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The development of PM6:Y6 active layer has contributed to significant advances in the field of organic
photovoltaics. During its fabrication, using solvent additive such as 1-chloronaphthalene (1-CN) at
a specific concentration has often been found to play a critical, positive role. There is increasing
consensus that 1-CN molecules can tune the global morphology of PM6:Y6 active layer and thus device
efficiency by slowing down the solvent evaporation process. However, it remains poorly understood
how these 1-CN molecules impact the nano-scale molecular packing and electronic properties of
PM6:Y6:1-CN blends (aspects that are challenging to characterize experimentally) as a function of 1-CN
concentration in solution. Changes in “global” morphology correspond to modifications in size,
connectivity, and crystallinity of PM6 and Y6 domains while changes in “local” morphology correspond
to modifications in intermolecular interactions among PM6, Y6, and 1-CN moieties. The latter in turn
impact the electronic properties related to hole/electron transfer rates between PM6/Y6 and 1-CN,
electron/hole transfer rates between adjacent Y6/PM6 molecules/chains, energetic distributions of
interfacial charge-transfer (CT) electronic states, and non-radiative recombination rates and
corresponding voltage losses from the CT states to the ground state. By thoroughly investigating these

aspects in PM6:Y6 blends with different 1-CN concentrations, via combining density functional theory
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Accepted 18th September 2025 calculations, all-atom molecular dynamics (MD) simulations, and coarse-grained MD simulations, we are

. able to rationalize how 1-CN improves the photovoltaic parameters and thus efficiencies of PM6:Y6-
DOI: 10.1039/d5el00117] based solar cells, and to point out the requirements in terms of electronic properties of solvent additives

rsc.li/EESSolar for further improvement in device efficiency.

Broader context

The development of PM6:Y6 active layer has re-energized the community of organic photovoltaics. Especially, the structural modifications of Y6 and/or PM6
together with the morphological optimizations of corresponding active layers have significantly improved the device power conversion efficiencies over 20%.
During the fabrication of these state-of-the-art active layers, solvent additives have often been used at a specific concentration and found to play a critical,
positive role. While there is increasing consensus that additive molecules can tune the global morphology of active layers and thus device efficiency by slowing
down the solvent evaporation process, it remains poorly understood how they impact the nanoscale molecular packing and electronic properties of active layers,
since accessing them remains experimentally challenging as we are dealing essentially with nanoscale morphology at interfaces. Solving this issue calls for the
recent development of robust computational methodologies that combine long-range corrected density functional theory calculations, all-atom molecular
dynamics simulations, and coarse-grained molecular dynamics simulations. Using this multi-scale procedure, we drew a comprehensive picture that describe
how the morphological and electronic properties of PM6:Y6 blends evolve as a function of 1-chloronaphthalene concentration in solution, and pointed out the
requirements regarding electronic properties of solvent additives for further efficiency improvement.

Introduction

Organic solar cells (OSCs), as a class of photovoltaic devices that

directly convert sunlight into electricity, have attracted consid-
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twang@ylu.edu.cn; jiangq@jlu.edu.cn processibility, and semitransparency.’ Since the development
of the Y6 series of non-fullerene small-molecule acceptors,* the
OSC power conversion efficiencies (PCEs) have significantly
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improved.®* Advances have commonly involved a number of
strategies, such as structural modifications of the Y6
acceptor®'>7172»232527 and the polymer donors,*'** tuning of the
active-layer deposition techniques,'*'****° incorporation of
ternary components,>”*** and/or introduction of solvent
additives'6—8,10—14,16,18—20,22—24,25—31
Adding solvent additives represents a low-cost and, as it
turns out, efficient way of PCE improvement. A widely used
additive is 1-chloronaphthalene (1-CN).6®1011,13,16192023,2431 T
particular, the use of 1-CN has recently contributed to achieving
20.8% PCEs for layer-by-layer fabricated OSCs.™ It has been
extensively reported that introducing 1-CN into the processing
solution at a specific concentration (e.g., 0.5%, v/v) usually
increases the short-circuit current density (Jsc) and fill factor
(FF), somewhat decreases the open-circuit voltage (Voc), and
overall increases the PCEs of OSCs based on Y6 or its deriva-
tives.*'+192%24 Similar results are often found as well when using
other solvent additives in recent state-of-the-art OSCs.*>'#>>262%
Experimental and theoretical efforts have pointed out that:
(i) its high boiling point and low vapor pressure provide 1-CN
with the ability to extend the solvent-evaporation process; this
then gives the Y6 molecules enough time to rearrange and
adjust their packing and interactions with the chains of the
polymer donor paired with it (for instance, PM6, which is widely
used in conjunction with Y6);*'*"* (ii) adding 1-CN is able to
tune the sizes of the Y6 domains;*” (iii) the -7 interactions
between 1-CN and Y6 molecules can enhance the intermolec-
ular interaction strength among adjacent Y6 molecules, which
reduces the Y6-Y6 packing distance and improves the Y6-Y6
packing order;**'**' and (iv) because of its non-volatile char-
acteristics, it is difficult to remove completely the 1-CN mole-
cules after the evaporation of the solvent molecules, which leads
to a residual presence of 1-CN in the resulting active layer.**-**
However, a number of aspects remain not well documented,
in particular (i) how do the morphology of the polymer:Y6
blends at the nanoscale (“local” level) and the related electronic
properties evolve as a function of 1-CN concentration in solu-
tion; and (ii) whether the residual 1-CN molecules participate in
the charge transport processes taking place in the active layer.
Drawing a comprehensive picture of these points would
significantly improve our understanding of the important role
played by 1-CN and guide further design of more efficient
solvent additives. Here, we do so by taking the PM6:Y6:1-CN
blends as representative systems (see Fig. 1) and by thoroughly
investigating them via multi-scale simulations that combine
long-range corrected density functional theory (DFT) calcula-
tions, all-atom molecular dynamics (AA-MD) simulations, and
coarse-grained molecular dynamics (CG-MD) simulations.
Long-range corrected DFT calculations are used to parame-
trize the AA-MD force field and examine the electronic proper-
ties related to the local morphology; AA-MD simulations, to
parametrize the CG-MD force field and describe the local
molecular packing patterns; and CG-MD simulations, to char-
acterize the morphology beyond the nano-scale. This theoretical
approach enables us to comprehensively document the molec-
ular-scale impact of the 1-CN molecules within the PM6:Y6
blends as a function of its concentration in solution, aspects
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that remain experimentally challenging to characterize. Specif-
ically, regarding the “global” morphology, we examine the
evolution in size, connectivity, and crystallinity of the PM6 and
Y6 domains as a function of 1-CN concentration; regarding the
local morphology, we describe the evolution of the PM6_PMS6,
Y6_Y6, and PM6_Y6 packing order, distance, and pattern as
a function of 1-CN concentration; regarding the electronic
properties, we discuss the evolution of the electron/hole trans-
fer rates between adjacent Y6/PM6 molecules/chains, energetic
distributions of the interfacial charge-transfer (CT) electronic
states, and non-radiative recombination rates and related
voltage losses from the CT states to the ground state, as well as
the hole/electron transfer rates between PM6/Y6 and 1-CN
moieties. Our results allow us to rationalize, at the molecular
scale, how the 1-CN molecules systematically alter the photo-
voltaic parameters and thus the PCEs of PM6:Y6-based OSCs,
and to point out the requirements in terms of the electronic
properties of solvent additives to lead to further improvements
in device efficiency.

