrate (Figure 5d). These outstanding mechani-
al properties promote us to prepare flexible OPDs employing
PEN/ITO/PEDOT:PSS/BHJ/PNDIT-F3N/Ag architecture, as
epicted in Figure 5e. Overall, the performance of flexible OPDs
abricated using bothDMAs follows the same trend as that of rigid
evices (Figure S18). It is worth noting that the device based on
YSe-5 achieved maximum R values of 0.54 A W−1 at 870 nm
Figure 5f), which presents the highest responsivity among all
lexible OPDs operating in the NIR-I region, as demonstrated in
igure 5g and Table S9. Themechanical stability of OPDswas fur-
her evaluated through cyclic bending tests at a radius of 2.5 mm
Figure 5h). After 2000 bending cycles, the device based onDYSe-
retained 0.943 ± 0.005 of its initial responsivity, significantly
of 12
outperforming its DYSe-4 counterpart, which retained only 0.891
± 0.004. These mechanical performance trends align well with
the AFM adhesion force and crack onset strain measurements.
Furthermore, a comparison of the performance retention from
rigid to flexible devices was conducted for both dimers. As shown
inTable S10, the flexible device based onDYSe-5 retains 42% of the
detectivity achieved by its rigid counterpart, outperforming the
33% retention rate observed for the DYSe-4-based flexible device.
The superior performance of flexible DYSe-5 devices originates
from the extended conjugation and tighter molecular packing,
which not only ensure high initial responsivity but also enhance
mechanical stability through better stress distribution.

Integrating experimental characterizations with theoretical anal-
ysis elucidates the critical role of the connectingmoiety in govern-
ing the performance of dimer-based organic photodetectors. This
structure-property relationship is quantitatively visualized via the
radar chart in Figure 5i. Relative to the shorter linkage in DYSe-
4, the extended connecting group via a vinylene double bonds
Small, 2026
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FIGURE 6 (a) Schematic diagram for heart rate monitoring under traditional external power driven, and (b) PPG signals detected by DYSe-5
based OPD at 808 nm. (c) Schematic diagram for healthy monitoring under ML driven. (d) Actual photograph of the ML/porcine skin/flexible OPD
laminated structure. (e) Current-time curves obtained from ML/porcine skin/ flexible OPD system testing at different porcine skin thicknesses and
(f) corresponding linear fitting of current and porcine skin thickness.
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n DYSe-5 promotes tighter intermolecular packing, a higher
ropensity for J-aggregation, diminished structural disorder, and
n increased crack onset strain. Overall, these advantageous
haracteristics, coupled with the selenophene substitution at the
entral core, operate synergistically to enhance both the optoelec-
ronic performance in NIR region and mechanical durability of
BDB-T:DYSe-5-based OPDs.

uilding on this demonstration of favorable responsivity and
echanical stability in dimer-based OPDs, a flexible PBDB-
:DYSe-5 based OPD was fabricated and attached to a fingertip
o function as a photoplethysmography (PPG) sensor (Figure 6a)
50]. As shown in Figure 6b, a heart rate of 72 bpm was recorded
rom the subject in a relax state using the flexible OPD, indicating
representative heart rate in the acceptable range for an adult
ged 15–30. Building upon the low dark current/high sensitivity
lexible OPD, we now developed a mechanoluminescence (ML)-
riven transdermal sensing platform that eliminates the need
mall, 2026
for external power sources and active light illumination. This
integrated system consists of three key components: a red-
emitting Gd3Ga5O12:Eu3+/PDMS ML patch as a stress-activated
light source (triggered by human motions such as finger pressing
or thoracic expansion during breathing) [51], porcine skin tissue
phantoms (simulating human skinwith thicknesses ranging from
0.5 to 4.0 mm, matching the optical refractive index (1.37–1.41)
of human skin) as the target tissue [52], and the DYSe-5-based
flexible OPD as the signal detector (Figure 6c, d). Figure S19
displayed the emission spectrum andmechanical cycling stability
of the ML patch. A fixed mechanical pressure was applied to the
ML layer to trigger stable red-light emission, which penetrated
the porcine skin (Figure S20) and was subsequently detected
by the flexible OPD (Figure 6e). The resulting photocurrent
signals exhibited a strong linear dependence on the porcine
skin thickness (Figure 6f), with a correlation coefficient (R2) of
0.975, which is sufficient to distinguish between normal skin
(0.5–1.0 mm), subcutaneous fat accumulation (>2.0 mm), and
9 of 12
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ild edema (a 0.3 mm+ increase in skin thickness, a key
ndicator of inflammation or tissue damage). This integrated
pproach not only validates the novel marriage of OPD and ML
echnologies but also pioneers a route towards passive-driven
ealth monitoring, which are anticipated in handheld wearable
edical devices and postoperative stress monitoring for artificial
oint replacements [53]. The practical deployment of ML-OPD
PG sensors not only requires flexible OPDs with low noise and
igh sensitivity, but also necessitates the development of ML
aterials featuring low excitation thresholds and long emission
ifetimes.

Conclusions

n summary, this work developed two ultranarrow-bandgap
imeric electron acceptors by employing a synergistic approach
nvolving multi-selenophene substitution and isomeric strategy.
his deliberate isomerizationmodulatesmolecular conformation
ndESP distribution, withDYSe-5 exhibiting enhanced backbone
lanarity, predominant J-aggregation behavior, and optimized
olecular packing. DYSe-5 exhibits a lower average ESP than
YSe-4, particularly across the central backbone. This reduction
eads to a smaller ESP differencewith the donor PBDB-T, favoring
oderate donor-acceptor intermolecular interactions that sup-
ress both geminate and non-radiative recombination pathways,
esulting in improved the charge generation efficiency. Utilizing
hese advantages, a notably low dark current of 9.7 × 10−11 A cm−2

nd an outstanding Dsh* of 9.7 × 1013 Jones (at 860 nm) were
chieved in the rigid PBDB-T:DYSe-5 device. Furthermore, the
lexibleOPDutilizingDYSe-5 demonstrates a peak responsivity of
.54AW−1, marking the optimalmetric reported so far for flexible
IR-OPDs. The practicality of the flexible PBDB-T:DYSe-5 OPD
s successfully validated through health monitoring applications,
ncompassing both conventional external power-driven PPG
nd a newly proposed mechanoluminescence-driven transder-
al sensing platform. This study highlights the crucial role
f vinylene-bridge-mediated isomerization in advancing high-
erformanceNIRdimer acceptors, provides fundamental insights
nto structure-property relationships, and demonstrates the
romising integration of low-noise/high-sensitivity NIR-OPDs
ith stress-activated ML systems for passive health monitoring.
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