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ABSTRACT: Additives are crucial in optimizing organic photovoltaic (OPV)
performance, yet their influence on intrinsic photophysical properties remains
underexplored. Here we use sub-55 fs transient absorption spectroscopy to extract the
transient electroabsorption (TEA) response�a sensitive and contactless probe of
electronic coupling�in Y6 films processed with 0.5% 1,8-diiodooctane (DIO) or 1-
chloronaphthalene (CN). The DIO-treated film exhibits a primarily first-derivative-like
signal, whereas the CN-treated film displays a second-derivative-like response, indicating
enhanced delocalized charge transfer character and stronger core−core interactions.
Additionally, the TEA rise time in CN-treated films is an order of magnitude shorter than
in DIO-treated ones (0.2 ps vs 2 ps). Importantly, these TEA dynamics quantitatively mirror charge generation rates in PM6:Y6
blends, establishing TEA as a predictive metric of OPV performance. Our results uncover a direct nanomorphology−dynamics−
function relationship and offer a powerful framework for rational additive design and selection in next-generation OPVs.

The synthesis of the non-fullerene acceptor Y6 with an A−
DA′D−A molecular structure incorporating an electron-

deficient A′ unit within the electron-rich donor backbone in
2019 marked a significant milestone in the field of organic
photovoltaics (OPVs), leading to a notable increase in power
conversion efficiency from 12.1% to 15.6%.1 Since then,
extensive research has been conducted to elucidate the
structure−function relationship of Y6 and its derivatives,
enhancing the efficiency of OPV devices incorporating
them.2−7 Among these efforts, additive engineering has
emerged as a particularly effective strategy for optimizing
device performance.8−11

The PM6:Y6 bulk heterojunction (BHJ) has been
extensively studied, with over 2230 publications.12 A recent
comprehensive review of these studies identified the
conjugated 1-chloronaphthalene (CN) as the most frequently
utilized additive in this high-performing system.1,9,11−15

Grazing incidence wide-angle X-ray scattering (GIWAXS)
has shown that 0.5% CN additive facilitates more ordered
molecular packing of Y6 within the BHJ, whereas the linear
aliphatic additive 1,8-diiodooctane (DIO) induces random Y6
orientations.9 It was suggested that the disorder induced by
DIO increases energetic heterogeneity, narrows the active layer
bandgap, and sharply reduces the open circuit voltage (Voc) of
the device.9 All-atom molecular dynamics (MD) simulations
showed that both additives preferentially interact with Y6
rather than PM6, explaining the lack of impact on the PM6
phase observed in time-resolved in situ UV−vis absorption
measurements.9,11 Additionally, grazing transmission small-

angle X-ray scattering suggests that CN and DIO do not alter
the crystallinity of PM6 nor the nanoscale phase separation in
PM6:Y6 BHJs, reinforcing the role of Y6 molecular packing as
the key reason for the performance differences. Notably, even
at PM6:Y6 ratios of 1:2 or 1:4 with CN as an additive, all key
device parameters remain stable, emphasizing the importance
of Y6 ordering in achieving high efficiencies.9

Since PM6 remains largely unaffected by additives and Y6
maintains its crystalline packing when transitioning from neat
films to the BHJ,5 here we focus on the impact of additives on
neat Y6 thin films. MD simulations have demonstrated that π-
interactions between CN and the IC-2F end groups of Y6 play
a crucial role in long-range molecular ordering and enhancing
the packing density in this film.9 The same study also showed
that, although all films (as-cast and additive-treated) primarily
(∼50%) adopt tail−tail dimer configurations (Supporting
Information (SI) section 3), the presence of DIO markedly
suppresses core−core (cofacial) dimer formation. These
findings were further corroborated by an independent all-
atom MD study, which demonstrated that conjugated additives
such as CN reduce intermolecular distances and strengthen
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core−core interactions relative to nonconjugated additives like
DIO.16