Results and discussion
Evolution of the morphology at the global level

As a first step, we examine the evolutions in size, connectivity,
and crystallinity of the Y6 and PM6 domains in the PM6:Y6:1-
CN blends as a function of 1-CN concentration. It is worth
pointing out that producing highly efficient OSCs usually calls
for moderate domain sizes on the order of a few tens of nano-
meters and a large extent of domain connectivity and crystal-
linity.>* Fig. 2 presents the morphologies of the PM6:Y6:1-CN
blends at 1-CN concentrations in solution of 0%, 0.25%, 0.5%,
and 1% v/v, respectively; these are obtained via solvent-evapo-
ration simulations in the framework of CG-MD. Since there is
a lack of experimental reports determining the amount of 1-CN
molecules remaining in the active layer after solvent evapora-
tion, here, we make the assumption that all are left within the
PM6:Y6 blends. The critical aspect is that this procedure will not
alter the trends obtained as a function of 1-CN concentration. In
each blend, there exist four types of regions: Y6, PM6, mixed
Y6:PM6, and 1-CN regions. As the concentration in 1-CN
increases, the degree of 1-CN aggregation also increases while
the volume fractions in Y6, PM6, and mixed regions decrease.
The increase in the extent of 1-CN aggregation is seen in Fig. 2
to trim the Y6 as well as PM6 regions, which is expected to lead
to smaller domain size and weaker domain connectivity. To
confirm these points, we extracted the largest Y6 clusters in
terms of number of Y6 molecules and PM6 clusters in terms of
number of repeat units from these blends. Indeed, as the 1-CN
concentration increases from 0%, 0.25%, 0.5%, to 1% v/v, the
sizes of the largest Y6 and PM6 clusters both significantly
reduce (see Table S1). This indicates that 1-CN can diminish the
aggregation of Y6 molecules as well as of PM6 chains, which is
consistent with transmission electron microscope (TEM) data
showing that the use of 1-CN effectively suppresses the large
and uneven phase separations leading to oversized domain
sizes.®” In this context, it is important to note that it has been
widely reported that an excessive aggregation of Y6 molecules in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Chemical structures of poly[(2,6-(4,8-bis(5-(2-ethylhexyl-3-fluoro)thiophen-2-yl)-benzol1,2-b:4,5-b'|dithiophene))-alt-(5,5- (1,3’ -di-2-

thienyl-5',7'-bis(2-ethylhexyl)benzol[l’,2'-c:4',5 - c'ldithiophene-4,8-dione))]

(PM6), 2,2'-[[12,13-bis(2-ethylhexyl)-12,13-dihydro-3,9-di-

undecylbisthieno[2’,3":4',5'thieno[2’,3":4,5]pyrrolo[3,2-e:2',3'-g][2,1,3]benzothiadiazole- 2,10 -diyl]bis[methylidyne(5,6 - difluoro-3-oxo-1H-
indene-2,1(3H)-diylidene)llbis[propanedinitrile] (Y6), and 1-chloronaphthalene (1-CN).

the PM6:Y6 blend results in oversized Y6 domains and limits
the OSC efficiency.®”%*3¢

