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O, S, and N Bridged Atoms Screening on 2D Conjugated
Central Units of High-Performance Acceptors

Xiangjian Cao, Zheng Xu, Ruohan Wang, Jiaxin Guo, Wenkai Zhao, Yu Zhang,
Zhaoyang Yao,* Yaxiao Guo, Guankui Long, Xiangjian Wan, and Yongsheng Chen*

1. Introduction

Almost all of central cores in high-performance acceptors are limited to the

electron-withdrawing diimide structure currently, which constrains further
acceptor structural innovation greatly. Herein, oxygen (O), sulfur (S), and
nitrogen (N) atoms are adopted to bridge the 2D conjugated central cores,
yielding three acceptor platforms of CH—O, CH—S, and CH—N that differ in
structure by only two atoms. Because of the characteristic atomic outer
electron configuration and hybrid orbital orientation, O-, S-, and N-bridged
central cores display quite different conformations and electronic properties,
namely, dibenzodioxin (planar, non-aromatic), thianthrene (puckered,
non-aromatic) and phenazine (planar, aromatic), respectively. A systematic
investigation discloses how the central core, especially its p-x orbital overlap
between lone pair on O/S/N and coterminous benzene planes, affect the
intrinsic photoelectronic properties of acceptors for the first time. Finally,
CH—N-based binary device affords the highest fill factor of 83.13% in organic
photovoltaics along with a first-class efficiency of 20.23%. By evaluating the
strictly controlled O-, S-, and N-bridged molecular platforms comprehensively,
the work reveals the potential uniqueness of diimide in determining the

excellent photovoltaic outcomes of acceptors.
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Benefitting from the surging development
of small molecular acceptors (SMAs),!! es-
pecially for Y-series acceptors,?l organic
solar cells (OSCs) have broken through
the power conversion efficiency (PCE) bot-
tleneck of 20% recently.’] Such a great
achievement primarily relies on the desired
3D molecular packing network of SMAs!*]
and the superior photodynamic possesses
in OSCs.’l It is worth noting that the
central cores (for example, benzothiadia-
zole in Y6,[%3] quinoxaline in AQx-2,[°! and
phenazine in CH22,") etc. in Figure S1,
Supporting Information) contribute a lot to
constructing the 3D molecular packing net-
work of SMAs.[8l Nevertheless, very rare
candidates have been explored as central
cores successfully at present except those
contain the electron-withdrawing diimide
structure.’] This was largely caused by the
huge challenge of constructing novel het-
erocycles for central core which requires
both the ease of synthesis and the favorable
electronic property.[’%! In particular, due to
the lack of strictly controlled molecules, the uniqueness of di-
imide structure in determining the excellent photovoltaic out-
comes of SMAs has not been revealed, rendering the eager cu-
riousness in replacing aryl diimide with other moieties, for ex-
ample, aryl diol or dithiol derivatives that contains the widely ap-
plied electron-donating heteroatoms of oxygen (O) and sulfur (S)
in organic semiconductors.

In this work, O, S, and nitrogen (N) atoms were adopted
to bridge the 2D conjugated central cores (Figure 1a) on the
same molecular platform, thus yielding three SMAs of CH—O,
CH—S, and CH—N that differ in structure by only two atoms
(Figure 1b). Given the vital role of central halogenation in amelio-
rating nanoscale morphology of donor/acceptor (D/A) blends, ']
the four active sites on outer benzene of central units were fully
fluorinated. Due to the characteristic atomic outer electron con-
figuration and hybrid orbital orientation, O-, S-, and N-bridged
central cores display quite different conformations and electronic
properties. A comprehensively and fairly evaluation on these
strictly controlled SMAs disclosed how the central core, especially
its p-m orbital overlap between lone pair on O/S/N and coter-
minous benzene planes, affects the intrinsic photoelectronic
properties of SMAs. As for the most concerned photovoltaic
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Figure 1. a) O-, S-, and N-bridged central cores and their configurational/electronic properties. b) Chemical structure of CH—O, CH—S, and
CH—N. ¢) Atomic radius of O, S, and N elements and schematic diagram showing p-z conjugation in dibenzodioxin, thianthrene, and phenazine.
d) Distribution of HOMOs, dipole moments for SMAs and dihedral angles between two benzene planes in dibenzodioxin/thianthrene/phenazine

units.