While the structural changes associated with additives are
largely understood, the influence of packing on electronic
interactions within the neat film remains less explored. In this
context, electroabsorption (EA) spectroscopy serves as a
powerful tool for investigating the electronic properties of
materials by analyzing variations in their absorption spectrum
under an applied electric field.17−20 EA measurements are
typically conducted through two approaches: steady-state EA
on devices, and transient electroabsorption (TEA) signatures
observed in transient absorption (TA) data. In steady-state EA,
an external electric field is applied to a material, inducing shifts
and splitting in electronic energy levels via the Stark effect.21 In
contrast, TEA signals in TA measurements arise from the
formation of intermolecular charge-transfer (CT) states, which
generate local electric fields that modulate the absorption
spectrum of neighboring molecules.22,23 According to the Stark
effect, the energy of an electronic state is altered by an electric
field − whether externally applied or internally generated −
depending on its polarizability (p) and dipole moment
(μ).17,18
In organic materials, the low dielectric constant leads to the

formation of strongly bound Frenkel excitons, which primarily
exhibit neutral local excitonic character.24 This influences the
material’s polarizability and modifies the arrangement of the

electron cloud, resulting in EA spectral line shapes that
resemble the first derivative of the absorption spectrum.25,26

Interestingly, recent steady-state EA studies have revealed that
Y6 exhibits a predominantly second derivative EA response in
both neat films24 and blends.27 A second derivative line shape
is associated with changes in dipole moment upon excitation
and reflects increased electron−hole separation in the excited
state, providing insight into the extent of charge transfer
character.21,28,29 This behavior contrasts sharply with that of
the linear A−D−A non-fullerene acceptor ITIC, which
primarily exhibits a first derivative EA response.24,30

Ultrafast spectroscopy studies have consistently detected the
emergence of TEA signals in Y-type acceptors on subpico-
second time scales, originating from the conversion/migration
of local excitons (LE) generated in amorphous regions of the
film to intermolecular CT states in densely packed regions of
the film.23 Notably, the TEA spectral shape closely matches
that of the steady-state EA seen in device measurements,
making TEA a valuable tool for tracking LE to intermolecular
CT state migration kinetics. Furthermore, steric hindrance and
reduced intermolecular interaction strength have been shown
to accelerate the migration of the LE to intermolecular CT
states in well packed regions of the film. For instance, Y6
exhibits a LE-to-intermolecular CT transfer time of ∼2.9 ps,
significantly slower than the ∼1.0 ps transfer time observed for
the more sterically hindered L8-BO.23 In our previous work,31

Figure 1. (a) Molecular structures of Y6, 1-chloronaphthalene (CN), and 1,8-diiodooctane (DIO). (b) Normalized absorption (solid lines) and
photoluminescence (dashed lines) spectra of the three films: as-cast Y6 in chloroform in black, 0.5% CN additive with 80 °C thermal annealing in
red, and 0.5% DIO additive with 80 °C thermal annealing in blue. (c−e) GIWAXS line cuts for the (c) as-cast (d) CN-treated, and (e) DIO-treated
thin films. The red line cuts present the in-plane (IP) direction, and the black line cuts present the out-of-plane (OP) direction.
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we proposed that optimizing cofacial packing for device
performance requires balancing cofacial dimer formation with
the maintenance of face-on molecular orientation relative to
the substrate�a structural configuration that solvent additives
can help modulate.
Given the strong influence of solvent additives on Y6