To characterize the intra-domain connectivity within Y6 and
PM6 regions, we evaluated the ratios between the volumes
spanned by the largest clusters (where a cluster is defined as
a network of molecules/chains separated by at most 5 A from
their neighbors) and the overall volumes of the blends. The
relevant spatial distributions of the largest Y6 and PM6 clusters
in the CG-MD-simulated PM6:Y6:1-CN blends are provided in
Fig. S1. As shown in Table S1 and Fig. S1, two main results are
observed: (i) as the 1-CN concentration raises, the degree of
connectivity in both Y6 and PM6 regions decreases; and (ii) at
the 1-CN concentration of 1% v/v (corresponding in reality to
a higher 1-CN concentration in solution due to our assumption
that all 1-CN molecules remain within the PM6:Y6 blend), the
connectivity within the Y6 region is significantly disrupted,
which is expected to lead to a decrease in carrier mobility and an
increase in charge recombination and thus a lower PCE. We
note that changing the threshold (here, ~5 A) for the intermo-
lecular/interchain distance used to extract the Y6/PM6 clusters
would alter the absolute values but not the trends illustrated in
Table S1.

In order to examine the evolution of crystallinity within the
Y6, PM6, and mixed regions as a function of 1-CN concentra-
tion, the radial distribution functions (RDFs), g(r), were
analyzed for the Y6_Y6 backbones (ie., RDFs between Y6
backbones), PM6_PM6 backbones (i.e., RDFs between PM6
backbones), and PM6_Y6 backbones (i.e., RDFs between PM6
and Y6 backbones) in the CG-MD-simulated PM6:Y6:1-CN
blends. We recall that the RDF measures how the relative
density of particles (such as atoms or molecules) varies as
a function of the distance away from a reference particle; if
Pglobal 18 the average number density of particles, then the local
averaged density at a distance 7 iS piocal = Pgiobaig(r)-*~*° The first
peak represents the relative density of nearest-neighbor stack-
ing, the second peak indicates that of next nearest-neighbor
stacking, and so forth. Therefore, a larger g(r) peak value points
to a higher extent of crystallinity. It is clear from Fig. 3a, b, and ¢

© 2025 The Author(s). Published by the Royal Society of Chemistry

that, as the 1-CN concentration increases, the g(r) peak values
increase in all the Y6_Y6, PM6_PM6, and PM6_Y6 cases; this
suggests an enhancement in the extent of crystallinity or
stacking order in Y6, PM6, and mixed regions upon addition of
1-CN molecules. We note that it is inappropriate in this instance
to use the relative heights of the g(r) peaks to identify which
blend has the larger Y6_Y6, PM6_PM6, or PM6_Y6 stacking
density since the pgona value differs among PM6:Y6:1-CN
blends with different 1-CN concentrations.

Evolution of the morphology at the local (nanoscale) level

We now turn to the evolution of the local morphology by
examining the Y6_Y6, PM6_PM6, and PM6_Y6 packing order,
distance, and pattern for the AA-MD-simulated PM6:Y6:1-CN
blends with different 1-CN concentrations. Considering that
our CG-MD simulations have shown that an excess in 1-CN
molecules segments the Y6 and PM6 regions into very small and
disconnected domains, which is expected to break the charge-
transport pathways, we only focus here on 1-CN concentrations
of 0%, 0.25%, and 0.5%. Fig. 3d, e, and f display the RDFs for
the Y6_Y6, PM6_PM6, and PM6_Y6 backbones in these blends.
What can be observed is that adding 1-CN molecules (i.e., from
0% to 0.25% and 0.5% v/v) increases the number of g(r) peaks
for all the Y6_Y6 (i.e., from 2 to 3), PM6_PMS6 (i.e., from 1 to 2),
and PM6_Y6 (i.e., from 1 to 2) cases. In other words, the 1-CN
molecules contribute to enhance the Y6_Y6, PM6_PM6, and
PM6_Y6 packing order, as also confirmed when examining the
CG-MD-simulated PM6:Y6:1-CN blends (see Fig. 3a, b, and c). In
addition, along with an increase in 1-CN concentration from 0%
to 0.25% and then 0.5% v/v, the Y6_Y6, PM6_PM6, and PM6_Y6
backbone-backbone packing distances decrease from 4.25 to
4.15 and then 4.05 A, from 4.95 to 4.65 and then 4.35 A, and
from 4.65 to 4.35 and then 4.25 A, respectively, as supported by
comparing the first g(r) peak positions displayed in Fig. S2.

To understand these findings, we extracted all the Y6_Y6,
PM6_PM6, and PM6_Y6 - packing pairs from the AA-MD-
simulated PM6:Y6:1-CN blends and computed their averaged
respective interaction energies. Here, a -7 packing pair is

EES Sol., 2025, 1,1017-1029 | 1019
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Fig.2 In-plane slices of CG-MD simulated PM6:Y6:1-CN blends as well as their Y6 (blue), PM6 (red), mixed (yellow), and 1-CN (green) regions at

1-CN concentrations in solution of 0%, 0.25%, 0.5%, and 1% v/v, respectively. The percentages below each image represent the volume fractions

of the various regions in the blends.

defined as consisting of two backbones having their atoms
directly interacting face-to-face within a distance of 5 A of each
other. As summarized in Table S2, in going from 0% to 0.25%
and then 0.5% v/v, the interactions among the Y6_Y6,
PM6_PM6, and PM6_Y6 m—7 packing pairs all become stronger
(i.e., from —16.1 £+ 6.2 to —20.1 £ 6.8 and then —20.3 + 6.8 kcal
mol ™, from —25.9 4 7.4 to —27.4 & 10.8 and then —28.3 & 11.4
kecal mol™, and from —21.9 &+ 8.7 to —25.2 + 10.1 and then
—25.9 £ 10.2 kcal mol™ ', respectively). The increase in the
Y6_Y6, PM6_PM6, and PM6_Y6 interaction strength goes hand

1020 | £ES Sol, 2025, 1, 1017-1029

in hand with the increase [decrease] in the Y6_Y6, PM6_PM6,
and PM6_Y6 packing order [distance].