performance, D18:CH—N-based binary OSCs give rise to a
first-class efficiency of 20.23% comparing to that of 18.48%
for D18:CH—O and 18.93% for D18:CH—S. Note that CH—N
has demonstrated the few SMA skeletons besides the path-
breaking Y6, L8-BO, and BTP-eC9 etc., which could boost
PCE of binary OSCs surpassing 20%.'2] More excitingly,
D18:CH—N-based binary OSCs have also reached the highest
fill factor (FF) of 83.13% in organic photovoltaics, manifest-
ing the FF gap between organic and inorganic photovoltaics
can be significantly narrowed through rational tailoring of
SMAs.
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2. Results and Discussion

In light of almost the same molecular backbones of CH—O,
CH—S, and CH—N, the differences of their photoelectric prop-
erties will be largely determined by the bridged atoms on cen-
tral units. Therefore, we built a detailed Table 1 to provide a
clear landscape for molecular comparison at atomic, central unit
and SMA levels. We first investigated the central units of SMAs,
which are extracted as O-containing dibenzodioxin for CH—O, S-
containing thianthrene for CH—S and N-containing phenazine
for CH—N (Figure 1a). For the N-bridged phenazine, the outer
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Table 1. A Parameters Summary of Physicochemical Property from Bridged Atoms, Central Cores to SMAs.
Bridged atoms
Element Symbol o} S N
Atomic Radius 73 pm 102 pm 75 pm
Electronegativity 3.44 2.58 3.04
Outer Electron Configuration 2522p* 3s23p* 2522p?
Central units
Name Dibenzodioxin Thianthrene Phenazine
Hybridization of Bridged Atoms Likely sp? Likely sp? sp?
p-z Overlap? Moderate Small Large
Bond Length (C—X)) ~1.38 A ~1.79 A ~1.34 A
Conformation Quasi-Planar Puckered Quasi-Planar

Dihedral Angle®
C—X—C Bond Angle®)

~0 Degree
~116 Degree

~136 Degree
~101 Degree

~0 Degree
~117 Degree

Aromaticity Non-Aromatic Non-Aromatic Aromatic
Symmetry Class D,y Gy, Dy,
SMAs
Name CH-O CH—S CH—N
Bond Length (C—X)°) ~139A ~1.79 A ~1.35A
(~1.38 A) (~1.78 A) (~1.34 A)
Dihedral Angle®) ~0 Degre ~131 Degree ~0 Degree

C—X—C Bond Angle)

HOMO ;9

LUMO @

HOMO jps®
LUMO jps®
HOMO Distribution
LUMO Distribution

Polarizability ¢
Dipole Moment ¢
Acal”

Oscillator Strength
A

solution

A fim

AA8)

Optical Bandgap g,
€ solution h
€ i)

Stokes Shift ;g jution
d,_. (GIWAXS)
CCL (GIWAXS)

d,_, (Crystal)

)

Exciton Lifetime g,
PLQYY

€

-1

r

E,)

(~0 Degre)
~114 Degre
(=115 Degre)

—5.67 eV
-3.56 eV
—5.72 eV
—4.28 eV

S, N-Heteroacene

S, N-Heteroacene, most
on Cyano

1238 Bohr?
1.86 Debye
700 nm
2.20
715 nm
783 nm
68 nm
1.44 eV
1.81% 10° M~ cm™!
1.36 x 10° cm™!
44 nm
3.57A
23.6A
3.38A
13x107* cm? v=1s71
1.0ns
5.0%
2.7
48 meV

(=131 Degree)

~100 Degree

(~100 Degre)
-5.69 eV
-3.57eV
=5.71eV
—4.28 eV

S, N-Heteroacene and S

S, N-Heteroacene, most
on Cyano

1262 Bohr?
1.82 Debye
696 nm
2.13
710 nm
788 nm
78 nm
143 eV
1.68 x 10° M~ cm™!
1.25 x 10> cm™!
42 nm
3.63A
21.8A
N/A
1.1x 107 cm? V=1 571
1.4 ns
10.9%
2.6
40 meV

(~0 Degree)
~115 Degre
(=117 Degre)
—5.65eV
—3.60 eV
—5.70 eV
—4.30eV
S, N-Heteroacene and N
S, N-Heteroacene, most on
Cyano
1312 Bohr?®
2.67 Debye
721 nm
2.28
729 nm
805 nm
76 nm
1.40 eV
2.22x10° M~ ecm™!
1.47 x 10> cm™!
38 nm
3.55A
24.6 A
335A
6.2%x 107 cm? V=1 57!
13 ns
8.9%
2.9
56 meV