morphology and the creation of intermolecular CT states, this
material is ideal for exploring the impact of morphology on
electronic interactions. In this study, we perform GIWAXS
measurements and sub-55 fs transient absorption spectroscopy
to structurally and dynamically characterize Y6 thin films. TEA
spectra were extracted in the presence of different solvent
additives to probe the nature of the formed intermolecular CT
states. Consistent with previous literature,5 our GIWAXS
measurement of CN-treated Y6 film shows the presence of two
out-of-plane peaks at 3.39 Å and 9.51 Å indicating greater
long-range order than the as-cast or DIO-treated Y6 thin films.
Spectral analysis of the extracted TEA reveals predominantly
second-derivative character for CN-treated Y6 films, and
primarily first derivative features in DIO-treated films, directly
suggesting the more delocalized nature of excitations in films
treated with CN compared to DIO. We attribute this to
enhanced core−core interactions and reduced energetic
disorder in CN-treated films, leading to increased delocaliza-

tion of the CT states therein. Furthermore, CN treatment
accelerates the rise time of the intermolecular CT state by an
order of magnitude, from 2 ps in DIO-treated films to just 0.2
ps. Notably, this trend aligns closely with the relative charge
generation times observed in PM6:Y6 bulk heterojunctions
processed with the same additives, which are 5.6 ps for DIO
treatment and 0.6 ps for CN treatment.32 These findings
demonstrate that direct optical investigations on pristine
acceptor films can provide actionable insights into the
functional impact of processing additives, offering a stream-
lined and predictive approach for additive design and OPV
optimization.
Thin films of neat Y6 were prepared by incorporating 0.5 vol

% of either CN or DIO as additives and thermally annealing at
80 °C for 10 min followed by encapsulation by a UV-curable
glue (see SI section 2 for details). This procedure was adapted
from established protocols for optimized PM6:Y69 and neat Y6
devices.9,33 Detailed film fabrication procedures are described
in the SI section 1. Figure 1a displays the molecular structures
of Y6 and the additives and Figure 1b shows the normalized
absorption and photoluminescence (PL) spectra of the thin
films. The film prepared with CN exhibits a blue shift in the 0−
0 absorption and a reduced 0−0 to 0−1 absorption peak ratio,
suggesting a higher degree of cofacial H-like aggregation

Figure 2. (a) Absorption coefficient of the thin films. The red rectangle highlights the pump bandwidth of 646−665 nm. (b) Excitation density
normalized TA spectra for the thin films at 0.2−0.3 ps using 1.0 μJ cm−2 fluence. (c) CN-treated films have a greater long-range order as well as
orientational order (face-on to the substrate). The electric field created by the separated electron hole pair in the intermolecular CT state impacts
the absorption of the neighboring molecules which gives the TEA response. (d) DIO-treated films show more random orientational order (face-on
and edge-on crystallites exist) and reduced long-range order.
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among the Y6 molecules.31,34 In contrast, the film with DIO
shows a red-shifted absorption relative to the as-cast film and a
slightly increased 0−0 to 0−1 peak ratio, indicating a
preference for end-on aggregation in the thin film.31,34 It is
worth pointing out that Y6 forms multiple dimer conforma-
tions, which include tail−tail, core−core, tail−core, and
core:core−tail:tail interactions (shown in SI section 3).9,35

Given this complexity, dimers in the thin films cannot be
described as being strictly H- or J-aggregates. Rather, as
before,31 we use the absorption peak ratios to infer different
extents of cofacial interactions in thin films prepared with no
additive, 0.5% CN, and 0.5% DIO. Importantly both CN (161
meV) and DIO (154 meV) show a reduced Stokes shift
compared to the as-cast film (196 meV) (see SI section 4 for
details) suggesting that the films with additives have more rigid
molecular packing with reduced disorder. Increased rigidity in
the films treated with additives can also be inferred from the
blue shift of their PL peak compared to the as-cast film.28

