Open Access Article. Published on 18 August 2025. Downloaded on 4/11/2026 11:41:23 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of

Materials Chemistry C

¥ ® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: J. Mater. Chem. C, 2025,
13, 21528

Received 15th June 2025,
Accepted 18th August 2025

DOI: 10.1039/d5tc02318a

rsc.li/materials-c

Molecular engineering, synthesis, and
atomistic structure—property relationship of
indoloquinoxaline-capped small donors for
efficient organic solar cells
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The growing demand for high-performance organic photovoltaics has sparked great interest in small-
molecule donor (SMD) materials that offer well-defined structures and superior batch-to-batch
consistency. In this study, we report the molecular design, synthesis, and atomistic structure—property
characterization of three indoloquinoxaline (IQ)-capped SMDs named DPP-Th-1Q, BT-Th-IQ, and TT-IQ
for potential applications in all-small-molecule organic solar cells (ASM-OSCs). Each SMD features a
distinct central core, including diketopyrrolopyrrole (DPP), benzothiadiazole (BT), or thieno[3,2-
blthiophene (TT) with thiophene as bridging units in the DPP and BT derivatives, to systematically tune
electronic structures, optical profiles, and charge transport properties. Electrochemical analysis
confirmed that all three SMDs possess well-aligned HOMO-LUMO levels conducive to pairing with the
Y6 non-fullerene acceptor. Density functional theory (DFT) calculations revealed low hole/electron
reorganization energies with extensive frontier-orbital delocalization, indicative of efficient charge
transport. Photophysical experiments based on UV-vis, photoluminescence, and solvatochromic analysis
and complementary computational characterization showed strong intramolecular charge transfer in
SMDs. Electron density difference analysis explained that particularly the benzothiadiazole-based BT-Th-
IQ donor exhibits the lowest exciton binding energy coupled with high charge transfer excitations,
indicating efficient exciton dissociation. Donor—acceptor interfacial modeling further predicted robust
face-on n—n stacking and favorable donor-Y6 orientations that support interfacial charge transfer.
Importantly, all three SMDs demonstrated initial thin-film stability: films retained >90% of their initial
absorbance after 30 hours of continuous AM 1.5G irradiation, and thermogravimetric analysis showed
decomposition temperatures (5% weight loss) exceeding 250 °C. Overall, this study clarifies the interplay
between molecular design, electronic structure, interfacial interactions, and stability, providing a
strategic path toward next-generation high-efficiency ASM-OSCs based on 1Q-capped donors.

1. Introduction

“ Department of Chemistry, Institute of Chemical Sciences, Government College
University Lahore, Punjab 54000, Pakistan. E-mail: rajashahid@gcu.edu.pk

b Department of Chemistry, University of Agriculture, Faisalabad, 38000, Pakistan

¢ Department of Chemistry, Government College University, Faisalabad 38000,
Pakistan

”’Department of Chemistry, University of Education, Bank Road Campus, Lahore,
Punjab 54000, Pakistan. E-mail: munazza.shahid@ue.edu.pk

¢ Department of Chemistry and Chemical Engineering, Lahore University of
Management Sciences, Lahore, Punjab 54792, Pakistan

/ Department of Physics, School of Natural Sciences, University of Hull, Hull HU6
7RX, UK

4 The Institute for Advanced Studies, Wuhan University, Wuhan 430072, China

" Department of Chemistry, School of Physical and Chemical Sciences, Queen Mary
University of London, London E1 4NS, UK. E-mail: c.b.nielsen@qmul.ac.uk

21528 | J Mater. Chem. C, 2025, 13, 21528-21543

The continuously growing global demand for sustainable
energy has accelerated research and development in advanced
photovoltaic technologies. Among the various platforms,
organic solar cells (OSCs) have garnered particular attention
due to their potential for lightweight, flexible, and cost-effective
energy harvesting devices. In contrast to certain hybrid perovs-
kite and dye-sensitized solar cells that may employ toxic or
corrosive materials, OSCs present a more environmentally
benign alternative, relying on carbon-based materials with
relatively lower toxicity profiles.'” Early OSCs primarily utilized
fullerene acceptors paired with small molecular donors, attain-
ing modest yet promising power conversion efficiencies (PCEs).

This journal is © The Royal Society of Chemistry 2025
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However, limitations such as narrow absorption coefficients,
constrained energy-level tunability, and suboptimal thermal
stabilities restricted these devices to PCE values of about 13%.*

Subsequent developments focused on the integration of
non-fullerene acceptors (NFAs), which helped push OSC effi-
ciencies above 20%.>® NFAs offer advantages such as wider
absorption ranges, customizable bandgaps, and improved mor-
phological stability. Yet, pairing NFAs with polymer-based
donors introduces additional complexities, with most notably
polydispersity and potential morphological instabilities that
may limit device reproducibility and long-term performance.
In response, small molecular donors (SMDs) have emerged as
compelling alternatives, owing to their well-defined molecular
structures, tunable electronic structures for optimal donor-
acceptor alignment, and batch-to-batch consistency. Nonethe-
less, despite these attributes, all-small-molecule OSCs (ASM-
0OSCs) continue to trail polymer-NFA systems in terms of over-
all efficiency, with most reports hovering around 15-16%
PCE.””® This discrepancy underscores the need for new small
molecular donor designs that not only rival polymer-based
donors but also surpass existing challenges related to morphol-
ogy, stability, and scalability.

Molecular design strategies for small-molecule donors often
involve A-D-A or A-n-D-n-A backbones, where electron-rich
(donor) and electron-deficient (acceptor) units are carefully
arranged to optimize energy-level alignment and facilitate
efficient charge transfer. Building blocks like benzo-[1,2-b:4,5-
b']dithiophene (BDT) have been widely adopted due to their
planar geometry, which enhances molecular packing and
charge mobility.'® Early BDT-containing donors achieved mod-
erate PCEs when combined with fullerene acceptors, while
subsequent efforts pairing BDT-based donors with high-
performance Y6-type NFAs have driven ASM-OSC efficiencies
beyond 15%."*** Other core motifs, such as naphtho[1,2-b:5,6-
b']dithiophene, porphyrins, and thienobenzo-dithiophene (TBD),
extend the available chemical space, enabling systematic fine-
tuning of optical properties and energy levels."**° Although these
structural innovations have improved ASM-OSC performance, sev-
eral practical issues persist. For example, many small-molecule
donors lack the favorable film-forming characteristics inherent to
polymers, necessitating additional processing or post-treatment
steps to achieve optimal domain sizes and morphologies in the
active layer. Moreover, certain small-molecule donors are prone to
crystallization or self-aggregation, which, if not properly controlled,
can hinder charge transport and limit device reproducibility.

Despite the advancements, the morphology of ASM-OSCs
remains difficult to control. Achieving a continuous, yet finely
mixed donor-acceptor network typically demands post-
treatments (e.g., thermal or solvent vapor annealing) that may
be unsuitable for large-scale manufacturing.’® Moreover, the
low viscosity of small-molecule solutions complicates large-area
printing of photoactive layers, posing a hurdle for industrial
fabrication. Finally, although polymer-based materials often
show greater morphological stability, questions persist regard-
ing the long-term reliability of fully small-molecule systems."”
Systematic stability studies will be integral as the field
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advances. Therefore, ASM-OSCs remain in a stage of ongoing
materials exploration and efficiency enhancement, and more
comprehensive answers to existing challenges may only emerge
as a wider variety of donor-acceptor combinations are investi-
gated. Progress is particularly dependent on the careful mole-
cular engineering of small-molecule donors and acceptors to
optimize key photovoltaic parameters: open-circuit voltage
(Voc), short-circuit current density (Jsc), and fill factor (FF).
Achieving V¢ values above 0.90 V requires precise control of
the donor’s highest occupied molecular orbital (HOMO) and
the acceptor’s lowest unoccupied molecular orbital (LUMO)
energy levels, while broad absorption spectra and high
charge-carrier mobility are essential to maximizing both Jsc and
FF.'®2° Consequently, the primary obstacle lies in designing
donor-acceptor (D/A) systems with aligned energy levels,
extended absorption across the visible to near-infrared region,
and robust morphological and electronic properties. Addres-
sing this challenge necessitates the discovery and development
of efficient SMDs that not only meet these stringent perfor-
mance criteria but also enhance device stability, thereby paving
the way for future efficient ASM-OSCs.