Considering that the Y6 backbone is composed of core and
end moieties and the PM6 backbone, of D (electron-rich) and A
(electron-poor) moieties (see Fig. S3), there typically exist three
Y6_Y6 [ie., end_end (end moieties on top of one another),
end_core (end moiety on top of core moiety), and core_core
(core moieties on top of one another)] -7 packing configura-
tions, three PM6_PM6 [ie., A_A (A moieties on top of one
another), A_D (A moiety on top of D moiety), and D_D (D

© 2025 The Author(s). Published by the Royal Society of Chemistry
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moieties on top of one another)] w-m packing configurations,
and four PM6_Y6 [i.e., A_end (end moiety on top of A moiety),
D_end (end moiety on top of D moiety), D_core (core moiety on
top of D moiety), and A_core (core moiety on top of A moiety)]
-1 packing configurations. To explore the evolution of the
Y6_Y6, PM6_PM6, and PM6_Y6 packing patterns as a function
of the 1-CN concentration, Fig. 4 displays the partial RDFs for
the Y6_Y6, PM6_PM6, and PM6_Y6 backbones in the AA-MD-

simulated PM6:Y6:1-CN blends with different 1-CN concentra-
tions. Interestingly, the 1-CN molecules have negligible effect
on the preferential Y6_Y6, PM6_PM6, and PM6_Y6 -7 packing
orders [i.e., end_end > end_core > core_core; A_LA>A_D >D_D;
and A_end > D_end > D_core > A_core, respectively] (see Fig. 4),
as also confirmed by the partial RDFs for the Y6_Y6, PM6_PM6,
and PM6_Y6 backbones in the CG-MD-simulated PM6:Y6:1-CN
blends with different 1-CN concentrations. These packing
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Fig. 4 Partial radial distribution functions for the Y6_Y6, PM6_PM6, and PM6_Y6 backbones in the AA-MD-simulated PM6:Y6:1-CN blends.
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orders result mainly from: (i) the steric hindrance induced by
the alkyl side chains on the Y6 core moieties (see Fig. S3a); (ii)
the torsion of the fluorothiophenes (in the 2-(2-ethylhexyl)
fluorothiophene side chains) with respect to the D moieties of
the PM6 backbones (in addition, while the PM6 D moieties carry
branched alkyl side chains on both sides, the PM6 A moieties
carry them on only one side, which leaves the other side of the
PM6 A moieties more open for interaction with Y6, see Fig. S3b);
and (iii) the larger sizes of the Y6 core moieties and PM6 D
moieties (see Fig. S3), which bring about stronger D_core than
A_core interactions and thus leads to a preferential packing
order of D_core > A_core.

Evolution of the electronic properties related to the nanoscale
morphology

Having in hands all the Y6_Y6, PM6_PM6, and PM6_Y6 -7
packing pairs extracted from the AA-MD-simulated PM6:Y6:1-
CN blends, we now examine the evolution of the electronic
properties as a function of 1-CN concentration. Table S3 collects
the intermolecular electron transfer rates, k., between two
neighboring Y6 molecules (evaluated on the basis of the semi-
classical Marcus theory)* and their related parameters for the
Y6_Y6 77 packing pairs. As the 1-CN concentration increases
from 0% v/v to 0.25% and 0.5% v/v, the k. values slightly
increase from 2.0 x 10" s~ " to 3.4 x 10">and 3.7 x 10"* s~ (for
transfer from a Y6 molecule with a smaller electron affinity, EA,
to one with a larger EA) and from 2.8 x 10" s t0 5.0 x 10"
and 4.9 x 10" s™* (for transfer from a Y6 with a larger EA to one
with a smaller EA); this is mainly attributable to the increase in
electronic couplings between the initial and final states
(comparing the averaged parameters in Table S3). To further
confirm these results, Table S4 summarizes the proportions of
Y6_Y6 m-m packing pairs corresponding to various orders of
magnitude in these rates. At each of the higher levels of electron
transfer rates (i.e., =10"%, =10"%, =10"", =10"°, and =10°), there
basically exists a larger proportion of pairs in the case of the
PM6:Y6:1-CN blends with 1-CN concentrations of 0.25% and
0.5% v/v.

Table S5 lists the interchain hole transfer rates, &y, and the
related microscopic parameters for the PM6_PM6 m-m packing
pairs extracted from these AA-MD-simulations. Similar to what
we found regarding the electron transfer rates among Y6
molecules, the k;, values increase slightly from 1.4 x 10'* to 1.8
x 10" and then to 1.9 x 10" s™' (for transfer from a PM6
segment with a smaller ionization potential, IP, to one with
a larger IP) and from 7.4 x 10" to 8.0 x 10'° and then 8.4 x
10'° s~ (for transfer from a PM6 segment with a larger IP to one
with a smaller IP), as a function of an increase in 1-CN
concentration from 0% to 0.25% and then 0.5% v/v. To further
validate these results, Table S6 collects the proportions of
PM6_PM6 Tt packing pairs corresponding to various orders of
magnitude in these rates. At each of the higher levels of hole
transfer rates (i.e., =10"3, =10"%, =10", =10'°, and =10°), the
proportion of pairs follows the order 0.5% v/v > 0.25% v/v > 0%
v/v.