) The p, orbital of bridged atoms and adjacent benzenes; * Dihedral angles of the two bésnzene rings derived from DFT calculations; 9 The average crystallographic data of
central units, and the values marked in the parentheses derived from DFT calculations; )HOMO/LUMO calculated by DFT; o HOMO/LUMO derived from UPS measure-

ments and their opticalh bandgaps; ) The wavelength (1) of maximum absorption peakks derived from DFT calculations;‘ ® The maximum absorption wavelength change (A4)
from solution to film; ) The & in solutions; ) The ¢ of neat films; ’),ues of neat films; ) PLQYs of SMAs in solid films; ) Eys derived from the temperature dependent PL.

Adv. Mater. 2025, 2503131

2503131 (3 of 12)

© 2025 Wiley-VCH GmbH

85U80]7 SUOWILIOD BAER.D 8|l [dde aLp Aq peusenob ae S9[ole YO 8Sn JO Sa|NnJ 10} A%eud1Taul|UO 8|1 UO (SUORIPUOO-PUE-SWBI W0 A8 | 1M AlRIq 1 BUl UO//SANY) SUORIPUOD Pue SWe 1 8y} 89S *[5202/90/T0] U0 AkidiTaulluo A8im ‘AisieAlun exueN Aq TETE0SZ0Z BWPe/Z00T 0T/I0p/LL0o" A3 1M Afe.d juljuo"paoueApe//Sdny Woly papeojumod ‘0 ‘S605TZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

electron configuration of N atom is 2s22p®. By adopting the sp?
hybridization, one of valence electrons on N atom remains in the
p orbital that is perpendicular to the conjugated skeleton, giving
rise to a featured #° system on the central six-ring (Figure S2,
Supporting Information). Given the quite larger electronegativ-
ity (3.04) of N atom than carbon (C) atom (2.55), the phenazine
unit exhibits an electron-withdrawing nature in building SMAs.
In our initial expectation, if the O atom on dibenzodioxin or S
atom on thianthrene also adopts the sp? hybridization (like aryl
diol or dithiol), the six valence electrons outside of O (2s22p*) or
S (3s?3p*) atoms would render a more electron-rich z%; system
on central six-ring of dibenzodioxin or thianthrene (Figure S2,
Supporting Information). In theory, this is expected to upshift
the highest occupied molecular orbital (HOMO) energy levels of
SMAs and narrow their optical bandgaps further, especially for S
atom on thianthrene that possesses a comparable electronegativ-
ity (2.58) to C atom (2.55) but much smaller than N atom (3.04).
In addition, the larger atomic radius of S (102 pm, Figure 1c)
is more easily to be polarized and form the intermolecular non-
covalent interactions, just like replacing S with selenium in many
high-performance SMA systems, !}l which is expected to improve
charge transfer/transport in OSCs.[*]

Unexpectedly, the HOMOs downshift stepwise from CH—N
(=5.65 eV), CH—O (-5.67 eV) to CH—S (—5.69 eV), resulting
in the blue-shifting absorptions based on our density functional
theory (DFT) calculations (Figure 1d). This confuses us initially
until the characteristic hybrid orbital orientations of O, S, and
N were considered (Figure 1c). The p, or p, orbital of N atom
is perpendicular to the phenazine plane, contributing to a fully
conjugated skeleton. In sharp contrast, an insufficient p-z or-
bitals overlap between p, orbital of O and the immediately ad-
jacent benzene could be observed in dibenzodioxin. This may
Dbe the root cause that dibenzodioxin could maintain a relatively
planar conformation, although it seems to have an anti-aromatic
4n re~ feature.’! As regards to the thianthrene, the angle be-
tween the p, orbital and benzene plane further decreases, leav-
ing a less overlap of p-r orbitals comparing to dibenzodioxin.!¢!
Moreover, due to the markedly longer C—S bond (~1.79 A) than
C—N (~1.34 A) or C—O (~1.38 A), the central ring of thianthrene
will suffer from a greater strain than dibenzodioxin or phenazine
if a planar conformation is still adapted. As a result, the char-
acteristic puckered conformation of thianthrene with a dihe-
dral angle of ~#131 degree and a small C-S-C angle of %100 de-
gree (Figure 1d; Table 1) is afforded by both the 4n e~ feature
and great ring strain. Note that the fully conjugation of cen-
tral unit in CH—O and CH—S was broken by the insufficient
p-m orbital overlap. This freezes the electron donating ability
of O or S and results in the unexpectedly blue-shifted absorp-
tion of CH—O and CH—S comparing to CH—N. As shown in
Table 1, the polarizabilities of CH—O (1238 Bohr?) and CH—S
(1262 Bohr?) are smaller than that of CH—N (1312 Bohr?), which
may be caused by the localized valence electrons in p orbitals
of O and S but delocalized ones for N. The lowest unoccupied
molecular orbitals (LUMOs) of three SMAs show a wide dis-
tribution along the whole molecular backbones with the most
on the highly electron-withdrawing groups of cyano (Figure S3,
Supporting Information). The HOMOs are mainly distributed
on the S, N-heteroacene with a small amount on the outer ben-
zene of phenazine, whereas almost no distributions for diben-
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zodioxin or thianthrene (Figure 1d), which also manifests the
non-aromatic features of dibenzodioxin and thianthrene. As dis-
played in Figure S4 (Supporting Information), the spatial location
of HOMOs and LUMOs determines that all the three SMAs have
a favorable acceptor-donor-acceptor (A-D-A) architecture that will
help to achieve the superior charge transfer/transport processes
in OSCs.[V] In addition, a markedly larger dipole moment of 2.67
Debye can be afforded by CH—N with respect to that of 1.86 De-
bye for CH—O and 1.82 Debye for CH—S (Figure 1d), which is
helpful to form an enhanced molecular packing unveiled by some
literatures.[*®!