This study reports the design, synthesis, and computational
characterization of three new SMDs based on indoloquinoxa-
line (IQ) end-groups and two electron-deficient central cores,
including diketopyrrolopyrrole (DPP), and benzothiadiazole
(BT), one electron-rich core, thienothiophene (TT) and named
as DPP-Th-1Q, BT-Th-IQ, and TT-IQ, respectively. IQ-based
architecture has recently garnered increasing interest. The
intrinsic donor-acceptor character of 6H-indolo[2,3-b]quinoxa-
line, which is derived from electron-rich indole ring and
electron-deficient quinoxaline fragment facilitates efficient
intramolecular charge transfer (ICT), making it a promising
terminal unit in SMD design. Among central units, DPP stands
out for its robust electron-transporting capacity, high photo-
chemical stability, and strong absorption, whereas BT is a
versatile acceptor fragment easily synthesized from readily
available precursors. Both DPP- and BT-centered molecules
are further modified with thiophene n-bridges to extend con-
jugation and fine-tune energy levels. By contrast, TT central
unit imparts a rigid backbone that is conducive to planar
packing and efficient n-n interactions, potentially boosting
charge mobility and light absorption. By systematically exam-
ining the structural, optical, electrochemical, and charge trans-
fer (CT) properties of these IQ-capped donors with distinct core
units, we aim to clarify structure-property relationships at
atomistic level and highlight promising design principles for
next-generation ASM-OSCs.

2. Materials and methods

2.1. Materials and instruments

All reagents and catalysts were purchased from Sigma-Aldrich
and Tokyo Chemical Industry and used without further pur-
ification. Solvents, including dichloromethane (DCM), ethyl
acetate, and n-hexane, were procured from local vendors and
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distilled prior to use. Melting points were determined using a
Jindal melting point apparatus with open capillary tubes. 'H
and C NMR spectra were recorded on a Bruker Ascend
400 MHz spectrometer, employing deuterated chloroform
(CDCl;) as the solvent and trimethylsilane (TMS) as an internal
reference. The IR spectra were recorded using a Bruker Alpha
Platinum ATR spectrometer. The UV-vis absorption spectra
were obtained using a Shimadzu Pharmaspec UV-1700 spectro-
photometer in both solutions and solid films and photolumi-
nescence (PL) spectra were measured using a Cary Eclipse
Fluorescence Spectrophotometer. Photostability tests were per-
formed under continuous AM 1.5G illumination (100 mW
cm %) using a G2V Optics Pico™ LED solar stimulator. Perki-
nElmer USA, model STA 8000 device was used to examine the
stability of compounds at varied temperatures (20-120 °C).
In a nitrogen atmosphere, at a heating rate of 10 °C min '
thermogravimetric analysis (TGA) was performed in the tem-
perature range of 30 °C to 700 °C. For cyclic voltammetry
measurements, a standard three-electrode configuration was
employed in a PalmSens EmStat3+ potentiostat, using Ag/AgCl
as the reference electrode, fluorine-doped tin oxide (FTO) glass
as the working electrode, and ferrocene as an internal
reference.

2.2. Computational methodology

Density functional theory (DFT) and time-dependent DFT (TD-
DFT) calculations were carried out with Gaussian 09
software.”’* B3LYP hybrid functional combined with the 6-
31G(d,p) basis set was employed to model molecular geome-
tries and electronic structures.>>?® Vibrational frequency calcu-
lations were performed to confirm that all geometries
correspond to local minima on the potential energy surface.
For electronic structures, Mulliken population analysis was
employed to investigate the contributions of individual mole-
cular fragments to the frontier molecular orbitals (FMOs).
Furthermore, the density of states (DOS) and partial density
of states (PDOS) of the molecular units in the donors were
analyzed using PyMOlyze-1.1 software.”” The solvent-phase
absorption spectra was simulated by CAM-B3LYP/6-31G(d,p)
method with IEFPCM model and Gibbs solvation free energy
(AGgor) was simulated using the SMD model by M06-2X/6-
31G(d,p) method.>®

Electron density difference (EDD) analysis were conducted
for every optimized SMD and SMD/acceptor complexes in order
to visualize the redistribution of charge upon photo-excitation
and to extract quantitative charge transfer descriptors."°
Following Le Bahers et al. and the Multiwfn 3.8 implementa-
tion, four primary quantities given in eqn (1)-(4) were evaluated
from the difference density Ap(r) = peie(r) — Prowe(r):>">°

JPetehote (r)rdr
Dct = |Rele - Rhole‘; Rele/hole = Ee/Ld, (1)
jpclc/holc(r) 1
1
qct = 5 ‘pele(’”) - phole(r)‘dr (2)
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Dindex = — - - (3)
e Z Pele!Phole!
i
lindex = DCT - Hindex (4)

where D¢y is the electron-hole centroid separation among the
barycentre, gcr the total transferred charge magnitude.
Whereas, the indices Hingex/tindex Were used to evaluate charge
transition behavior and the extent of charge separation. Hingex
is the spatial extent of the transition along the CT axis, and
tindex 1S @ separation metric that approaches zero when electron
and hole strongly overlap. Through-space CT mechanism was
examined based on these EDD parameters. In practice, higher
Dcr together with large ger and low Hingex is taken as an
indicator of efficient spatial charge separation.

For each excited state the inter-fragment charge-transfer
(IFCT) matrix was built and the relative contributions of
charge-transfer and local excitations were obtained from
eqn (5) and (6):

> gp-a
CT (%) =2Z2 100 5
(%) % = (5)
LE (0/0) =100 — CT (0/0) (6)

where gp_, 5 is the electron population transferred from donor
fragment D to acceptor fragment A.

A large Dcr or CT (%) combined with a small Hj,gex,
tindex and LE (%) evidences efficient charge separation and,
by extension, a reduced probability of geminate and non-
geminate recombination in organic photovoltaic materials.
In addition, the transition density matrix (TDM) and hole/
electron overlap heat maps were generated to visualize elec-
tron-hole coherence across molecular fragments in SMDs.***?
All EDD and IFCT quantities were obtained directly via
Multiwfn 3.8 on excited-state wave-functions calculated
using the range-separated hybrid (RSH) functional
“CAM-B3LYP”.*?7%°

The charge transport capabilities of the materials were
assessed by calculating reorganization energy, a key parameter
for estimating charge carrier mobility in organic materials. The
adiabatic potential energy surface (PES) approach was used to
compute the reorganizational energy of holes (4n01e) and elec-
trons (L), respectively.*®®” These values were derived based
on the relaxation of the cationic and anionic states to the
neutral molecular geometry, as defined by the following
eqn (7) and (8):

= (E;eutral - Eneutral) + (Ecationic - E(c)ationic) (7)

;“ele = (E;eutral - Eneutral) + (Eanionic - Egnionic) (8)

/ ‘hole

where, Epcural TEPresents the neutral molecule energy, Efcutral
and Epeura are the cationic and anionic states energies opti-
mized from the neutral geometry, while Ecaionic and Ecationic

This journal is © The Royal Society of Chemistry 2025
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denote the cationic and anionic states energies, respectively.
Whereas, Eionic and Eonionic correspond to the energy of the
neutral molecule optimized in the cationic and anionic geome-
tries, respectively.

