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Abstract Regulating donor-acceptor (D/A) and acceptor-acceptor (A/A) interactions is crucial for optimizing the morphology and charge dy-
namics of organic solar cells (OSCs). Herein, a tetraphenylethylene (TPE)-containing Y-series acceptor, TPE-HD, was developed through phenyl-
alkyl side-chain engineering to manipulate the intermolecular interactions and crystallization behavior. The introduced TPE unit enhanced A/A
self-aggregation and molecular ordering, leading to increased crystallinity and accelerated crystallization kinetics during film formation. The bi-
nary D18:TPE-HD blend exhibited pronounced aggregation characteristics and delivered a power conversion efficiency (PCE) of 17.5%. To further
exploit the favorable packing characteristics of TPE-HD, it was incorporated as a third component into the D18:L8-BO host system. Benefiting
from the synergistic effects of the efficient exciton dissociation provided by L8-BO and the enhanced electron transport induced by TPE-HD, the
ternary blend exhibited optimized phase separation, improved charge transport, and suppressed recombination. Consequently, the ternary OSC
achieved a PCE of 19.8% with simultaneous improvements in the short-circuit current density, fill factor, and open-circuit voltage. This work
demonstrates an effective strategy for regulating intermolecular interactions through phenyl-alkyl side-chain engineering to synergistically opti-
mize the morphology and charge dynamics of high-performance OSCs.
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INTRODUCTION

Organic solar cells (OSCs) have broad application prospects in
building-integrated photovoltaics, indoor photovoltaic systems,
and wearable electronic devices owing to their advantages,
such as light weight, good flexibility, semitransparency, and
tunable color.'"® With the continuous optimization of non-
fullerene acceptors (NFAs) in molecular design and device fabri-
cation, the power conversion efficiency (PCE) of single-junction
OSCs has recently exceeded 20%, demonstrating their strong
potential for practical applications.”~'# Further improvement of
the OSC performance relies on the regulation of the nanoscale
morphology in the bulk heterojunction active layer. However,
achieving an appropriate phase separation size and balanced
crystallinity remains a core challenge.l>~""! Specifically, exces-
sive phase separation and crystallinity reduce the donor-accep-
tor interface area, which is detrimental to exciton dissociation;
conversely, insufficient phase separation and crystallinity exac-
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erbate carrier recombination, hindering charge
transport.'®2’Among various molecular engineering strate-
gies, side-chain modification of A-DA'D-A-type acceptors has
proven particularly effective in regulating intermolecular inter-
actions and aggregation behavior.?'~! Currently, two main
side-chain structures are employed. The first strategy involved
the use of a bulky phenyl group.**=2% The steric hindrance in-
troduced by the phenyl ring effectively suppresses excessive
molecular aggregation, prevents the formation of overly large
phase-separation domains, and maintains a favorable
donor-acceptor interface, thereby optimizing the active layer
morphology for exciton dissociation. However, this steric hin-
drance often leads to an increased 7-77 stacking distance and re-
duced crystallinity, which are unfavorable for carrier mobility.
Consequently, devices based solely on such bulky side chains
typically exhibit compromised charge transport and low fill fac-
tors. The second strategy involves the use of long alkyl side
chains.?’~?! These chains enhance molecular solubility, pro-
mote ordered packing, and improve both crystallinity and carri-
er mobility. Nevertheless, the strong aggregation tendency in-
duced by the long alkyl chains often leads to the formation of
large pure-phase aggregates. Such oversized pure-phase do-
mains reduce the donor-acceptor interfacial area, thereby exac-
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erbating monomolecular recombination in the donor or accep-
tor pure phases and lowering exciton dissociation efficiency. To
address this trade-off, an alkyl chain strategy based on a phenyl
group has been proposed:*°-3? integrating a phenyl moiety in-
to the alkyl side chain combines the steric hindrance effect of
the phenyl group with the solution processability and ordered
packing promotion ability of the alkyl chains. This design is ex-
pected to achieve an optimal active layer morphology, balance
domain size, molecular packing, and charge transport proper-
ties, and holds great potential for further improving the perfor-
mance of organic solar cells.