As presented in Figure 2a,b, the molecular conformations ex-
tracted from single crystals are similar to the theoretically pre-
dicted ones (please find the detailed crystallographic parame-
ters in Table S1, Supporting Information). Despite the puck-
ered central unit, the thianthrene could still participate in the
intermolecular packing greatly and form a desirable 3D molec-
ular packing network.!?"] Herein, the 3D molecular packing net-
work of CH—S was evidenced by CS2 due to the lack of sin-
gle crystal of CH—S. The main difference between CH—S and
CS2 is the different halogenation on central units (Figure S5,
Supporting Information), thereby the quite distinctive puckered
molecular conformation of CH—S could be fully maintained in
CS2.1% The HOMO/LUMO energy levels are —5.72 /—4.28 eV
for CH—O, —5.71 /-4.28 eV for CH—S, and —5.70 /—4.30eV for
CH—N determined by the ultraviolet photoelectron spectroscopy
(UPS) measurements and the optical bandgaps (Figure S6, Sup-
porting Information).[?!] Moreover, the energy level alignment
of CH—0, CH—S, and CH—N derived from cyclic voltammetry
(CV) measurements is roughly consistent with the DFT predica-
tions and UPS results above (Figure 3a; Figure S7, Supporting In-
formation), showing the obviously upshifted HOMO for CH—N
(—5.68 eV) comparing to that of CH—O (—5.75 eV) and CH—S
(=5.73 eV). Therefore, the maximum absorption peak (Aqyytion)
of CH—N in solutions locates at 729 nm, redshifted by 14 and
19 nm comparing to CH—O and CH—S, respectively (Figure 3D).
As regards to films, the wavelengths of maximum absorption
peaks (Ag,,) are 783 nm for CH—O, 788 nm for CH—S, and
805 nm for CH—N. Note that the absorption of CH—S is blue-
shifted relative to CH—O in solutions, while the opposite is true
for thin films due to the larger wavelength change (A1) of 78 nm
for CH—S, but only 68 nm for CH—O from solutions to films. In
general, the steric hindrance from the puckered thianthrene will
prevent the compact 7—r stacking of CH—S,[22! thus blue-shifting
the maximum absorption peaks in films. Herein, the counterex-
ample suggests that the puckered thianthrene may boost the
packing modes of CH—S preferring to | aggregates by weaken-
ing the central unit involved molecular packings.[?)! In addition,
the molar extinct coefficient (¢) of CH—N in chloroform solu-
tions is 2.22 X 10° M~ cm™!, larger than that of 1.81 x 10° M~!
cm~! for CH—O and 1.68 x 10° M~! cm™! for CH—S (Figure 3c).
This may be induced by the broader conjugated plane of CH—N
and agrees well with its larger oscillator strength comparing to
CH—O and CH—N (Table 1). Meanwhile, the ¢ in films were
also evaluated, being 1.36 X 10° cm™! for CH—O, 1.25 x 10°
cm™! for CH=S and 1.47 x 10° cm™! for CH—N (Figure S8,
Supporting Information). The larger ¢ of CH—N will be bene-
ficial for the sufficient light harvesting even with a thinner active
layer.
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Figure 2. a) The molecular conformation and b) molecular packmgs extracted from single crystals. Herein, CH—S was evidenced by a similar molecule

of CS2 that was reported in our previous work.[']