3. Results and discussion

3.1. Synthesis

The synthesis of side-peripheral IQ groups was carried out with
the preparation of 8-bromo-6H-indolo[2,3-b]quinoxaline deriva-
tives via a straightforward condensation reaction, as previously
described in the literature.®® This involved the reaction of 1,2-
diaminobenzene with 6-bromoindoline-2,3-dione in glacial
acetic acid under reflux, yielding the target compound in a
high yield of 87%. To improve the solubility and processability
of the rigid-structured fused-ring IQ derivatives, N-alkylation
was performed using 2-ethylhexyl bromide and potassium
carbonate in dimethylformamide at 80 °C overnight, resulting
in the formation of 8-bromo-6-(2-ethylhexyl)-6H-indolo[2,3-
b]quinoxaline (CgIQa). Subsequent borylation was carried out
using bis(pinacolato)diboron as the borylating agent, in the
presence of palladium acetate, X-Phos as the catalyst, and
potassium acetate as the base, resulting in 6-(2-ethylhexyl)-8-

NH2 C[ C Br
NH2 C>
CaHo

CaHs
o
N

Br: s AN

\ _/

d N
N /S\ Br + c8|QbL>Q/\ Q
-
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(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-6H-indolo[2,3-b]-
quinoxaline (CglQb), as given in Scheme 1.

Small molecular donors with DPP, BT, and TT cores
were synthesized with IQ moieties as terminal groups through
different synthesis pathways. Thiophene was used as a bridging
unit in the DPP- and BT-based donor derivatives, while the TT-
based derivative synthesised without the bridging thiophene
units, as illustrated in Scheme 1. The donor molecule 2,5-bis-
(2-ethylhexyl)-3,6-bis(5-(6-(2-ethylhexyl)-6 H-indolo[2,3-b]quinox-
alin-8-yl)thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c|pyrrole-1,4-dione
(DPP-Th-IQ) was synthesized starting from 3,6-di(thiophen-2-yl)-2,5-
dihydropyrrolo[3,4-c]pyrrole-1,4-dione. Initially, N-alkylation of the
DPP core was achieved by reacting 2-ethylhexyl bromide with
potassium carbonate in DMF at 80 °C for 24 hours, producing
2,5-bis(2-ethylhexyl)-3,6-di(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]-
pyrrole-1,4-dione. Bromination of this intermediate with N-
bromosuccinimide (NBS) in DMF at 60 °C overnight yielded (1).
Finally, the target DPP-Th-IQ donor was synthesized through
Suzuki-Miyaura cross-coupling reaction between 1 and CgIQb in
the presence of a palladium catalyst, resulting in a 57% yield after
purification. The BT-based donor, 4,7-bis(5-(6-(2-ethylhexyl)-6H-
indolo[2,3-b]quinoxalin-8-yl)thiophen-2-yl)benzo[c][1,2,5]thiadiazole
(BT-Th-IQ), was synthesized starting from 4,7-dibromobenzo[c]-
[1,2,5]thiadiazole (DBBT). Initially, a Stille coupling reaction was

CAHQ C4H N ji :@ C4Hg
CaH ]: sz @ \I Csz
Clea Cleb i
C4Hg C4Hg

C4Hg

CzHs

BT-Th-IQ
CaHo C4H9
Csz
CsqHg S, CaHg
h) / f
CcHy s CaHo

3

CaHs TTQ

CaHo

Scheme 1 Synthesis pathway of diketopyrrolopyrrole (DPP), benzothiadiazole (BT), and thieno[3,2-b]thiophene (TT) core units containing small

molecular donors: (a) glacial acetic acid, DMF, reflux 24 h,
bis(pinacolato)diboron, Pd(CHsCOO),
(yield, 57%) (e) Pd(CH3COO),

This journal is © The Royal Society of Chemistry 2025

(yield, 87%) (b) 2-ethylhexyl bromide, K,COs,
, X-Phos, CH3zCOK, toluene, 85 °C, 14 h (yield, 75%) (d) Pd(CHsCOO),
, K2COs3, pivalic acid, PCys-HBF,4 ligand, DMA, 110 °C, 5 h (yield, 78%) (f) PACl,(PPhs),

DMF, 85 °C, 18 h, (yield, 80%) (c)
, X-Phos, K,COs, THF/water, 85 °C, 18 h
, THF, 65 °C, 24 h (yield, 87%).
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performed between DBBT and tributyl(thiophen-2-yl)stannane in
the presence of dichlorobis(triphenylphosphine)palladium(u) as
the catalyst and tetrahydrofuran (THF) as the solvent, yielding (2).
Direct arylation (C-H activation) of 2 with CglQa yielded the final
BT-Th-IQ donor in a 78% yield. Whereas, the TT-based donor, 2,5-
bis(6-(2-ethylhexyl)-6H-indolo|[2,3-b]quinoxalin-8-yl)thieno[3,2-b]thio-
phene (TT-IQ), was synthesized in a single step via Stille coupling.
This involved the reaction of 2,5-bis(tributylstannyl)thieno[3,2-
b]thiophene (3) with the prepared brominated IQ derivative CglQa
using dichlorobis(triphenylphosphine)palladium(n) as the catalyst
in THF. The reaction afforded TT-IQ in high yield (87%) after
purification. The chemical structures of synthesized intermediates
and compounds were confirmed by "H NMR and "*C NMR spectro-
scopy, and the corresponding spectra are provided in the SI
(Fig. S1-S9), along with detailed reaction kinetics.

3.2. Energy levels and estimated driving-force offsets

An understanding of the HOMO and LUMO energies is para-
mount when designing efficient D/A systems for BHJ-OSCs. In
particular, the donor’s HOMO must be sufficiently deep to
maximize the Vo of OSCs, while the donor’s LUMO should
be higher than that of the acceptor to facilitate efficient electron
transfer and prevent back-electron transfer.’®*° Table 1 pro-
vides the electrochemical properties of the newly synthesized
1Q-capped SMDs based on the CV experiments alongside the
benchmark Y6 NFA. For insights into the redox behavior and
energy levels estimation of the synthesized SMDs, CV measure-
ments were carried out in anhydrous dichloromethane (5 mL)
containing 2 mM of the analyte and 0.1 M tetrabutylammo-
nium hexafluorophosphate (TBAPF) as the supporting electro-
Iyte, at a scan rate of 50 mV s *. The solutions were purged with
dry N, for 5 min prior to measurements. Oxidation (Eox**") and
reduction (E%4®") onsets were referenced to the ferrocene/
ferrocenium redox couple (Fc/Fc'), assuming an absolute
HOMO of 4.88 eV for Fc/Fc'. CV profiles and an energy-level
diagrams comparing SMDs to Y6 are shown in Fig. la-d.
Whereas, the CV profiles of the SMDs with the labelled oxida-
tion and reduction potential values are given in the SI,
Fig. S10a—c.

From the CV results, we inferred that DPP-Th-IQ exhibited
an oxidation onset (E,y) of approximately 1.05 V and a reduction
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onset (Eq) of —0.67 V, leading to a calculated HOMO energy
(Ey) of —5.35 eV and LUMO energy (E;) of —3.70 eV. The
electrochemical bandgap (Eg‘) was thus 1.65 eV, which is
almost consistent with optical bandgap (Eg™) of 1.71 eV, TT-
IQ showed a slightly lower oxidation potential but a more
negative reduction potential of —0.87 V, indicative of the
electron-rich thieno[3,2-b]thiophene core’s influence on the
redox behavior. The Ey and E; were determined to be
—5.30 eV and —3.44 eV, respectively, and the Eg" was observed
as 1.86 eV. Whereas BT-Th-IQ, incorporating the electron rich
BT fragment, exhibited the lowest oxidation onset at 0.91 V and
a reduction onset of —0.95 V, resulting in Ey of —5.13 eV and Ey,
of —3.35 eV. While the Eg" of BT-Th-IQ SMD was estimated as
1.78 eV, almost consistent with the Eg”* 1.85 eV based on the
onset absorption spectra (Table 1). Small disparity in bandgaps
reflect intra- and intermolecular interactions that shift the
absorption edge in thin films. Overall, the deeper Ey (around
—5.3 to —5.4 eV) of DPP-Th-IQ and TT-IQ suggest a higher
attainable V¢ compared to BT-Th-IQ, yielding a shallower Ey
(—5.13 eV) which could reduce the maximum achievable vol-
tage in cell device. Meanwhile, all three SMDs have E; well
above that of Y6 (—4.1 eV),*" ensuring a sufficient offset for
exciton dissociation at D/A interface as shown in Fig. 1c and d.