In this work, we designed and synthesized a
tetraphenylethylene (TPE)-functionalized Y-series acceptor
(TPE-HD) derived from L8-BO to systematically tune the bal-
ance between donor and acceptor (D/A) and acceptor-accep-
tor (A/A) interactions. The incorporation of TPE units
strengthens the A/A interactions and promotes molecular or-
dering, leading to enhanced crystallization kinetics and in-
creased crystallinity during film formation. The binary
D18:TPE-HD blend exhibited strong self-aggregation, leading
to an enlarged phase separation and limited exciton dissocia-
tion, resulting in a PCE of 17.5%. To further exploit its packing
characteristics, TPE-HD was introduced as a third component
into the D18:L8-BO host system. In the ternary system, L8-BO
ensures efficient exciton generation and favorable donor-ac-
ceptor interfaces, whereas TPE-HD promotes ordered molec-
ular packing and enhances electron transport, enabling a
more balanced morphology. Consequently, the ternary de-
vice achieved an improved PCE of 19.8%, with improved
short-circuit current density (Jsc), open-circuit voltage (Vo(),
and fill factor (FF). This work provides a new perspective for
tuning the balance of intermolecular interactions via side-
chain engineering and demonstrates a promising ternary
strategy for fabricating high-performance organic solar cells
with synergistically optimized morphologies and charge dy-
namics.

EXPERIMENTAL

The synthetic details, experimental section and complementary
data are presented in the electronic supplementary information
(ESI).

RESULTS AND DISCUSSION

Materials Synthesis and Characterization

The chemical structure of TPE-HD is shown in Fig. 1(a), and the
detailed synthetic procedure is provided in Scheme S1 (in ESI).
The key DA'D intermediate was directly constructed from com-
pound 1, followed by formylation and Knoevenagel condensa-
tion with 2-(5,6-difluoro-3-oxo-2,3-dihydro-1H-inden-1-ylidene)-
malononitrile (2F-1C) to obtain the target acceptor material, TPE-
HD. This material exhibits good solubility in common organic
solvents, such as dichloromethane and chloroform, which is fa-
vorable for solution-processed device fabrication.

The optical properties of TPE-HD and L8-BO were investi-
gated using UV-Vis absorption spectroscopy. As shown in
Figs. 1(b) and 1(c), TPE-HD displays a maximum absorption
peak at 731 nm in dilute solution, nearly identical to that of
L8-BO, suggesting that introducing the TPE unit through the
side chain exerts a negligible influence on the intrinsic conju-
gated backbone electronic structure. Upon film formation,
both acceptors exhibited red-shifted absorption relative to
their solution spectra because of the enhanced intermolecu-
lar interactions in the solid state. Notably, TPE-HD showed a
smaller red-shift than L8-BO, accompanied by a reduced 0-
0/0-1 vibronic peak ratio, indicative of reduced J-aggregation
induced by the side-chain TPE unit.3334 The optical
bandgaps of L8-BO and TPE-HD are estimated to be 1.44 and
1.42 eV, respectively. To further evaluate the electronic struc-
ture, cyclic voltammetry (CV) measurements were performed
(Fig. 1d and Fig. S1 in ESI) to investigate the highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular
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Fig.1 (a) Chemical structures of D18, L8-BO, and TPE-HD; (b) Normalized UV-Vis absorption spectra in solution and neat film; (c) UV-Vis absorption
spectra of the blend films; (d) The energy level diagrams of D18, L8-BO and TPE-HD.
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orbital (LUMO) energy levels. As summarized in Table S1 (in
ESI), the HOMO/LUMO levels of D18, L8-BO, and TPE-HD were
estimated to be -5.50/-3.55 eV, -5.53/-3.92 eV, and
-5.60/-3.91 eV, respectively. Furthermore, the theoretically
calculated LUMO/HOMO levels of L8-BO and TPE-HD were
-3.53/-5.56 eV and -3.57/-5.60 eV (Fig. S2 in ESI), respective-
ly. The results indicate that the incorporation of the TPE-func-
tionalized side chain induced negligible changes in the fron-
tier molecular orbital energy levels.

Photovoltaic Performance

The OSC devices were fabricated with a conventional ITO/2-
PACz/active layer/PDINN/Ag structure, and the detailed fabrica-
tion and characterization procedures are provided in ESI. The
current density-voltage curves of the optimized devices under
AM 1.5G illumination are presented in Fig. 2(a), and the corre-
sponding photovoltaic parameters are summarized in Table 1.
The photovoltaic performances of the devices with different
D/A ratios are shown in Fig. S3 and Table S2 (in ESI). The binary
device based on D18:TPE-HD achieved a PCE of 17.5%, which
was slightly lower than that of D18:L8-BO (18.8%). Nevertheless,
V¢ increased from 0.894 V to 0.908 V, suggesting that the in-

corporation of TPE-HD effectively reduced the voltage loss. On
this basis, when TPE-HD was added as a third component to the
D18:L8-BO system, the resulting ternary device achieved an en-
hanced PCE of 19.8%, accompanied by simultaneously im-
proved Jsc, FF, and Vo of 27.3 mA-cm™2, 80.4%, and 0.901 V, re-
spectively. The corresponding EQE spectra are shown in Fig.
2(b). The integrated Jsc values for D18:L8-BO, D18:TPE-HD, and
D18:L8-BO:TPE-HD-based devices are 26.1, 24.8, and 26.6
mA-cm~2, respectively, which agree well with the J-V results,
with deviations below 5%. The enhanced photovoltaic perfor-
mance of the ternary device indicates that the introduction of
TPE-HD contributes to more efficient photogenerated charge
generation and collection.