Spectrally, the shape of DIO-treated film’s PL is similar to that
of the as-cast, while the CN-treated film depicts a sharp onset
of the PL as well as pronounced spectral narrowing.
Interestingly, such a PL shape was previously observed in
highly crystalline domains in microscopic PL measurements31

suggesting a high degree of crystallinity in thin films prepared
with CN additive. Moreover, the photoluminescence quantum
yield of the CN-treated film was found to be the highest

among all at 8% compared to 6 and 4% for the as-cast and
DIO-treated films respectively (SI section 4).
GIWAXS reveals clear differences in molecular orientation

and structural ordering among the Y6 thin films (Figure 1c−e).
Both CN- and DIO-treated films exhibit a reduced π−π
stacking distance, with the (010) out-of-plane peak corre-
sponding to ∼3.39 Å, compared to 3.41 Å for the as-cast film,
indicating tighter vertical packing. Notably, the CN-treated
film shows an additional out-of-plane peak at qz ≈ 0.66 Å−1 (d
≈ 9.51 Å), consistent with previous reports by Zhang et al.5

and corresponds to lamellar stacking of CN-treated Y6 films.
This suggests improved long-range ordering in the vertical
direction. The out-of-plane peaks of the CN-treated film are
also sharper and more intense, pointing to a predominantly
face-on molecular orientation. Furthermore, the CN-treated
film displays the shortest in-plane spacing, ∼19 Å, compared
with 22 Å for the as-cast film and 24 Å for the DIO-treated
film, suggesting tighter molecular packing along the in-plane
direction. In contrast, the GIWAXS pattern (SI section 5) of
the DIO-treated film presents a complete diffraction ring for
the (010) peak, indicating randomly oriented crystallites.
Femtosecond TA measurements with <55 fs time resolution,

using a 655 nm pump and variable fluences (1.0, 3.0, 9.1, and
12.1 μJ cm−2) were performed to investigate the photophysics
of the fabricated Y6 thin films. The absorption coefficient of
the as-cast film is quite similar to that of the additive treated

Figure 3. TA 2D spectrograms for (a) as-cast, (b) CN-treated, and (c) DIO-treated Y6 films. The arrows trace the evolution of the bleach. In the
case of as-cast and DIO-treated films, a clear red shift of the bleach is observed, whereas this is minimal in the CN-treated film. (d) Peak wavelength
shift for the three films as a function of time. The peaks were taken from the wavelength region mentioned in the legend.
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films (Figure 2a). However, when the TA signal is normalized
by the excitation density, we observe a strong enhancement of
the positive ground state bleach and the negative photo-
induced absorption signals in films treated with both CN and
DIO additives (Figure 2b) at early times. This suggests that
additive treatment influences molecular aggregation in the thin
films such that pairs of molecules are bleached, increasing the
apparent population of excited states and thereby enhancing
the TA signal. Enhancements in TA signal have been
previously reported in PM6:Y-series acceptor BHJ thin films
when CN and DIO were introduced, and was attributed to
favorable phase separation in the BHJ upon additive treatment
and reduced donor/acceptor CT state recombination on the
nanosecond time scale.14 While this may explain signal
enhancements on the nanosecond time scale, reduced
intermolecular CT state recombination is unlikely to explain
the signal increase observed here on the subpicosecond time
scale. We therefore propose that the increased number of sites
for intermolecular CT state generation post additive treatment
underlies this enhancement in the TA signal. This aligns with
previous MD simulations, which showed that both additives
increase the population of ‘other’ dimer pairs, where core:core-
tail:tail interactions are most prevalent.9 A higher population of
these pairs could facilitate intermolecular CT state generation,
as we and others have previously observed.31,36

Although both additives enhance the signal, the distinct
shapes of their bleach features suggest that different
predominant species contribute to the intermolecular CT
states in the two films. The strong 0−0 bleach in DIO-treated
films indicates that intermolecular CT states are primarily
populated in more slip-stacked configurations. In contrast, the
strong 0−1 bleach observed with CN suggests that
intermolecular CTs are generated at sites with greater core−
core overlap. These spectral features not only correspond with
the steady-state absorption differences mentioned earlier but
also align with all-atom MD simulations which predicted that
the linear additive DIO reduces the number of core−core
dimer pairs.9 TA spectra of all studied films show a positive−
negative derivative-like signal at the band edge around 900 nm
which is characteristic of EA (inset of Figure 2b). Importantly,
the ground state bleach of the CN-treated film exhibits an
additional and distinct EA response characterized by a
pronounced and sharp suppression of the signal between
850−870 nm (inset of Figure 2b). This feature is notably
absent in both the as-cast and DIO-treated films. If this effect
were solely due to a blue shift, the entire TA spectrum would