The Vo was estimated by pairing the SMDs with benchmark
Y6 acceptor based on the Scharber relation, which incorporates
the donor’s Ey and the acceptor’s Ej, along with an empirical
offset of 0.3 V for charge separation. Under these assumptions,
DPP-Th-IQ and TT-IQ both resulted in relatively high predicted
Voc values of 0.95 and 0.90 V, respectively. By contrast, BT-Th-
IQ exhibited a lower estimated Voc of 0.73 V, owing to its
upshifted HOMO and comparatively smaller HOMO-LUMO
offset with Y6. Efficient exciton dissociation in OSCs typically
requires a minimum energy offset of ~0.2-0.3 eV between the
donor and acceptor LUMOs (AE;;) and often an analogous
offset in HOMOs (AEy;_y;).** Here, all three SMDs demonstrated
sufficient LUMO energy offsets with Y6 NFA, such as DPP-Th-
IQ, BT-Th-IQ, and TT-IQ showcased the offsets of 0.40 eV,
0.75 eV, and 0.66 eV, respectively. Although a larger offset
favors electron transfer, it can also lead to energy losses that
lower the Vo as demonstrated in interfacial CT mechanism in
Fig. 1b. This trade-off is exemplified by BT-Th-IQ, which has the

Table 1 Electronic structure parameters and energy-driving potential of designed DPP-, BT-, and TT-based donor molecules when blended against the
benchmark Y6 acceptor. The Vo and driving-force offsets for Y6 acceptor were evaluated against polymer donor PM6!

Molecule Ey” (eV) E.“ (eV) ESV? (eV) EP (eV) Voc? (V) AE;° (eV) AEy 1 (eV)
DPP-Th-IQ —5.35 —3.70 1.65 1.71 0.95 0.4 0.35
BT-Th-IQ —5.13 -3.35 1.78 1.85 0.73 0.75 0.57

TT-IQ —5.30 —3.44 1.86 1.96 0.9 0.66 0.4

Y6 ~5.65 —4.10 1.60 1.51 1.1 0.54 0.2

% HOMO and LUMO energy level (Ey and E;, respectively) as determined by the oxidation (Eg

) and reduction onsets (Eomg <

onset
X

) by CV via relation

Enomo = —(Eor™®* — Bt + 4.8) eV and Eyymo = —(Evmg " — ER¢™°" + 4.8) eV. ? Energy bandgap (Eg") determined from the CV calculations via relation

Eg" = By — Ey. ¢ Energy bandgap (Eg™) determined by the onset spectra. 4 Open-circuit voltage (Voc) evaluated via Scharber relation as Voc =

EH (donor) — EL(ucceptor

)_ 0.3, where Ey, is LUMO of acceptor, Eyy is HOMO level of donor, e is the elementary charge, and 0.3 V is an empirical factor

e
for charge separation. ¢ AE;_; is the energy difference between Ey, of acceptor to Ey, of the donor, while AEy g is the energy difference from Ey of

acceptor to Ey; of the donor.
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Fig. 1 Cyclic voltammograms of SMDs measured in anhydrous dichloromethane (5 mL) containing 2 mM of the analyte and 0.1 M tetrabutylammonium

hexafluorophosphate (TBAPF¢) as the supporting electrolyte, at a scan rate of 50 mV s

L. (b) Energy levels diagram representing HOMO/LUMO energy

levels of donor (Hp/Lp) and HOMO/LUMO energy levels acceptor (Ha/La) for feasible charge transfer mechanism in photoactive configuration. (c) Energy
levels diagram and (d) estimated open-circuit voltage (Voc) based on Scharber relation with respective driving-force offsets of the SMDs against

benchmark Y6 NFA.

largest AE;;, of 0.75 eV but the lowest predicted Vo value of
0.73 V. In contrast, DPP-Th-IQ exhibited a balanced approach
maintaining a sufficient LUMO offset of 0.40 eV for electron
transfer while preserving a relatively high potential for Voc.
From device engineering perspective, the ideal D/A pair bal-
ances a minimal energy offset to reduce voltage losses with
sufficient offset to drive exciton dissociation and minimize
charge recombination. Thus, while BT-Th-IQ can provide
robust electron-driving potential, its upshifted HOMO level
poses a challenge for maximizing Voc. Conversely, DPP-Th-IQ
and TT-IQ exhibited deeper HOMOs with adequate LUMO
offsets, indicating promise for higher Voc alongside efficient
charge generation.

3.3. Electronic structure properties

To elucidate how molecular geometry and electronic configu-
ration influence the performance of the synthesized 1Q-capped
SMDs, DFT calculations were performed at B3LYP/6-31G(d,p)
level of theory. Fig. 2a presents the optimized geometry, high-
lighting the dihedral angles between the IQ end-groups, any
bridging thiophene rings, and the central cores. In DPP-Th-IQ,
the IQ-thiophene and thiophene-DPP core dihedral angles are
25.2° and 11.1°, respectively. In BT-Th-IQ, the IQ-thiophene
dihedral measures 25.7°, whereas the thiophene-BT core dihe-
dral is 8.5°. Larger angels between side IQs and thiophene

This journal is © The Royal Society of Chemistry 2025

bridges are due to steric repulsions among neighboring hydro-
gen atoms of fused benzene IQ units and thiophenes. The TT-
IQ, which lacks bridging thiophene rings, exhibited IQ-TT core
dihedral of 26.1°. Overall, the SMDs exhibited quasi-coplanar
arrangements which can partially reduce m-conjugation but
geometry is sufficient for effective ICT and electronic
delocalization.

Molecular electrostatic potential (MESP) maps given in
Fig. 2b further revealed distinct regions of positive (blue)
and negative (red) potential, corresponding to electron-
deficient and electron-rich moieties, respectively.** Across the
three SMDs, the electronegative atoms (nitrogen in IQ and
sulfur in the core/thiophene) tend to attract electron
density to produce negative potential localized pockets.
Simultaneously, the alkyl-substituted fragments and less elec-
tronegative regions appeared as positive potential zones.
This spatial variation in electrostatic potential not only corro-
borates the partial donor-acceptor character inherent to each
molecule but also rationalize the observed CT pathways.
Regions exhibiting strongly negative potential often overlap
with segments that accept electron density in the LUMO,
whereas areas of positive potential align with electron-rich
sites in the HOMO and provide a complementary perspective
on how holes/electrons may be distributed/transferred upon
excitation.
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Fig. 2

(a) Optimized molecular geometries, (b) molecular electrostatic potential (MESP) surfaces, (c) frontier molecular orbitals delocalization, and (d)

partial DOS (PDOS) graphs based on core, bridging, and end-capped fragments in the SMDs simulated by B3LYP/6-31G(d,p) method.