1022 | EES Sol, 2025, 1, 1017-1029

View Article Online

Paper

We now discuss the correlation of the interfacial PM6_Y6 7t—
7 packing patterns with the characteristics of the lowest singlet
CT electronic states, which are the key intermediate states in the
charge generation process.** Fig. 5a presents the energetic
distributions of the CT states for the AA-MD-simulated
PM6:Y6:1-CN blends with different 1-CN concentrations. In
going from 0% to 0.25% and then to 0.5% v/v, there occurs
a decrease in both the average energies of the CT states, ES®
1, and their standard deviations, ¢: from 1.636 to 1.621 and then
1.619 eV for the former and from 0.124 to 0.114 and then 0.105
eV for the latter. We note that increasing the number of
extracted the donor-acceptor packing pairs and modifying the
DFT basis set (for instance, comparing 6-31G** and 6-31G*) do
not change the trends in the evolution of both EE# and ¢. The
decrease in ¢ can be ascribed to the increase in the PM6_Y6 -7
packing order (as discussed above), which translates into lower
voltage loss related to interfacial disorder.*>** It has been re-
ported that the CT-state energy (Ecr) can be evaluated, to a first
approximation, as the sum of the transport gap energy (Eg.p)
and the hole-electron electrostatic interaction energy (Ee;, for
which a negative value means attraction):**

ECT = Egap + Eel = IPdonor - EAacceptor + Eela

where IPgonor and EA,cceptor are the ionization potential of the
donor (here, PM6) and the electron affinity of the acceptor (here,
Y6), respectively. Fig. 5b shows the evolution of Ecr, Egap, and Eq
as a function of 1-CN concentration. Clearly, Ecr in this instance
has a stronger correlation with E; than Egqp, (i.e., Ecr decreases
as E.; becomes increasingly negative). In other words, as the 1-
CN concentration increases, the PM6_Y6 packing distances
decrease (see Fig. S2c), which leads to a stronger hole-electron
electrostatic attraction and thus a lower E.r value.

A recent work by Pratik et al. has demonstrated that there
also exist PM6_Y6 m-m packing pairs having a second Y6
molecule positioned near, and interacting significantly with the
initial Y6 molecule;* the presence of the second Y6 molecule is
expected to decrease both the E; value (as the hole wave-
function can become more delocalized) and the Eg,, value (as
the Y6_Y6 interaction will reduce the local IP). To estimate more
quantitatively the impact that the second Y6 molecule can have,
we randomly extracted three PM6_Y6_Y6 m-m packing
complexes from the AA-MD-simulated PM6:Y6 blend and
compared their averaged Ecr, Egap, and E,; values with those of
the corresponding PM6_Y6 pairs. The results show that the
presence of the second Y6 molecule decreases the hole-electron
electrostatic attraction strength (i.e., a less negative E., value) to
a lesser extent than the transport gap, which overall leads to
a slightly lower Ecp value (see Table S7).

Fig. 5c displays in the case of these AA-MD-simulated blends
the non-radiative recombination rates from the lowest singlet
CT state to the ground state, k,,, as a function of the quantum-
mechanical component of the reorganization energy, Aqm. It has
been widely demonstrated that in the instance of high CT-state
energies, the quantum-mechanical component (due to coupling
to high-frequency vibration modes) of the reorganization energy
becomes especially important.***” Thus, we turned to the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 AA-MD-simulated PM6:Y6:1-CN blends with 1-CN concentration of 0%, 0.25%, and 0.5% v/v: (a) normalized energetic distributions of the
CT states, fitted with Gaussian functions; (b) CT-state energies Ecr, transport gap energies Eg,p, and hole—electron electrostatic interaction
energies Eg;; (c) non-radiative recombination rates k. and (d) non-radiative voltage losses AV,, as a function of the considered quantum-

mechanical component of the reorganization energy Aqm.

Marcus-Levich-Jortner model to consider the non-radiative
recombination rates.***** As shown in Fig. 5c, the blends in the
presence of 1-CN (0.25% and 0.5% v/v) have consistently higher
knr values across the whole range of Ay, considered, which can
be assigned to their lower average CT-state energies and higher
average electronic couplings by comparing the parameters lis-
ted in Table S8. The implication of this finding is that higher
non-radiative voltage losses, AV,,, are expected in the AA-MD-
simulated PM6:Y6:1-CN blends with 1-CN concentration of
0.25% and 0.5% v/v. To confirm this point, the AV,,, values were
estimated by considering:****

kg T ( 1
AVy=—1In
q EQEg,

where EQEg;, represents the external quantum efficiency of
electroluminescence; kg, the Boltzmann constant; 7, the
temperature (298.15 K); g, the electron charge; p., the proba-
bility for a photon generated by radiative recombination to
escape from the device; and k,, the radiative recombination
rates from the lowest singlet CT state to the ground state (the
latter rates are evaluated by the Einstein relation,* with the
relevant parameters provided in Table S9). Fig. 5d displays the
AV, values as a function of Ay, for the PM6:Y6:1-CN blends
with different 1-CN concentrations; here, the p. value is taken to
be 0.25, which we note lies in the range of the largest values of
~0.2-0.3 measured for the light-outcoupling coefficient in
organic light-emitting devices.*®*** Over the whole range of Ay,
values we considered, the AV, values are indeed higher for the