The Stokes shifts of three SMAs were estimated to be 44 nm for
CH—O, 42 nm for CH—S, and 38 nm for CH—N (Table 1; Figure
S9, Supporting Information), indicative of the probably smaller
reorganization energy for CH—N. Note that the decreased reor-
ganization energy is beneficial for the facilitated charge transport
and reduced energy losses.ll The 2D grazing incidence wide
angle X-ray scattering (GIWAXS) measurements of neat films
were carried out to evaluate the different molecular packing be-
haviors of three SMAs. Despite the planar or puckered central
units, all the three SMAs showed a desired face-on molecular
packing orientation (Figure 3d; Figure S10, Supporting Informa-
tion). The z—x stacking distances (d,_,) were roughly estimated
as 3.57 A for CH—0, 3.63 A for CH—S and 3.55 A for CH—N.
Moreover, the crystal coherence length (CCL) of CH—S (21.8 A) is
also smaller than that of 23.6 A for CH—O and 24.6 A for CH—N
(Figure 3e; Table S2, Supporting Information). Apparently, the
puckered conformation of thianthrene should be responsible for
the enlarged d,_, and decreased CCL of CH—S. Note that the
more compact and ordered molecular packing of CH—N has con-
tributed to a greatly improved electron mobility (u,) of ~6 x 10~*
cm? V-1 s7! comparing to that of ~1 x 107 cm? V! s7! for
CH—O and CH—S (Figure 3f; Figure S11, Supporting Informa-
tion). The exciton lifetimes of three SMAs in films were also mon-
itored and calculated as 1.0 ns for CH—O, 1.4 ns for CH—S, and
1.3 ns for CH—N (Figure 3g). Given the similar electronic feature
of CH—0O and CH—S while the quite different conformations of

Adv. Mater. 2025, 2503131

2503131 (5 of 12)

central units, the smaller exciton lifetime of CH—O comparing to
CH—S may be largely caused by the more extensive aggregation-
induced exciton annihilation.?*] It is also reasonable to observe
the larger photoluminescence quantum yields (PLQY) of 10.9%
for CH—S, whereas only 5.0% for CH—O (Figure 3h). The desired
exciton/luminescent properties of CH—S comparing to CH—O
are conducive to suppressing the non-radiative recombination in
resulting OSCs (discussed below).!?] The relative dielectric con-
stant (¢,) of organic light-harvesting materials could affect their
exciton binding energy (E;) through the following empirical for-
mula of E, = e?/(4x ¢, ¢, R),[2° where e and ¢, represents the
elementary charge and vacuum dielectric constant, respectively;
R is defined as the average electron-hole distance of molecule.
The similar ¢, values ~ 2.8 were observed for three SMAs (Figure
S12, Supporting Information) and the R is also similar in light
of the only two atoms difference for CH—O, CH—S, and CH—N
structures. This consists with the comparable charge separation
energy barriers (similar to Fys) of SMAs in range of 40-60 meV
(Figure 3i). In fact, the absolute values of E, are hard to be ob-
tained through temperature-dependent PL (Figure S13, Support-
ing Information), thereby only the relative varying tendency be-
tween similar molecules is meaningful.

To investigate the difference of photovoltaic performance
caused by O, S, and N bridged atoms, we used a well-matched
donor of D18!%"] to blend with SMAs and fabricated OSCs with
a conventional device structure. The best J-V characteristics and
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Figure 3. a) Energy levels of CH—O, CH—S, and CH—N derived from UPS measurements. b) UV-vis spectra for CH—O, CH—S, and CH—N in chloroform
solutions and solid films. c) The ¢ of CH—0O, CH—S, and CH—N in solutions. d) Line-cut profiles of 2D GIWAXS patterns of CH—O, CH—S, and CH—N
neat films. e) d,_, and CCLs variation derived from GIWAXS measurements in out of plane direction. f) u.s of SMAs neat films derived from the space-
charge-limited current (SCLC) measurements. g) Time-resolved photoluminescence (PL) decay traces of neat films. h) PLQYs of SMAs in solid films.

i) Eps derived from the temperature dependent PL.

external quantum efficiency (EQE) spectra were exhibited in
Figure 4a,c and Table 2, respectively. The related data of device
optimization were also enumerated in Tables S3-S5 (Supporting
Information).