Furthermore, the FMOs analysis based on delocalization of
HOMOs and LUMOs given in Fig. 2c and PDOS graphs based on
Mulliken analysis in Fig. 2d showed that the HOMOs of DPP-
Th-IQ and TT-IQ delocalize on electron-rich cores (~58% for
DPP-Th-IQ and ~52% for TT-IQ). Whereas, the BT-Th-IQ’s
HOMO is more evenly distributed between the core (x25%)
and thiophenes (x49%). Such a broad HOMO delocalization
can improve hole mobility, an essential feature for efficient
donors in 0SCs.***® In contrast, the LUMOs of the SMDs
exhibited varied localization. BT-Th-IQ’s LUMO (=~ 68%) on
the core reflects the strong electron-withdrawing character of
benzothiadiazole, while TT-IQ’s LUMO lies predominantly on
the IQ end-groups (x80%). DPP-Th-IQ displayed a more
balanced LUMO distribution across the central DPP core,
bridging thiophenes, and IQ terminal. These results are sum-
marized in SI, Table S1. Although torsional angles introduce
partial breaks in m-conjugation, the inherent donor-acceptor
motif promotes a robust ICT pathway, as evidenced by the even
frontier-orbital delocalization and PDOS patterns. Moreover,
comparing the DFT-derived HOMO-LUMO gaps with experi-
mentally measured electrochemical bandgaps (Table 1) shows

21534 | J Mater. Chem. C, 2025, 13, 21528-21543

consistent trends and validates the computational approach.
Slight deviations are attributable to inherent DFT approxima-
tions and excitonic effects in the solid state. Overall, these
findings underscore that a careful balance of backbone planar-
ity, donor-acceptor segmentation, and electron-rich bridging
motifs can be harnessed to fine-tune HOMO-LUMO energy
levels, thereby enhancing both charge transport and device
performance in OSCs.

3.4. Optical properties and solvatochromism

Optical characteristics of synthesized SMDs were evaluated to
assess their suitability in OSCs. Table 3 summarizes the experi-
mental absorption and emission spectral characteristics,
along with respective theoretical parameters derived from TD-
DFT calculations. Steady state optical spectroscopy was
employed to examine the SMDs in dilute chloroform solutions
(2.5 pg mL ). The UV-vis spectra of the representative samples
are shown in Fig. 3a, with the absorption covering the spectral
range of 500 nm, 570 nm and 740 nm. The latter sample
exhibited extended absorption and broader spectrum com-
pared to its counterparts. Whilst TT-IQ yielded an absorption

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) Normalized absorption (b) normalized emission spectra upon optical excitation at 390 nm, 415 nm and 385 nm for DPP-Th-IQ, BT-Th-1Q and

TT-1Q respectively in chloroform (2.5 pg mL™) solution (c) thin-films absorption spectra profile of the synthesized SMDs.

peak value at 435 nm, BT-Th-IQ displayed absorption peaks at
386 nm and 480 nm.

DPP-Th-IQ exhibited the most red-shifted absorption max-
ima (125%) in solution at 630 nm with an additional peak at
400 nm. The 630 nm peak reflects significant ICT attributed to
its DPP core and extended conjugation through bridging thio-
phenes. By contrast, 43bs in thin-film revealed a notable red
shift to 710 nm, indicative of altered intermolecular interac-
tions or n-m stacking in the solid state as shown in Fig. 3c.
Whereas BT-Th-IQ SMD showed a most pronounced gap
between its solution A2P% 386 nm and thin-film A% at
515 nm, underscoring the strongest influence of molecular
packing on these materials.

The PL spectra of the SMDs were measured in dilute chloro-
form solutions and given in Fig. 3b. DPP-Th-IQ exhibited the
most red-shifted emissions maxima 2™ at 664 nm due to
enhanced ICT.*® Whereas, BT-Th-IQ and TT-IQ showed consis-
tent emission maxima at 493 nm and 495 nm respectively. In
Table 2 we further show the respective Stokes shifts (1) for the
SMDs calculated based on A2P5, and A5 differences. A rela-
tively small Ay of 34 nm in DPP-Th-IQ suggests minimal
structural rearrangement in the excited state which is indicative
that the chromophore can reduce the non-radiative energy
losses and favor higher photocurrent generation.”’>° Whereas,
the large As of 107 nm suggests a substantial reorganization of
the BT-Th-IQ framework upon photoexcitation, which may offer

avenues for exciton management. Meanwhile, TT-IQ SMD,

featuring a TT core having 23bs “at 435 nm and ASTE at

495 nm in chloroform with respective A5 of 60 nm has a lower
spectral coverage, suggesting that strategic combination with
complementary acceptors could exploit TT-IQ’s slightly higher
energy gap to maximize overall solar absorption. The
photoexcitation-states based charge transfer is further dis-
cussed in the subsequent sections.

Solvatochromic effect was investigated by recording UV-vis
absorption and photoluminescence spectra in chlorobenzene,
tetrahydrofuran, toluene, and methanol. The spectra are given
in SI, Fig. S11 and detailed in Tables S2-S4. Among the
synthesized SMDs, DPP-Th-IQ displayed the largest bathochro-
mic response, with abs shifting from 598-610 nm in non-polar
media to 660 nm in methanol and ASML red-shifting from 660-
665 nm to 800 nm with Ay & 140 nm. The pronounced shift
highlights strong ICT stabilization in polar environments.>">>
BT-Th-IQ showed smaller absorption changes, such as from
380-387 nm to ~513 nm in methanol. Yet a sizable PL red-
shift, which resulted in Ay in the range 92-133 nm, indicated
the polarity-induced excited-state reorganization. Whereas, TT-
IQ SMD exhibited minimal solvent-dependent shifts in Jabs
(425-430 nm), yet its /Smi exhibited considerable sensitivity,
shifting from 485-490 nm in nonpolar solvents to 550 nm in
methanol. This resulted in a significant increase in Ay from
about 57-65 nm in lower polarity solvents to up to 121 nm in
highly polar methanol. The combined trends confirm that
solvent polarity predominantly tunes excited-state relaxation,

Table 2 Optical characteristics of the synthesized DPP-Th-IQ, BT-Th-1Q, and TT-1Q SMDs

Experimental Theoretical
Molecule Jabs a (nm) Jabsa (nm) jemia (nm) G (nm) Jabs ¢ (nm) E1 (eV) te (a.u.) fi C.l°
DPP-Th-1Q 630 710 664 34 543 2.27 28.1 1.57 H->L (+68%)
H > L+2 (+11%)
BT-Th-1IQ 386 515 493 107 503 2.46 31.5 1.87 H->L (+67%)
H—4 — L (+10%)
TT-IQ 435 460 495 60 388 3.19 38.5 2.85 H->L (+63‘%)

«abS/ 2emi

H-3 - L+1 (+20%)

% Wavelengths of the absorption/emission maxima (A255/4S%) in chloroform solutions (2.5 pg mL™*) and in film (Z&™) at wavelengths of 410 nm.
b Stokes shift (4st) calculated from absorption and emission maxima difference. © Theoretically calculated absorption maxima (A’;‘E;o,). 4'5,-8, state
excitation energy (Ex), transition electric dipole moment (), and oscillatory strength (f). ¢ Orbitals charge transfer configuration interactions

(C.1.), simulated by TD-DFT/CAM-B3LYP/6-31G(d,p) method.

This journal is © The Royal Society of Chemistry 2025
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with  DPP-Th-IQ the ICT-driven
stabilization.

Additionally, the TD-DFT simulations with CAM-B3LYP/
6-31G(d,p) method were carried out and given in Table 2.
Computational results support the experimental findings by
predicting J3bs - values that mirror the observed red-blue
absorption trends. Specifically, DPP-Th-IQ and BT-Th-IQ reveal
relatively low-energy electronic transitions at 543 nm and
503 nm, respectively, while TT-IQ appears more blue-shifted
at 388 nm. The S,-S; excitation energy (Ex), transition dipole
moment (p,), and oscillator strength (f) offer additional
insights into each SMD’s propensity for strong light absorption
and effective exciton generation which is a critical parameter
for high photocurrent in OSC. Notably, TT-IQ exhibits the
largest u. (38.5 a.u.) and highest f (2.85), underscoring a
particularly intense transition. Molecular orbitals configuration
interaction (C.I.) analyses further confirmed that these promi-
nent absorptions arise primarily from the HOMO — LUMO
transitions, supplemented by minor contributions from nearby
orbitals such as HOMO — LUMO+2 in DPP-Th-IQ and
HOMO-4 — LUMO in BT-Th-IQ. Overall, these photophysical
characteristics highlight the importance of structural tuning in
SMDs. DPP-Th-IQ leverages a strongly red-shifted profile that
can capture lower-energy photons, BT-Th-IQ gains considerable
absorption enhancement in the solid state, and TT-IQ offers
robust transition strengths and moderate film-phase shifts.