To elucidate the origin of the V. differences, the energy
loss components (AE,) of the devices were systematically
analyzed, and the corresponding parameters are summa-
rized in Fig. S4 and Table S3 (in ESI). Since the three systems
exhibit nearly identical optical bandgaps, the radiative loss
above the bandgap (AE;) remains essentially unchanged
among the devices. The D18:.TPE-HD device delivered the
lowest AE,, of 0.551 eV, accompanied by the smallest non-
radiative component (AE;) of 0.228 eV. These results indicate
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Fig.2 (a) Current density-voltage (J-V) curves; (b) EQE spectra and integrated Jsc of corresponding devices; (c) V¢ versus light intensity curves; (d)
JonVest relationships curves; (e) Hole mobilities, electron mobilities, and u,/u, ratios based on D18:NFAs-based devices; (f) Transient photovoltage

decay curves.

Table 1 Photovoltaic parameters of the D18:NFAs-based OSCs.

Active layer 2 Voc (V) Jsc (mA-cm™) JsFE (mA-cm™?) FF (%) PCE (%)
D188 B0 0.894 26.7 261 789 188
(0.893+0.002) (26.3+0.4) : (78.5+0.4) (18.6+0.3)
D18:TPE-HD 0.908 254 76.0 175
(0.907+0.002) (25.0+0.4) L (75.6+0.4) (17.2+0.3)
D18:.8-BO:TPE-HD 0.901 27.3 266 80.4 19.8
(0.898+0.003) (26.9+0.4) ' (80.0+0.4) (19.5+0.3)

2 The statistical results were obtained from at least 10 devices.
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that the incorporation of TPE-HD effectively suppressed non-
radiative recombination, thereby reducing energy loss and
enhancing V.

Charge Transport, Extraction, and Recombination

To further understand the charge recombination behavior, the
light-intensity dependence (Pygp,) of the photocurrent was in-
vestigated. As shown in Fig. S5 (in ESI), the a values are 0.92 for
the D18:L8-BO, 0.94 for D18:TPE-HD, and 0.94 for the D18:L8-
BO:TPE-HD-based ternary devices, respectively. Compared with
D18:L8-BO, the binary and ternary devices containing TPE-HD
had a values closer to 1, indicating that bimolecular recombina-
tion was effectively suppressed.*>*% Furthermore, the voltage
dependence on light intensity (Fig. 2c) shows that the slope fac-
tors (n) of the above devices are 1.60 (D18:L8-BO), 1.17
(D18:TPE-HD), and 1.40 (D18:L8-BO:TPE-HD), respectively, con-
firming that the introduction of TPE-HD effectively suppresses
trap-assisted recombination. The charge generation and collec-
tion processes were further evaluated by measuring the pho-
tocurrent density (J,,) as a function of effective voltage (V¢), as
shown in Fig. 2(d). The calculated exciton dissociation probabili-
ty (Pgi) and charge collection efficiency (P,) for D18:L8-BO,
D18TPE-HD, and the ternary device are 97.3%/88.7%,
92.8%/79.5%, and 99.6%/91.2%, respectively. Compared to their
binary counterparts, the ternary device exhibited the highest
Pgis and P, values, demonstrating more efficient exciton disso-
ciation and carrier collection, which contributed to the simulta-
neous enhancement of Jsc and FF.

The charge transport characteristics of the blend films were
studied using the space-charge limited current (SCLC)
method; detailed data are shown in Fig. 2(e) and Table S4 (in
ESIl). The hole and electron mobilities of the D18:L8-BO,
D18TPE-HD, and D18:L8-BO:TPE-HD blend films were
9.60x1075/6.03%x1075, 9.67%x1075/6.92x1075, and 9.87x1075/
6.40x107> cm2V-1s71, corresponding to u,/y, ratios of 1.59,
1.40, and 1.54, respectively. The three blend films showed
similar hole mobilities, whereas the electron mobility in-
creased after introducing TPE-HD, accompanied by an im-
proved carrier balance. Transient photocurrent (TPC) and
transient photovoltage (TPV) measurements were subse-
quently performed to probe the carrier extraction and recom-
bination dynamics. As shown in Fig. 2(f) and Fig. S6 (in ESI),
the charge extraction times of the three devices are 0.13, 0.16,
and 0.13 ys, respectively, and the corresponding carrier life-
times are 2.16, 1.81, and 3.43 ps. The ternary device simulta-
neously exhibited the fastest charge extraction and the
longest carrier lifetime, indicating more efficient carrier trans-
port and suppressed recombination loss, thereby supporting
the superior Jsc and FF of the ternary OSCs.