The binary OSCs based on D18:CH—O exhibited a moderate
PCE of 18.48% with an unsatisfied short-circuit current density
(Jsc) of 24.38 mA cm™2, but the outstanding open-circuit voltage
(Voc) of 0.942 V and FF of 80.47% (Figure 4a; Table 2). After re-
placing the bridged atom O with S, a superior PCE of 18.93%
was afforded with a slightly improved Jg. of 24.98 mA cm~2 and
FF of 80.86%. Impressively, a first-class PCE of 20.23% was fi-
nally achieved by D18:CH—N-based binary OSCs with a signif-
icantly improved Js. of 26.74 mA cm™ and an exceptional FF
of 83.13%. It is noteworthy that the FF of 83.13% is the best
value among all of the previously reported OSCs (Figure 4b;
Table S6, Supporting Information). This encouraging result man-
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ifests the FF gap between organic and inorganic photovoltaics
can be significantly narrowed through rational tailoring of cen-
tral units of SMAs. Furthermore, CH—N-based OSCs with the
1.0 cm? active layer area also realized a good PCE of 17.62% and
a high FF of 75.53% (Figure S14, Supporting Information). As
regards to the long-term stability, the three binary OSCs could
maintain #95% and ~85% of their initial PCEs after ~300 h test-
ing at room temperature and 65 °C, respectively. For the photo-
stability, D18:CH—O- and D18:CH—N-based OSC kept ~80%
of its initial PCE after ~250 h evaluated by the max power
point (MPP) tracking test, whereas the D18:CH—S only retained
~75% of its initial PCE (Figure S15, Supporting Information).
The integrated Jy.s showed that CH—N-based OSC has an ob-
viously increased value comparing to CH—O- and CH—S-based
OSCs (Figure 4c), which is mainly caused by its broader pho-
toelectronic response. Meanwhile, the EQE spectrum response

© 2025 Wiley-VCH GmbH
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Figure 4. a) J-V curves for champion OSCs. b) Summary of PCE diagram of binary OSCs with bulk-heterojunction (BH)) structure, showing the best
values achieved by this work (Table S6, Supporting Information). c) EQE plots and integrated Jsc curves. d) 2D color plots of TA spectra of D18:CH—O,
D18:CH—S, and D18:CH—N blended films under 760 nm excitation. e) Representative TA spectra of the blended films recorded at indicated delay times.

of CH—N-based OSCs is significantly higher than the others ~
400 nm, which could be mainly attributed to the enhanced light
absorption of CH—N films (Figure S8, Supporting Information).
The charge dynamic process was further studied by conduct-
ing transient absorption (TA) spectroscopy measurements. The
2D TA spectroscopy of blended and neat films were displayed

Table 2. Summary of photovoltaic parameters for OSCs.

in Figure 4d and Figure S16 (Supporting Information), respec-
tively, and the corresponding TA spectra at different delay times
were shown in Figure 4e. As presented in Figure S16 (Supporting
Information), the ground-state bleaching (GSB) signal of SMAs
~800 nm appears rapidly after excitation in neat films. While,
the GSB signal of D18 ~590 nm is observed as the decay of GSB

Active layers? Voc [V] Jsc [mMAcm™? Cal. Jsc P [mAcm™2] FF [%] PCE [%]
D18:CH—O 0.942 24.38 23.54 80.47 18.48
(0.936 + 0.004) (24.25 £0.12) (80.36 + 0.23) (18.24 +0.10)
D18:CH—S 0.937 24.98 24.00 80.86 18.93
(0.935 + 0.002) (24.99 + 0.09) (80.60 + 0.22) (18.84 + 0.07)
D18:CH—N 0.910 26.74 25.96 83.13 20.23

(0.907 + 0.002)

(26.90 + 0.16)

(82.56 + 0.35)

(20.15 + 0.09)