Dok
knr + pekr ’

) and EQEg; =

© 2025 The Author(s). Published by the Royal Society of Chemistry

PM6:Y6:1-CN blends with 1-CN concentration of 0.25% and
0.5% v/v; this is in accord with the experimental findings that
the PM6:Y6-based OSCs fabricated by adding 0.5% v/v 1-CN in
chloroform solution possess slightly higher AV, values (250
meV vs. 240 meV)* and lower Vo values (0.82-0.84 V vs. 0.85 V)
with respect to the solar cells fabricated without additive.******

Key requirements regarding the electronic properties of
residual solvent additives

Finally, we highlight the key requirements in terms of the
electronic properties of residual solvent additives. As an initial
step, we identify to what extent the 1-CN molecules interact with
PM6 chains and Y6 molecules. To do so, we extracted the
PM6_1-CN -1 packing pairs from the AA-MD-simulated
PM6:Y6:1-CN blend with the 1-CN concentration of 0.5% v/v
that is widely adopted in experimental studies.*”'%232% We
obtain 207 PM6_1-CN m-7 packing pairs, while following the
same procedure, we obtain 375 Y6_1-CN m-7 packing pairs.
Thus, the 1-CN molecules are present in both PM6 and Y6
domains, but more so in the latter. Our analyses of the RDFs for
the PM6/Y6_1-CN backbones (i.e., RDFs between PM6/Y6
backbones and 1-CN backbones) in the AA-MD-simulated
PM6:Y6:1-CN blend (0.5% v/v) further confirm this point by
showing a clear first g(r) peak around ~5 A for both the PM6_1-
CN and Y6_1-CN cases but a relatively higher first g(r) peak for
the latter (see Fig. S5).
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To place this result on thermodynamical grounds, we eval-
uated the Flory-Huggins interaction parameters, x, of the
PM6:1-CN and Y6:1-CN blends, using the equation:**%*

x =K —vn),

where K is a positive constant and vy, and v, are the surface
energies of components 1 and 2, respectively. We emphasize
that the x parameter offers an overall measure of the intermo-
lecular interactions present in a blend; a smaller x value indi-
cates a larger extent of mixing between two components. Based
on the experimental surface energies of PM6 (19.12 mN m™ "),
Y6 (19.88 mN m ™), and 1-CN (20.65 mN m ™ '),® the x value of
the Y6:1-CN blend is estimated to be smaller than that of the
PM6:1-CN blend (i.e., 0.561 K vs. 0.602 K), which is consistent
with the greater number of 1-CN molecules interacting with Y6
in the AA-MD-simulated PM6:Y6:1-CN blend. It is worth noting
that there exist large deviations among the surface energies
coming from different experimental measurements;****® to
ensure the reliability of the y calculations, we adopted the
values of the PM6, Y6, and 1-CN surface energies coming from
the same work.?

To address the question of whether the 1-CN molecules
participate in the charge transport processes taking place in the
PM6:Y6:1-CN blend, we examined the charge transfer rates
between PM6/Y6 and 1-CN, which involve the transfer processes
from PM6/Y6 to 1-CN as well as their reverse. In the framework
of the semi-classical Marcus theory,* the hole transfer rates, &y,
for the 207 PM6_1-CN -7 packing pairs are calculated to be in
the range of 8 x 107 s~ " to 4 x 10" s~ (from PM6 to 1-CN) and
10"* s7* to 10% s (from 1-CN to PM6), respectively, see Table
S$10; the electron transfer rates, k., for the 375 Y6_1-CN w-1t
packing pairs are essentially 0 for transfer from Y6 to 1-CN and
in the range of 10 ** s7" to 4 x 10~® s~ for transfer from 1-CN
to Y6, see Table S11. Considering that the k;, values (from 1-CN
to PM6) and k. values (from Y6 to 1-CN and vice versa) are much
lower than those between PM6 chains and Y6 molecules (as
discussed above), it can be concluded that the 1-CN molecules
can hardly get involved in the charge transport processes
occurring in the PM6:Y6:1-CN blend. As shown in Tables S10
and S11, this result can be attributed to the large energy
difference in IPs between 1-CN and PM6 (i.e., ~0.52 eV) and in
EAs between Y6 and 1-CN (i.e., ~1.95 eV).