have shifted accordingly. However, since the 660 nm bleach
remains fixed at 660 nm across all films, it is evident that the
CN-treated film exhibits a stronger EA contribution, leading to
a more pronounced reduction in its band-edge bleach
compared to the other two films. This enhanced EA response
in the CN film is consistent with its greater film ordering,
which likely amplify the absorption changes of neighboring
molecules (see Figure 2c). In contrast, the EA signal in the
DIO-treated film may be suppressed due to increased
molecular disorder, which disrupts the cooperative electronic
interactions within the film (see Figure 2d). Additionally,
comparing the excitation density normalized photoinduced
absorption at 1500 nm (Figure 2b) also suggests that the CN-
treated film has more intermolecular CT states,2 which is
consistent with a stronger EA signal.
Previous work23 found that following above band gap

excitation, temporal red shift of the ground state bleach is
universal in thin films of Y-series acceptors and is linked to the
migration of the LE in amorphous regions of the film to more
ordered low energy regions which contain tightly packed
aggregates with sites conducive for intermolecular CT state
generation. Interestingly, for the samples we studied and
excited with above-band gap energy, as-cast and DIO-treated
films show considerable and similar red shifts, while the bleach
of the CN-treated film red-shifts only slightly (see Figure 3d).
This highlights the high degree of energetic order and the
presence of few amorphous regions in this film, which means
that the initial excitation likely already exists in tightly packed
sites. Additionally, normalized sub-0.2 ps spectral slices (SI
section 6) reveal pronounced spectral broadening of the bleach
in the as-cast film, which is absent in additive-treated samples
− further indicating higher disorder in the as-cast film,
potentially due to the lack of thermal annealing.
Although EA-related features have now been identified in

the TA data, qualitatively indicating a stronger EA effect in the
CN-processed film, spectral decomposition is required to
isolate the ‘pure’ TEA contribution. Numerical approaches
based on genetic algorithms (GA) are commonly employed to
decompose overlapping signals in TA spectrograms, enabling
the extraction of clean spectra and kinetics.3,23,37−41 In a
previous study,23 the 0.2 ps spectrum was used as a reference
mask for the LE to facilitate the extraction of the TEA
spectrum and kinetics via GA. However, in the case of the CN-
treated film, we find that 0.2 ps is too late, as the EA signature
has already fully emerged in the spectrum. The raw spectral
evolution at the subpicosecond time scale is provided in SI

Figure 4. (a, b) Fits of the extracted TEA using the first and second derivatives of the absorption spectra for (a) CN-treated and (b) DIO-treated
films. TEA is extracted by performing genetic algorithm (GA) on the 1 μJ cm−2 TA data after taking a reference spectral mask at 50 fs in both cases.
The legend indicates the contribution of each derivative toward the fitting. (c) Rise of the TEA signal that was extracted by GA.
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section 6. Moreover, since we did not observe a pronounced
red shift of the ground state bleach in the case of the CN-
treated film, it is likely that the initially populated state already
shows significant intermolecular CT character. Hence, we used
the earliest time slice of ∼50 fs (for each film) as a reference or
mask for GA to extract the TEA shape and its kinetics (SI
section 7). The extracted TEA spectra from the lowest fluence
measurement were then fit using the first and second
derivatives of the absorption spectrum (on an energy scale,
but plotted in Figure 4 on the wavelength scale).
Interestingly, we find that CN-treated film shows almost