Based on the above experimental and computational opto-
electronic analysis, the synthesized SMDs showcase varied
trends in molecular interactions, processing conditions, and
CT behavior. For instance, the DPP-Th-IQ SMD, with its highly
sensitive ICT response and red-shifted absorption, suggests
strong D/A interactions in BH]J blends. Its ability to maintain
broad absorption in various solvent environments makes it an
excellent candidate for low-bandgap OSCs. BT-Th-1Q, showing
high film-phase aggregation and moderate solvatochromic
effects, suggests potential as a highly tunable donor, where
solvent engineering can be leveraged to optimize film morphol-
ogy and charge mobility. TT-IQ, with high oscillator strength
and moderate solvatochromic shifts, could serve as a comple-
mentary donor in multi-component blends, where its higher
transition dipole moment may enhance CT at D/A interfaces.

experiencing greatest

3.5. Thermal and photostability

The photostability of the IQ-based SMDs was assessed in the
thin-film state. Thin films were prepared by spin-coating
(0.1 mg mL™") chlorobenzene solutions onto pre-cleaned
quartz substrates (1 x 1 cm?®) at 2000 rpm for 60 s, followed
by thermal annealing at 100 °C for 20 minutes under vacuum to
remove residual solvent and enhance molecular ordering. The
films were then exposed to continuous AM 1.5G solar irradia-
tion (100 mW cm™?) for 30 h under ambient conditions. Photo
degradation was monitored by UV-vis absorption spectroscopy
at regular intervals. The evolution of normalized absorbance
over time is presented in SI, Fig. S13a-c, with comparative
stability data summarized in Table S5. All SMDs demonstrated

21536 | J. Mater. Chem. C, 2025, 13, 21528-21543
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excellent photo stability up to 90% retained absorbance after
exposure for 30 hours.

To investigate thermal behavior and molecular interactions,
temperature-dependent UV-vis absorption measurements were
conducted in chlorobenzene (0.1 mg mL™ ") over the range of
20 °C to 120 °C. Spectra are shown in SI, Fig. S13d-f. DPP-Th-IQ
and BT-Th-IQ showed minimal bathochromic shifts and mod-
est intensity changes with temperature which indicates stable
n-T interactions/aggregation states that persist upon heating.
In contrast, TT-IQ displayed more noticeable intensity varia-
tions at elevated temperature, pointing to comparatively weaker
intermolecular interactions. Thermal stability was further eval-
uated by TGA under nitrogen atmosphere at a heating rate of
10 °C min~". As shown in the TGA profiles in SI, Fig. S14, the
5% mass-loss temperatures (75%) exceeded 250 °C for all SMDs
and were highest for BT-Th-IQ ~410 °C and DPP-Th-IQ
~400 °C, with TT-IQ the lowest ~270 °C. The high decomposi-
tion thresholds of DPP-Th-IQ and BT-Th-IQ define comfortable
processing windows and support their robustness during
solution deposition and post-deposition annealing.

3.6. Reorganization energy and solvation free energy

Charge transport in OSCs is governed by the ability of the donor
and acceptor molecules to efficiently facilitate charge hopping.
This efficiency is quantified by the reorganization energy,
which represents the energy associated with structural relaxa-
tion upon CT.>*”* Herein, Anoje and e were calculated for the
SMDs and the Y6 NFA via B3LYP/6-31G(d,p) method to deter-
mine hole and electron mobility, respectively. The results are
summarized in Table 3.

Among the SMDs, BT-Th-IQ exhibited the lowest Znge
(0.255 €V), followed closely by TT-IQ (0.258 eV), and DPP-Th-
IQ (0.288 eV). The relatively low Aj,,1 of BT-Th-IQ suggests that
it possesses the most favorable hole transport properties
among the three donors, as a lower hole reorganization energy
reduces charge-trapping losses and enhances carrier mobility.
The BT core likely contributes to this reduced reorganization
energy by minimizing geometric relaxation upon oxidation,
leading to more efficient hole transport. In contrast, DPP-Th-
IQ exhibited the highest Ape (0.288 eV), suggesting that it
experiences greater structural distortion upon hole injection,
potentially due to localized charge distribution in the oxidized
state. For electron transport, DPP-Th-IQ exhibited the lowest
Aetec (0.213 V), which is favorable for robust electron transport

Table 3 Hole/electron reorganization energy (Anole/Zetle) calculated by
B3LYP/6-31G(d,p) method and dipole moment in ground-state (ug) and
excited-state (ue) with respective Gibbs solvation-free energy (AGgey) in
chloroform solvent calculated using M06-2X/6-31G(d,p) method via SMD
solvation model

)Lhole )-cle Hg He A,u AG’so]v
Molecule  (eV) (eV) (Debye) (Debye) (Debye) (kcal mol ")
DPP-Th-IQ 0.288 0.213 2.55 3.22 0.67 —40.84
BT-Th-1Q 0.255 0.237 3.43 4.47 1.04 —37.94
TT-IQ 0.258 0.241 2.44 3.09 0.67 —31.92
Y6 0.160 0.150 1.07 1.89 0.82 —14.61

This journal is © The Royal Society of Chemistry 2025
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Table 4 Electron transition density properties of the designed SMDs including charge transfer distance (Dct), Hindex tindex. intrinsic charge transfer (CT)
excitation, intrinsic local excitation (LE), transferred charge (gcr). hole/electron delocalization index (HDI/EDI), and exciton binding energy (Eg) simulated

by TD-DFT/CAM-B3LYP method

Molecule Der (A) Hindex (A) tindex (A) CT (%) gor (e7) LE (%) HDI EDI Eg (eV)
DPP-Th-IQ 0.06 4.59 —0.88 57.75 0.38 42.25 5.78 5.68 0.41
BT-Th-IQ 0.87 4.84 —0.98 65.22 0.48 34.77 5.00 5.70 0.31
TT-IQ 0.11 6.18 —0.76 48.95 0.43 51.05 4.83 4.20 0.44

due to the electron-deficient nature of the DPP core, which
stabilizes the negative charge upon reduction and reduces the
structural reorganization for CT. On the other hand, BT-Th-IQ
and TT-IQ have slightly higher A.. (0.237 eV and 0.241 eV,
respectively), indicating marginally less electron transport effi-
ciency than DPP-Th-IQ. Moreover, for efficient charge separa-
tion and transport in photoactive layer, the reorganization
energies of donors and acceptors should be well
balanced.>>*® The benchmark NFA Y6 exhibits significantly
lower Apole (0.160 €V) and A (0.150 eV), reinforcing its role
as an efficient charge transporter. The lower reorganization energy
of Y6 confirms that it can readily accept electrons from SMDs,
minimizing energy loss during charge separation and facilitating
long-lived charge carriers in photoactive layer. Comparatively the
SMDs have higher /. values than Y6, suggesting that hole
transport is slightly less efficient than electron transport. How-
ever, the relatively small gap between /0 and 7 in the three
SMDs suggests that these molecules can still achieve balanced
charge transport, an important factor in reducing charge recom-
bination and increasing FF in OSCs. These results show
that the IQ-capped molecules are excellent candidates for
high-performance OSCs, particularly when paired with low-
reorganization-energy acceptors like Y6.