The above finding motivated us to examine: (i) what would
be the requirements that the 1-CN IP or EA would need to fulfill
in order for the additive to get involved in the charge transport
processes in the PM6:Y6:1-CN blend (i.e., leading to &y [ke]
values at least comparable to those between PM6 chains [Y6
molecules]); and (ii) whether 1-CN could take part in the charge
transport processes in blends based on derivatives of PM6:Y6.
Fig. 6 answers question (i) by showing the evaluated k; [k.]
values between PM6 [Y6] and 1-CN as a function of modulating
the IPpype—1P1.cn [EAvs—EA;.cn] values; here, the calculations of
kn and k. are based on the electronic couplings and reorgani-
zation energies averaged over the corresponding data in Tables
S10 and S11, respectively. It is clear from Fig. 6 that, for the kj,
[kc] values to be comparable to those between PM6 chains [Y6
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Fig. 6 (a) Evaluated hole transfer rates, k,, between PM6 and 1-CN, as

a function of the modulation of the IPpme—IP1.cn Value; (b) electron
transfer rates, ke, between Y6 and 1-CN, as a function of the modu-
lation of the EAyg—EA;_cn Value.

molecules], the |IPppe—IP1.on| [|[EAve—EA;.on|] difference would
need to be less than ~0.15 eV [~0.10 eV]; note that ky, [k.] values
between PM6 chains [Y6 molecules] are on the order of 10" s™*
[10™ s7']. Since the actual |IPppg-IPi.cn| and |EAyg-EA; cn|
values are as large as ~0.52 eV and ~1.95 eV, respectively, the 1-
CN molecules, as concluded above, cannot participate effec-
tively in the charge transport processes in the PM6:Y6:1-CN
blend.

With the requirements derived from Fig. 6 in mind, we turn
to answer the question (ii). Fig. Séa displays the chemical
structures of widely used PM6 and Y6 derivatives, while Fig. S6b
provides their IP and EA values with respect to those of 1-CN. It
is clear that the |IPgonor—EA;-cn| and |EAcceptor—EA1.cn| values
for the relevant donors and acceptors are much greater than
~0.15 eV and ~0.10 eV, respectively, which suggests that the 1-
CN residues would also hardly play any significant role in the
charge transport processes in the blends based on PM6:Y6
derivatives (at least for those shown in Fig. S6a).

Overall, our results highlight that the 1-CN molecules can
have intermolecular interactions with both PM6 chains and Y6
molecules, but do not partake in the charge transport processes
in the PM6:Y6:1-CN blends. Therefore, in order to further
improve the PCEs of OSCs based on the PM6:Y6 blend or its
derivatives, this calls for the design of novel solvent additives to
not only optimize the active-layer morphology but also finely
tune the charge transport processes therein (e.g., by creating
new charge transport pathways to simultaneously enhance and
balance carrier mobilities).

Conclusions

Examining the morphological and electronic properties of
PM6:Y6:1-CN blends as a function of the additive concentration
in solution, through a combination of long-range corrected DFT
calculations, AA-MD simulations, and CG-MD simulations, has
enabled us to draw a comprehensive picture of how the 1-CN
molecules impact the PM6:Y6 blends and their photovoltaic
parameters at the molecular scale. The results allowed us to
point out some specific requirements regarding the electronic
properties of solvent additives to further improve device effi-
ciency. The main conclusions of our work are as follows:

(i) As the 1-CN concentration increases, the crystallinity of
the Y6, PM6, and their mixed domains improves; in addition,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the extent of 1-CN aggregation increases, which decreases the
size of the Y6 and PM6 domains and their inner connectivity.

(ii) As the 1-CN concentration increases, the interaction
strengths among different components increase, which
decreases the Y6_Y6, PM6_PM6, and PM6_Y6 m-m packing
distances and increases their packing order.

(iii) The decrease in the Y6_Y6 and PM6_PM6 m—1 packing
distances leads to an increase in the electronic couplings rele-
vant for the charge transfer processes, and thus improves
electron/hole transfer rates between adjacent Y6 molecules/
PM6 chains. Furthermore, the decrease in the PM6_Y6 m-7
packing distances increases the hole-electron electrostatic
attraction as well as the electronic coupling relevant for non-
radiative recombination process; the former decreases the CT-
state energies, which together with the latter bring about higher
non-radiative recombination rates and voltage losses, which is
consistent with the experimental data.

(iv) The 1-CN molecules can interact with both PM6 chains
and Y6 molecules and be present in both domains but can
hardly participate in the charge transport processes taking place
in the PM6:Y6 blend. Similar results are expected for blends
based on PM6:Y6 derivatives. To get involved in the hole [elec-
tron] transfer processes, the IP [EA] of the residue molecules
should be as close as possible (within 0.15 eV [0.10 eV]) to that of
PM6 [Y6).

Based on our results, the factors that most account for the
improved photovoltaic parameters and thus the PCEs of
PM6:Y6:1-CN-based OSCs at a specific 1-CN concentration can
be summarized as follows: (i) preventing excessive aggregation
of Y6 molecules/PM6 chains (i.e., providing more appropriate
domain sizes), which contributes to an increase in Jsc by
producing a greater PM6:Y6 interfacial area and more efficient
exciton dissociation and by shortening the distance for exciton
diffusion to the PM6:Y6 interfaces; (ii) improving the crystal-
linity within the Y6, PM6, and their mixed domains, which
effectively increases carrier mobility and thus Jsc and FF; and
(iii) decreasing the Y6_Y6 and PM6_PM6 packing distances,
which improves carrier mobility, Jsc, and FF by increasing the
electronic couplings related to the charge transfer processes
and boosting both electron and hole transfer rates. These
features overall lead to higher carrier mobility, short-circuit
current density, and fill factor. To further improve the OSC
efficiency, efforts are needed to design novel solvent additives
that could effectively participate in the charge transport
processes, enhance the size of molecular networks within the
domains, and increase the interfacial CT-state energies, while
keeping the above advantages.