90% second derivative character of the TEA spectrum while
DIO-treated film shows around 80% first derivative character
(Figure 4a,b). This highlights a clear difference between the
nature of the intermolecular CT states in the two films.
Moreover, we find that the TEA signal in CN-treated film rises
10 times faster than the DIO-treated film (0.2 and 2 ps,
respectively; Figure 4c). Our results indicate that CN-induced
H-type interactions stabilize intermolecular CT states, leading
to enhanced CT hybridization and/or greater charge
separation. Both effects are expected to increase the CT
character of the S1 state and thereby yield a stronger second-
derivative EA response. Moreover, DFT calculations based on
MD simulations have shown that CN treatment increases the
Y6 intermolecular binding energy (0.10 → 2.20 eV),42

consistent with stronger π−π interactions. Accordingly, the
CN-treated film exhibits a more intense EA signal than the
DIO-treated counterpart, which we attribute to its higher
degree of molecular order and the larger population of CT
states.
The TEA rise time in our as-cast film (∼2 ps) closely aligns

with the previously reported value of 2.9 ps (see SI section 8
for a discussion on TEA fits for the as-cast film). Notably, since
the addition of CN shortens the TEA rise time by an order of
magnitude, this proves solvent additive engineering to be an
effective and straightforward strategy for modulating photo-
physics without necessitating the synthesis of new materials.
While previous studies have suggested that reduced inter-
molecular interactions accelerate TEA rise times, as
exemplified by the sterically hindered Y-type molecule L8-
BO, which exhibits the fastest reported TEA dynamics at 1
ps,23 our findings challenge this notion. In the presence of CN,
we observe stronger core−core intermolecular interactions
(i.e., H-type character, as supported by the shape of the steady-
state absorption spectrum and the ground-state bleach in TA),
enhanced in-plane packing density (which is expected to
increase the π−π contact area between molecules), and yet an
exceptionally fast TEA rise time of 0.2 ps, surpassing even the
L8-BO case. It is important to distinguish the LE to
intermolecular CT transfer time probed via TEA from the
subpicosecond LE to intermolecular CT conversion observed
in Y6.2,31 As the intermolecular CT state is generated on the
subpicosecond time scale in the film, it alters the absorption of
the neighboring molecules. This process will have a delayed
response time compared to the generation of the intermo-
lecular CT state itself. Of the studied samples, the CN-treated
film shows the least fluence dependence of the photoinduced
absorption signal of the LE decay (SI section 9). This further
confirms that the nanomorphology of the CN-treated film
allows for the least diffusion limited intermolecular CT state
generation matching the fastest TEA rise observed in this film.
Comparing the spectral fitting errors for CN and DIO-

treated films in Figure 4, it is evident that while the TEA

spectrum of the DIO-treated film is well described by the
derivatives of the absorption spectrum, the fit for the CN-
treated film is less accurate (residual sum of squares is given in
SI section 7). Similar challenges in fitting EA spectra using first
and second derivatives have been observed in thermally
activated delayed fluorescence molecules, where strong mixing
between the triplet and CT states was reported.43 Notably, this
mixing enhanced the thermally activated delayed fluorescence
performance compared to molecules lacking such state
interaction. In our case, we speculate that the enhanced
core−core interactions lead to greater intermolecular CT state
stabilization, resulting in stronger mixing between the LE and
intermolecular CT states. This enhanced mixing could explain
the poorer agreement between the CN-treated film’s TEA
spectrum and derivative-based fits compared to DIO.
While this study focuses on neat Y6 films, it is informative to

consider how the choice of additive influences the Voc in full
BHJ devices comprising PM6:Y6. Several reports9,15,32,42 (see
Figure S12) have investigated the impact of CN and DIO on
PM6:Y6 OPVs and, despite variations in fabrication con-
ditions, a consistent trend emerges: DIO treatment results in
the lowest Voc. This persistent degradation in Voc upon DIO
treatment may reflect increased energetic and structural
disorder and higher defect densities, as also suggested by
reduced PLQE and broader absorption features in DIO-treated
films. Although morphological and processing differences limit
direct comparisons across studies, the consistent observation of
lower Voc with DIO supports our interpretation that additive-
induced changes to intermolecular interactions�and their
consequences on electronic structure�are central to OPV
performance.
This interpretation is further supported by studies beyond