2 Average parameters derived from 15 independent OSCs (Tables S3-S5, Supporting Information); ®) Current densities by integrating EQE plots.
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signal of SMAs, which manifests the hole transfer occurs from
the SMAs to D18 in the blends.[?®] Therefore, the charge transfer
process in D/A blends can be assessed by analyzing the de-
cay dynamics of GSB signals at ~590 nm. Based on a biex-
ponential function, the time of exciton dissociation/diffusion
(t,/7,) were fitted to be 0.60/3.94,0.63/5.01 and 0.98/11.53 ps for
D18:CH—O, D18:CH—S, and D18:CH—N, respectively (Figure
S17, Supporting Information). Comparing to its two counter-
parts, the relatively larger z; and r, for D18:CH—N blends
indicated the inferior exciton dissociation dynamics. However,
D18:CH—N-based OSCs still achieved the best PCE due to the
other advantages like the broader absorption range (Figure S8,
Supporting Information), reduced energy losses and improved
charge transport behaviors (discussed below), etc. Actually, the
7,/7, of D18:CH—N are still at the excellent level among the
high-efficient OSCs in the literatures,[*>?**?°] suggesting that the
charge transfer process may be not the determining factor to limit
CH—N-based OSCs.

It is quite interesting that CH—S-based blend shows superior
exciton dissociation dynamics comparing to that of CH—N, espe-
cially considering the unique folded molecular geometry for cen-
tral unit of CH—S but planar for CH—N. Given the exciton disso-
ciation usually occurs at the interface of D/A phase, we carried
out the molecular dynamics (MD) simulations of D18:CH—O,
D18:CH—S, and D18:CH—N (Figure 5a; Figure S18 and S19,
Supporting Information) to illustrate the molecular packing sce-
narios. As shown in Figure S18 (Supporting Information), D18
was divided into two segments, labeled as donor (D) and accep-
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tor (A), while SMAs were divided into three segments, labeled
as end (E), bridge (B), and center (C). Six distinct face-on or z—
7 packing conditions were identified as DE, DB, DC, AE, AB
and AC (Figure 5b; Table S7, Supporting Information). The total
stacking counts of CH—S (205.9) and CH—O (197.0) are slightly
larger than that of CH—N (189.9) (Figure 5¢; Table S8, Support-
ing Information), thus contributing the overall enlarged inter-
action energies (w) of D18:CH—S (—12.7 x 10* k] mol™) and
D18:CH—O (-12.1 x 10* kJ mol™!) comparing to D18:CH—N
(—11.7 x 10* k] mol™?!) (Figure 5d). This may be one of the rea-
sons why D18:CH—S and D18:CH—O blends could possess the
superior exciton dissociation dynamic comparing to D18:CH—N.

By measuring the dependence of V. on light intensity
(Figure S20, Supporting Information), S/(kT/q) for D18:CH—O,
D18:CH—S, and D18:CH—N-based devices were determined to
be 1.32, 1.30, and 1.15, respectively, demonstrating that the trap-
assisted recombination was effectively suppressed in CH—N-
based device.>"] Besides, the energy loss of OSCs decreased from
D18:CH—O, D18:CH—S to D18:CH—N, especially for the non-
radiative energy loss of AE;, being 0.244, 0.238, and 0.214 eV,
respectively (Figures S21 and S22; Table S9, Supporting Infor-
mation). These results manifest the photovoltaic performance of
OSCs could be significantly affected by the bridging atoms on
2D conjugated extend central cores of SMAs, moreover, provide
a valuable reference for further design of highly efficient SMAs.

To penetrate into the root causes of the record FF observed in
CH—N-based devices, the charge transport behaviors in CH—O,
CH—S, and CH—N-based blends were evaluated by using the

© 2025 Wiley-VCH GmbH
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films.

SCLC method. As shown in Figure S23 (Supporting Infor-
mation), the electron/hole mobility could be determined as
2.94/1.50, 3.09/2.01, and 4.13/3.01 X 10~* cm? V~! s71, respec-
tively, giving rise to the electron/hole mobility ratios of 1.96,
1.54 and 1.37. The larger and more balanced electron/hole mo-

Adv. Mater. 2025, 2503131 250313

bility of D18:CH—N blends should account for the better FF of
D18:CH—N-based OSCs.!l The largest e, of D18:CH—N (~6.0)
among three systems may be conductive to the more efficient
charge transport in D18:CH—N blends (Figure S24, Supporting
Information).