Additionally, the molecular polarity, charge redistribution,
and solubility are the other key parameters which are influ-
enced by the dipole moment and solvation free energy and
greatly affect film morphology and charge transport in
0SCs.***” Herein, the dipole moment and Gibbs solvation-
free energy (AGson) were further computed via MO06-2X/6-
31G(d,p) method in chloroform solvent. Results given in
Table 3 show that among SMDs, BT-Th-IQ exhibited the highest
ground-state dipole moment (u; = 3.43 D) and excited-state
dipole moment (y. = 4.47 D), with the largest dipole moment
variation (Ax = 1.04 D). This indicates strong charge redistribu-
tion upon excitation, consistent with its high CT character.
DPP-Th-IQ and TT-IQ exhibited lower dipole moment variation
(Ap = 0.67 D), suggesting moderate ICT contributions, while Y6
displays a dipole moment variation (Au = 0.82 D), indicating a
moderate degree of charge separation. Whereas, DPP-Th-IQ
exhibited the most negative AGgop, (—40.84 kcal mol "), fol-
lowed by BT-Th-IQ (—37.94 kcal mol ™) and TT-IQ (—31.92 keal
mol '), indicating that DPP-Th-IQ has the highest solubility in
chloroform, which may aid in better thin-film formation.

3.7. Intramolecular charge transfer and transition density
analysis

ICT and exciton dissociation play a pivotal role in the perfor-
mance of the OSCs.”* To comprehend the photoexcitation

This journal is © The Royal Society of Chemistry 2025

dynamics of the synthesized SMDs, a detailed electron transi-
tion density analysis was performed based on TD-DFT/CAM-
B3LYP/6-31G(d,p) calculations in MultiWwfn 3.8. The analysis
includes key electron transition properties such as CT distance
(Dcr); Hindexs tindex, intrinsic CT excitation, intrinsic local excita-
tion (LE), transferred charge (gcr), hole/electron delocalization
indices (HDI/EDI), and exciton binding energy (Eg), as sum-
marized in Table 4.>"*° To visualize the charge distribution,
electron density difference (EDD) contours, hole/electron heat
maps, and transition density matrix (TDM) heat maps were also
generated and given in Fig. 4.

As shown in the EDD graphs showcasing holes (cyan) and
electrons (blue) delocalization in Fig. 4a and respective heat
maps in Fig. 4b, the holes (59.1%) and electrons (50.8%) are
predominantly localized on the DPP core, with moderate con-
tributions from the thiophene bridges (29.5% for holes, 36.5%
for electrons) and minimal distribution in the side IQ units
(11.4% for holes, 12.6% for electrons) in DPP-Th-IQ SMD. This
suggests strong electronic coupling between the DPP core and
thiophene bridges, which enhances charge delocalization. In
BT-Th-1Q, electrons are mostly concentrated on the BT core
(66.2%), whereas holes are mainly distributed over the thio-
phene bridges (51.4%), indicating a well-defined charge-
separated state that facilitates charge extraction. In TT-IQ,
holes (46.7%) and electrons (34.1%) are more evenly distribu-
ted across the molecular skeleton, particularly between the TT
core and IQ end-groups. This widespread delocalization
enhances charge transport but may also increase hole/electron
recombination. TDM heat maps in Fig. 4c further illustrate the
extent of hole/electron spatial overlap within different molecu-
lar segments. Regular hole and electron generation patterns
observed across all three SMDs indicate efficient charge separa-
tion, particularly in BT-Th-IQ and DPP-Th-IQ. These findings
suggest that all three donors exhibited well-defined ICT char-
acteristics, which are favorable for charge transport and exciton
dissociation in OSCs.

Dcr provides a measure of the spatial charge separation in
the excited state, influencing exciton dissociation efficiency.
Among the three SMDs, BT-Th-IQ exhibited the largest Dcr
(0.87 A), followed by TT-IQ (0.11 A) and DPP-Th-IQ (0.06 A),
indicating that BT-Th-IQ exhibits the most significant charge
separation upon photoexcitation. A higher D¢y value suggests
stronger charge separation, which is beneficial for reducing
recombination and promoting efficient charge extraction in
OSCs. Conversely, DPP-Th-IQ shows a lower D¢, suggesting a
more localized excitonic state. CT and LE components further
characterize the nature of the electronic transitions. BT-Th-IQ
exhibits the highest CT contribution (65.2%), indicating a
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(a) Electron density difference (EDD) surface contours, (b) hole/electron heat maps with percentage delocalization and spatial overlap within core

units, thiophene bridges, and end-group IQs, (c) and transition density matrix (TDM) heat maps for atoms and molecular fragments such as core units (1),
thiophene bridges (2), and side 1Qs units (3), simulated via TD-DFT/CAM-B3LYP method.

highly polarized charge distribution that favors efficient charge
transfer. In comparison, DPP-Th-IQ (57.7%) and TT-1Q (48.9%)
exhibit lower CT contributions, with TT-IQ displaying the high-
est LE component (51.1%), suggesting a more localized charge
distribution. These findings confirm that BT-Th-IQ is the most
promising donor for achieving long-range charge separation,
while TT-IQ, with its higher LE component, may rely more on
intermolecular interactions to facilitate charge transport.

The parameter gcr further provides quantitative measure of
charge redistribution in the excited state. From the results, BT-
Th-IQ exhibited the highest gcr (0.48¢7), followed by TT-IQ
(0.43¢7) and DPP-Th-IQ (0.38¢"). The larger gcr of BT-Th-IQ
confirms strong ICT behavior, which is beneficial for reducing
energy loss during charge transport. HDI and EDI further
indicate the extent of charge delocalization across the molecu-
lar framework. DPP-Th-IQ SMD having HDI/EDI of 5.78/5.68
and BT-Th-IQ with HDI/EDI 5.00/5.70 exhibited widespread
charge delocalization, facilitating charge hopping and improv-
ing charge mobility. Whereas, TT-IQ, with lower HDI/EDI of
4.83/4.20, suggests a more localized charge transport pathway.
Furthermore, the BT-Th-IQ SMD exhibited the lowest Eg
(0.31 ev), followed by DPP-Th-IQ (0.41 eV) and TT-IQ

21538 | J Mater. Chem. C, 2025, 13, 21528-21543

(0.44 eV). The reduced Ep in BT-Th-IQ is attributed to its high
CT character and significant charge transfer distance, further
reinforcing its higher charge transport characteristics. The
slightly higher Eg in TT-IQ suggests a more tightly bound
excitonic state, which may require an optimized D/A interface
to enhance charge dissociation.

3.8. Donor/acceptor interfacial charge transfer properties

Efficient interfacial CT at the D/A interface plays a pivotal role
in determining the performance of OSCs, as it critically affects
CT state dissociation and free-charge generation.>® To explore
CT characteristics, the interfacial packing, excited-state config-
urations, and CT mechanisms of complexes formed between
the synthesized SMDs and the benchmark Y6 NFA were stu-
died. Initially, optimized face-on orientation configurations of
D/A complexes were constructed with an initial donor-acceptor
separation of 3.5 A. Geometry optimization was carried out at
the B3LYP/6-31G(d,p) level, followed by TD-DFT calculations
with the RSH functional CAM-B3LYP and the CT analysis based
on EDD method via MultiWfn 3.8.°>°°

The optimized D/A complex geometries given in Fig. 5a and
b, demonstrated distinct intermolecular arrangements for each

This journal is © The Royal Society of Chemistry 2025
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(a) and (b) Top and side views of the optimized face-on D/A complexes (DPP-Th-1Q/Y6, BT-Th-1Q/Y6, and TT-1Q/Y6) obtained at the DFT/

B3LYP/6-31G(d,p) level, illustrating the n—x stacking orientation and centroid-to-centroid distances. (c) Dimensional analysis of length, width, and height
of each simulated D/A complex. (d) Low-lying excited-state properties (S;—Ss) derived from TD-DFT/CAM-B3LYP/6-31G(d,p) calculations based on EDD
method, highlighting excitation energies, oscillator strengths (green), transferred charge (blue), charge transfer distance index (red), and CT excitation
percentages (black) for each donor/Y6 complex and their respective EDD isosurfaces.