PM6:Y6. In the case of BTIC-CF3-m,44 a Y-type acceptor,
DIO treatment caused a marked reduction in Voc attributed to
enhanced end-on or J-type aggregation, which reduces the
effective bandgap. By contrast, CN maintained the Voc of the
pristine blend. Moreover, a recent comprehensive study32

evaluating all combinations of two high-performing polymer
donors (PM6 and D18-Fu) with two benchmark acceptors (Y6
and L8-BO) found that, across all 12 device configurations,
CN consistently resulted in lower Voc loss compared to DIO.
These broader trends reinforce the idea that conjugated
additives like CN are generally better suited than aliphatic ones
like DIO for preserving favorable electronic properties in Y-
type acceptor-based OPVs.
Both CN and DIO treatments have been reported to

enhance the short-circuit current density (Jsc) in PM6:Y6
devices, as shown in Figure S12b. For DIO-treated blends, this
enhancement has been attributed to a red shift in the
absorption spectrum, which improves light harvesting by
extending spectral coverage. In contrast, the increase in Jsc
observed for CN-treated blends is less intuitive, as their
absorption spectra appear nearly identical to those of pristine
films.9 We note that the spectra presented in the reference are
normalized, and therefore do not allow for direct comparison
of absorption coefficients. Despite this limitation, we propose
that the observed enhancement in Jsc with CN treatment may
stem from improved intrinsic charge photogeneration −
potentially facilitated by enhanced intermolecular coupling
and reduced energetic disorder. This hypothesis is supported
by the reduced fluence dependence of the LE photoinduced
absorption decay observed in CN-treated neat films (SI section
7). While we acknowledge that extrapolating from neat film
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dynamics to blend device performance has inherent limitations,
these results suggest that CN incorporation may promote more
efficient charge generation and extraction, consistent with the
reported device-level improvements.
Our findings demonstrate that the inherent ability of Y-series

acceptors to form intermolecular CT states and generate
internal fields can be leveraged to probe the distinct
microenvironments in thin films stemming from differences
in nanomorphology. This approach is particularly relevant
given that modern non-fullerene acceptors largely retain their
crystalline packing within BHJ active layers5,23,45−48 and that,
in contemporary OPVs, energy transfer from the donor to the
acceptor occurs rapidly, making the acceptor the primary
precursor for charge generation.49 Furthermore, our study
underscores the crucial role of additive engineering in tuning
intermolecular CT state characteristics through morphology
modulation, offering a complementary strategy compared to
the design and synthesis of novel acceptors. Specifically, the
conjugated additive CN enhances long-range molecular order
and increases the in-plane molecular packing density (as
indicated by our GIWAXS data), leads to a smaller red shift in
the ground-state bleach, and promotes greater core−core
dimer formation (as reflected in the relative intensities of the
0−0 and 0−1 absorption peaks). This structural arrangement
facilitates the ultrafast generation of intermolecular CT states
with a strong second derivative character, indicative of greater
electron−hole separation and delocalization. As mentioned
earlier, the findings of our previous work,31 suggested that
optimizing cofacial packing for device performance requires
balancing cofacial dimer formation while maintaining a face-on
molecular orientation relative to the substrate. The results of
this study suggest that the CN-treated film achieves this
favorable structural configuration, which may explain its
superior performance compared to DIO-treated BHJ devices.
The ability to directly evaluate the functional effectiveness of
additives in thin films via direct optical probes offers a valuable
approach for future additive development, aiding in the design
and selection of new additives.
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