Intermolecular Interaction Analysis

The improvement in device performance is closely related to
the regulation of intermolecular interactions.’’=**! To clarify the
influence of the TPE unit on the phase separation behavior of
the donor and acceptor materials, the donor/acceptor (D/A) in-
teraction strength was first evaluated using the Flory-Huggins
interaction parameter (x), and the detailed results are summa-
rized in Fig. S7 and Table S5 (in ESI). The surface energies (y) of
D18, L8-BO, and TPE-HD were measured to be 24.06, 30.24, and
33.12 mJ-m2, respectively. Based on the formula x o< ((ya—

W), XP18TPEHD (0,72) > P18L880 (0.35) was obtained, indicat-
ing that D18 and TPE-HD have poor miscibility and weaker D/A
interactions than D18/L8-BO.*? Such reduced donor-acceptor
interactions are expected to suppress excessive D/A mixing and
facilitate optimized phase separation. To verify this result fur-
ther, density functional theory (DFT) calculations were per-
formed to assess intermolecular interaction characteristics. Con-
formational scans of the L8-BO and TPE-HD dimers were per-
formed at the B3LYP-D3(BJ)/6-31G(d,p) level to obtain opti-
mized geometries and electrostatic potential (ESP) distributions.
As shown in Fig. 3(a), compared with L8-BO, the strong electron-
donating group TPE in TPE-HD lowers its surface electrostatic
potential, thereby weakening the D/A interaction and suppress-
ing donor-acceptor mixing, which is consistent with the con-
tact angle measurement trend.

The effect of the TPE unit on the A/A interactions was sub-
sequently investigated using an independent gradient mod-
el based on Hirshfeld partition (IGMH) analysis.l*'42 As shown
in Figs. 3(b) and 3(c), the blue regions represent significant at-
tractive noncovalent interactions, red regions indicate repul-
sive interactions, and green regions correspond to van der
Waals interactions. The results showed that both acceptor
materials were dominated by weak noncovalent interactions,
mainly van der Waals forces. More importantly, we also ob-
served that the TPE groups underwent tight packing with the
backbone structure, leading to stronger and more extensive
intermolecular interactions and a higher A/A self-aggrega-
tion tendency for TPE-HD. In addition, the corresponding ba-
sis set superposition error (BSSE)-corrected interaction ener-
9y (Einter) Of the TPE-HD dimer is —61.6 kcal/mol, significantly
stronger than that of the L8-BO dimer (—44.3 kcal/mol), con-
firming the strengthened A/A interaction induced by the TPE-
functionalized side chain.

Morphology Analysis and Film Formation Kinetics

To further elucidate how the altered intermolecular interactions
influence device performance, the bulk heterojunction mor-
phology and film formation behavior of the blend films were
systematically investigated. We first investigated the surface
morphology of the three blend films using atomic force mi-
croscopy (AFM). As shown in Fig. S8 (in ESI), the D18:L8-BO,
D18:TPE-HD, and D18:L8-BO:TPE-HD blend films exhibited dif-
ferent nanoscale morphological features, with root-mean-
square roughness (R;) values of 1.68, 2.51, and 1.59 nm, respec-
tively. The TPE-HD binary blend film showed significantly large
aggregates and pronounced phase separation. In contrast, the
ternary blend film had a more uniform and smoother surface,
forming a finely continuous interpenetrating fibrillar network
structure, which was also verified by its phase image. This is
beneficial for improving the exciton dissociation efficiency and
constructing efficient charge transport pathways.