donor when combined with Y6. All three complexes DPP-Th-1Q/
Y6, BT-Th-IQ/Y6, and TT-IQ/Y6 exhibited a preferred face-on
n-n stacking orientation, facilitating strong intermolecular
electronic interactions. Notably, the TT-IQ/Y6 complex dis-
played the largest intermolecular n-n stacking area, indicative
of extensive D/A interfacial overlap. However, despite the

This journal is © The Royal Society of Chemistry 2025

smaller stacking areas, the DPP-Th-IQ/Y6 and BT-Th-IQ/Y6
complexes exhibit significantly shorter centroid-to-centroid
distances of 5.13 A and 5.22 A, respectively, compared to TT-
IQ/Y6 at 6.27 A. These shorter distances imply stronger inter-
molecular interactions and closer packing arrangements driven
by the favorable electronic coupling of the DPP and BT cores
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with Y6. Further structural dimensions were measured to
analyze the molecular packing in D/A complexes. As shown in
Fig. 5¢c, the lengths of the DPP-Th-1Q/Y6, BT-Th-IQ/Y6, and TT-
IQ/Y6 complexes are 33.9 A, 34.8 A, and 29.7 A, respectively,
with widths of 17.8 A, 17.6 A, and 16.3 A, and heights of 11.7 A,
10.1 A, and 8.1 A, respectively. Side-view packing configurations
and dimensional data revealed well-defined and stable inter-
molecular stacking patterns as characterized by parallel align-
ment and slightly curved “half-bowl”” conformations.

Excited-state vertical transitions and interfacial CT beha-
viors for the lowest three excited states (S;-S3) were thoroughly
evaluated for the D/A complexes and described in Fig. 5d. The
EDD method allows clear visualization of electron transition
processes as ‘“hole — electron” distributions, categorizing
excited states into Frenkel excitons (localized) and pure/hybrid
CT states (electron and hole spatially separated across donor
and acceptor). For the DPP-Th-IQ/Y6 complex, the lowest-
energy excited state (S; at 2.11 eV, f = 1.2) shows moderate
charge transfer (CT ~ 18%, gor = 0.53€ ", Dingex = 2.88 A),
predominantly acceptor-localized with ~90% hole/electron
localization on Y6. However, higher-energy states such as S,
(2.35 eV, 56% CT, 4.73 A Dinaex) and S; (2.56 eV, 46% CT, 4.36 A
Dindex) €xhibit increased charge separation, suggesting an
enhanced likelihood of exciton dissociation at elevated excita-
tion energies. EDD contours confirm this, demonstrating pro-
gressively stronger donor-involved CT contributions at these
higher states. In contrast, the S; excitation in TT-IQ/Y6 at 2.18
and subsequent excited state S, at 2.60 eV shows minimal
charge separation (0-2.5% CT), indicating the presence of
localized Frenkel-type excitations at lowest and intermediate
states. However, the third excited state S; at 3.0 eV recovers
robust CT characteristics (97% CT, gcor = 0.94€ ™, Dingex = 4.63 A).
These findings confirm that TT-IQ/Y6 also presents suitable
excited-state charge-transfer dynamics conducive to efficient
exciton dissociation.

Overall, the interfacial mechanistic analysis suggests that
among the modelled SMDs/Y6 complexes, BT-Th-IQ/Y6 exhibits
the high CT percentages, substantial transferred charges, and
significant spatial electron-hole separation distances, all ben-
eficial for promoting efficient CT state dissociation and charge
generation. DPP-Th-IQ/Y6, despite its smaller n-n stacking
distance, efficiently achieves notable CT character and robust
excited-state interactions. Whereas, the TT-IQ/Y6 complex, with
broader n-n stacking and moderate interfacial CT distances,
also demonstrates effective charge separation dynamics. Thus,
all three donor complexes demonstrate favorable excited-state
and structural characteristics at the molecular interface with
the Y6 acceptor, highlighting their potential in the design and
fabrication of future ASM-OSCs.

4. Conclusions

In this work, three SMDs named DPP-Th-IQ, BT-Th-IQ, and TT-
1Q, were successfully designed, synthesized, and characterized
for potential application in next-generation ASM-OSCs.
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Incorporating easily synthesized 1Q-terminal moieties, com-
bined with electron-deficient diketopyrrolopyrrole and ben-
zothiadiazole cores, as well as an electron-rich thienothio-
phene core, we systematically explored the impact of structural
motifs on their electronic, optical, charge transport, interfacial
charge transfer properties and molecular stability. The strate-
gically designed SMDs featuring a streamlined cost-efficient
synthesis is beneficial for scalability, paving the way for
potential commercial applications in future ASM-OSCs.

Electrochemical and DFT calculations revealed well-
matched HOMO-LUMO offsets with the Y6 acceptor, indicating
sufficient driving force for exciton dissociation into free
charges. Notably, DPP-Th-IQ exhibited significantly improved
optical properties, including redshift in 2%, (630 nm) and 2255,
(664 nm), the smallest electrochemical bandgap (1.65 eV),
offering extended absorption in the visible-near-infrared
range, in addition to improved solvation properties (AGgqp, =
—40.84 kcal mol™"), which can facilitate solution-processing
and film formation. Moreover, the lowest electron reorganiza-
tion energy (0.213 eV) of DPP-Th-IQ, highlighting its capacity
for swift electron transfer. Meanwhile, BT-Th-IQ demonstrated
the highest charge transfer character (CT = 65.22%) and the
longest charge transfer distance (D = 0.87 A), accompanied
with the lowest exciton binding energy (0.31 eV) and low hole
reorganization energy (0.255 eV) for improved hole mobility
positioning it as the most promising donor for long-range
charge separation. Moreover BT-Th-IQ showed a notable red
shift in thin film (386-515 nm) reflecting film-phase interac-
tions to effective charge transport, while TT-IQ exhibited
balanced hole/electron delocalization, making it a useful com-
plementary donor in OSC architectures. Whereas, the interfa-
cial analysis of optimized donor/Y6 complexes demonstrated
stable face-on m-m stacking configurations with robust D/A
interactions. BT-Th-IQ/Y6 complex yielded efficient CT states,
underpinning their potential for high Jsc. DPP-Th-IQ/Y6
complex showed enhanced interfacial CT indicating favorable
structural attributes for achieving high charge transport mobi-
lities. Although TT-IQ/Y6 demonstrated extensive interfacial
stacking, its variable CT efficiency across excitation energies
highlighted the need for precise morphological optimization to
ensure consistent device performance. Importantly, the materi-
als exhibited encouraging durability. Thin films retained
>90% of their initial absorbance after 30 h of continuous AM
1.5G irradiation (100 mW cm™?), evidencing good photo-
stability under operationally relevant conditions. Thermogravi-
metric analysis indicates Ty, 5% > 250 °C for all donors,
underscoring robust thermal stability.

Overall, our findings provide valuable molecular-design
insights. Among the three donors, BT-Th-IQ showed the high-
est intrinsic charge-separation fraction, lowest exciton-binding
energy, and the most balanced hole/electron reorganization
energies, together with robust face-on n-n stacking with Y6.
These traits favor efficient CT state dissociation and balanced
carrier transport. DPP-Th-IQ and TT-IQ exhibited complemen-
tary strengths, such as deeper HOMO for higher Voc and
symmetric hole delocalization. The present work therefore

This journal is © The Royal Society of Chemistry 2025
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establishes a detailed atomistic structure-property framework
that sets critical benchmarks for subsequent optimization. Full
photovoltaic device fabrication and characterization (Voc, Jsc,
fill factor and PCE measurements) are proposed as the logical
next step to realize the performance potential of these IQ-
capped small-molecule donors in all-small-molecule OSC
architectures.
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