1(90f12) © 2025 Wiley-VCH GmbH
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Note that the improvement of PCEs and FFs is closely re-
lated to the optimization of microstructure in D/A blended
films.[?2] Therefore, atomic force microscopy based infrared spec-
troscopy (AFM-IR) was further employed to study the morphol-
ogy changes after switching O-, S-, and N-bridged on central
cores. As displayed in Figure 6a and Figure S25 (Supporting
Information), all the three blends were characteristic of a rel-
atively smooth film surface, indicated by a closing root-mean-
square roughness (R,) of ~#1.0 nm. Then, we further recorded
AFM-IR signals of blended films by detecting the stretching vi-
bration of C=N bond in SMAs (2216 cm™).3*) As shown in
Figure 63, it is obvious that D/A interpenetrating fibrillary net-
works can be observed, especially for D18:CH—N blend with a
clearer D/A boundary. Additionally, transmission electron mi-
croscopy (TEM) images in Figure S26 (Supporting Information)
further verified this fibrillar micromorphology. The related lit-
eratures have revealed that the fibrillary morphology could ac-
celerate charge migration effectively.l*>34] By fine statistical anal-
ysis along the directions of the arrow, a reduced fiber size
was observed in D18:CH—N (Figure 6b; Figure S27, Support-
ing Information), which is ~15.7 nm comparing to ~17.2 and
~20.7 nm for D18:CH—O and D18:CH—S, respectively. The suit-
able phase separation for D18:CH—N should response for its su-
perior charge transport (Figure S23, Supporting Information).

In light of the D/A phase separation size is greatly affected
by the miscibility between donor and SMAs, the contact an-
gles were tested and corresponding Flory-Huggins interaction
parameters (y) were calculated.[*! As shown in Figure S28 and
Table S10 (Supporting Information), D18:CH—S possesses the
largest yp., of 0.25, comparing to that of 0.09 for D18:CH—N
and 0.16 for D18:CH—O. This suggests the better D/A mis-
cibility for the relative planar SMAs containing dibenzodioxin
and phenazine and agrees well with their relatively smaller
phase separation. GIWAXS analysis of blended films has indi-
cated the face-on molecular stacking orientation as same as the
neat films (Figure 6¢). Among them, CH—O and CH—N with
the planar geometries have the smaller z—z stacking distances
but decreased CCL values comparing to D18:CH—S blends
(Figure 6d; Table S11, Supporting Information). In short, al-
though all of D18:CH—O, D18:CH—S, and D18:CH—N blends
showed the fibrous morphology and achieved the excellent
charge generation/transport,*! the delicately tuning of crystal-
lization properties of SMAs through bridged atom screening is
still crucially important to determine the PCE difference of OSCs.

3. Conclusion

In order to expand the space for SMAs tailoring, O, S, and N
atoms are adopted to bridge the 2D conjugated central cores
on the same acceptor platform, yielding three SMAs of CH—O,
CH—S, and CH—N. Due to the different p-x orbital overlap be-
tween lone pair on O/S/N and the coterminous benzene planes,
the central cores of SMAs have displayed quite different confor-
mations and electronic properties, for example, planar and non-
aromatic dibenzodioxin in CH—O, puckered and non-aromatic
thianthrene in CH—S, planar and aromatic phenazine in CH—N.
A systematic investigation disclosed the intrinsic photoelectronic
properties of SMAs could be delicately tuned by the character
of central units. For example, 1) the fully conjugation of central
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unit in CH—O and CH—S was broken caused by the inefficient
p- orbital overlap, which freezes the electron donating ability of
aryl diol or dithiol moieties and results in the unexpectedly blue-
shifted absorption of CH—O and CH—S comparing to CH—N, 2)
the planar and aromatic phenazine in CH—N contributes to the
larger dipole moment and polarizability, prolonged exciton life-
times, more compact and ordered molecular packings, superior
fibrillary D/A blending morphology and charge transport, etc.,
comparing to CH—O and CH—S. Benefitting from the advan-
tages of phenazine, D18:CH—N-based binary OSCs achieved a
first-class efficiency of 20.23% comparing to that of 18.48% for
D18:CH—O and 18.93% for D18:CH—S. Note that CH—N has
demonstrated a very few SMA skeleton besides the pathbreak-
ing Y-series backbones (L8-BO and BTP-eC9, etc.), which could
boost PCE of binary OSCs to surpass 20%. More excitingly, the
highest FF of 83.13% in organic photovoltaics was also reached
by D18:CH—N, manifesting the great potential for reducing FF
gap between organic and inorganic photovoltaics through ratio-
nal tailoring of central units in SMAs. By constructing these three
SMAs, our work expands the structural scope of central units,
moreover, provides valuable guidance to further central core con-
struction.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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