Furthermore, grazing-incidence wide-angle X-ray scatter-
ing (GIWAXS) was performed. The two-dimensional GIWAXS
patterns of the films are shown in Fig. 4(a) and Fig. S9 (in ESI).
The corresponding line-cuts in the in-plane (IP) and out-of-
plane (OOP) directions are shown in Fig. 4(b) and Fig. S10
(ESI), and the detailed parameters are listed in Table S6 (in
ESI). The results show that the binary and ternary films exhib-
ited a pronounced face-on orientation. The crystal coherence
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Fig. 3 (a) Surface electrostatic potential distribution of D18, L8-BO and TPE-HD; (b) The BSSE-corrected interaction energy and IGMH isosurfaces;
(c) The IGMH scatter graphs of TPE-HD and L8-BO dimers.
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lengths (CCLs) along the (010) peak for the D18:L8-BO,
D18:TPE-HD, and D18:L8-BO:TPE-HD blend films are calculat-
ed to be 22.20, 29.12, and 25.99 A, respectively, among which
the TPE binary blend film shows much higher crystallinity
than D18:L8-BO. The GIWAXS results were consistent with the
DFT calculations, confirming that the introduction of TPE-HD
significantly enhanced the molecular packing.

To further understand the influence of the TPE unit on the
film formation process, in situ UV-Vis absorption spec-
troscopy was performed during spin coating from chloro-
form, and the corresponding results are shown in Fig. 5. The
evolution of the characteristic absorption peak of the film can
generally be divided into three stages: solvent evaporation,
solute precipitation and crystallization, and dry film forma-
tion. The second stage is the key stage characterizing the ag-
gregation process, which is typically marked by a redshift in
the acceptor absorption spectrum. The duration of the sec-
ond stage for the D18:L8-BO, D18:L8-BO:TPE-HD, and
D18:TPE-HD films was approximately 240, 180, and 160 ms,
respectively, showing a progressively decreasing trend with
increasing TPE-HD content. These results indicate that the in-
corporation of TPE-HD significantly accelerated nucleation
and ordered molecular aggregation during film formation.
This accelerated crystallization behavior can be attributed to
the enhanced A/A interaction induced by the TPE-functional-
ized side chain, which increases the self-aggregation driving
force and promotes molecular packing during solvent evapo-
ration. Film-depth-dependent light absorption spectroscopy

(FLAS) was used to probe the vertical phase distribution of
the blend films (Fig. S11 in ESI). Excessive acceptor aggrega-
tion in the D18:TPE-HD film led to an imbalanced vertical D/A
distribution, limiting exciton dissociation, whereas the strong
donor-acceptor interaction in the D18:L8-BO film suppressed
donor enrichment near the substrate, hindering hole collec-
tion. In contrast, the ternary blend simultaneously preserved
sufficient D/A interfacial contact and an optimized vertical
donor distribution, achieving a better balance between exci-
ton dissociation and charge collection. These findings further
demonstrate the role of TPE-HD in optimizing the blend mor-
phology.

Combining intermolecular interaction analysis, morpholo-
gy characterization, and film-formation kinetics, it is clear that
the balance between D/A and A/A interactions governs the
crystallization dynamics and blend morphology evolution.
The enhanced A/A interaction induced by the TPE unit accel-
erated molecular aggregation during film formation, leading
to faster crystallization and stronger molecular packing. How-
ever, in the D18:TPE-HD binary system, this results in exces-
sive self-aggregation and pronounced phase separation,
which are unfavorable for exciton dissociation. In contrast, in-
troducing TPE-HD as a third component in the D18:L8-BO sys-
tem moderated the D/A-A/A interaction balance, yielding op-
timized crystallization kinetics and a more favorable
nanoscale morphology. As a result, the ternary blend en-
abled more efficient charge transport with reduced recombi-
nation loss, contributing to improved device performance.
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(@) In situ 2D absorption contour maps; (b) Relevant time-dependent absorption peak shifts.
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CONCLUSIONS

In summary, a tetraphenylethylene-containing Y-series accep-
tor (TPE-HD) was synthesized through phenyl-alkyl side-chain
engineering to regulate intermolecular interactions and aggre-
gation. The introduced TPE side chains enhanced A/A self-ag-
gregation and molecular ordering, leading to improved crys-
tallinity and electron transport. TPE-HD was incorporated into
the D18:L8-BO system as a third component to optimize the ac-
tive-layer morphology and charge dynamics. Benefiting from
the synergistic effects of efficient exciton generation from L8-BO
and enhanced molecular packing induced by TPE-HD, the
ternary blend exhibited more balanced phase separation, sup-
pressed charge recombination, and improved charge transport.
Consequently, the ternary organic solar cell achieved an out-
standing PCE of 19.8%, accompanied by simultaneous en-
hancements in Js, FF, and V. This work demonstrates that hy-
brid side-chain engineering is an effective strategy for modulat-
ing intermolecular interactions and highlights the great poten-
tial of ternary approaches for constructing high-performance
organic solar cells through synergistic morphology optimiza-
tion.
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