Computational methodology

All-atom molecular dynamics simulations

The AA-MD simulations were carried out with the LAMMPS
package®” and the optimized potentials for liquid simulations-
all atom (OPLS-AA) force field.?”****% To accurately describe the
intramolecular and intermolecular interactions for the PM6, Y6,
and 1-CN components, the OPLS-AA force field was reparame-
trized based on the results of long-range corrected DFT

© 2025 The Author(s). Published by the Royal Society of Chemistry
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calculations: (i) the atomic partial charges were derived by
fitting the electrostatic potential (ESP) from DFT calculations
carried out at the wB97XD/cc-PVTZ level of theory; (ii) the bond
lengths and angles were taken from the geometries optimized at
the wB97XD/6-31G(d,p) level of theory, with the harmonic force
constants kept as they are; and (iii) the parameters for the inter-
ring dihedrals along the PM6 chains or Y6 molecules were fitted
on the basis of their torsion potentials evaluated at the wB97XD/
6-31G(d,p) level of theory. Here, the relevant DFT calculations
were performed with the Gaussian 16 C.01 package® and the w
range-separation parameters were optimized in the gas phase,
i.e., for isolated molecules.

The initial models for the PM6:Y6:1-CN blends with 1-CN
concentration of 0%, 0.25%, 0.5% v/v in solution were built by
randomly placing the PM6 chains (each chain consisting of 8
repeat units), Y6 molecules, and 1-CN molecules in three cubic
boxes with a low density of 0.02 g cm>. The boxes that corre-
spond to the cases of 0% v/v, 0.25% v/v, 0.5% v/v include 30 PM6
chains and 242 Y6 molecules together with 0, 720, and 1440 1-
CN molecules, respectively. The AA-MD simulations were first
carried out with the NPT (constant number of molecules, pres-
sure, and temperature) ensemble for 30 ns at a temperature of
500 K and a pressure of 1 atm. Then, the three blends were
rapidly cooled down from 500 K to 298.15 K, with a cooling rate
of ~50 K ns™". To simulate the experimental annealing process,
the AA-MD simulations were finally performed (i) at 383.15 K for
20 ns; (ii) from 383.15 K to 298.15 K with a slow cooling rate of
~2 Kns™';and (iii) at 298.15 K for 10 ns; we note that 383.15 K is
the experimental annealing temperature.*'%** A cutoff of 12 A
was used for the summation of the van der Waals interactions
and the particle-particle particle-mesh (PPPM) solver for the
long-range Coulomb interactions. The Verlet integrator was
considered with a timestep of 1 fs and the Nosé-Hoover ther-
mostat/barostat employed for temperature/pressure
control.

It is worth noting that varying the numbers of PM6 chains,
Y6 molecules, and 1-CN molecules proportionally or altering the
annealing temperature within a reasonable range (for instance,
from an experimental temperature of 383.15 K (ref. 4, 16 and 28)
to another experimental temperature of 373.15 K (ref. 10, 19 and
31)) might change the absolute values of the data but not any of
the conclusions of our work.

was

Coarse-grained molecular dynamics simulations

The CG-MD simulations were performed using the GROMACS
package and the Martini 3 CG force field.®* To accurately capture
the intra- and intermolecular interactions for the PM6, Y6, and
1-CN components, the Martini 3 force field was refined based on
the results from our AA-MD simulations: (i) the selection of CG
bead types for different segments was based on the small-
molecule building-block table provided by the Martini 3 force
field,”” which specifies the CG bead types and the related
chemical structural units. For chemical structural units that are
not listed in that table, the optimal bead types were selected by
comparing the calculated transfer free energies with the
experimental measurements and by comparing potentials of
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mean force (PMF) from the CG-MD simulations to those from
the AA-MD simulations (the CG representations of PM6, Y6, and
1-CN are shown in Fig. S7); (ii) the bond lengths and angles for
beads were derived from the AA-MD simulations. Specifically,
the trajectories were first generated via 50 ns AA-MD simula-
tions and then mapped to the CG bead trajectories according to
the established bead mapping scheme.®® The distributions of
bond lengths and angles obtained in these mapped trajectories
were subsequently used to determine the equilibrium bond
lengths, angles, and harmonic force constants for the Martini 3
force field; and (iii) the dihedral parameters between cyclic
structures formed by the CG beads were again derived from the
mapped CG trajectories. The distributions of bead dihedrals
obtained from these trajectories were fitted by using the Ryck-
aert-Bellemans functional form ref. 63 to parameterize proper
dihedrals within the Martini 3 force field. This procedure
ensured consistency between dihedral distributions from the
CG-MD simulations and those from the mapped AA-MD
trajectories.

Four systems were built by adding 1-CN molecules to PM6:Y6
solutions at concentrations of 0%, 0.25%, 0.5%, and 1% v/v,
respectively, with chloroform taken as solvent, the weight ratio
between PM6 and Y6 set at well 1:1.2, and the PM6:Y6
concentration considered as ~20 mg ml ™. Here, a PM6 chain
consists of 30 repeat units, which corresponds to a number-
average molecular weight of ~36.66 kDa. The systems corre-
sponding to 0%, 0.25%, 0.5% and 1% v/v 1-CN include 92 PM6
chains, 2790 Y6 molecules, and 4574270 CF molecules,
together with 0, 11088, 22176, and 44 352 1-CN molecules,
respectively. The solvent-evaporation simulations for each
system were performed following the protocol proposed by
Alessandri and co-workers.®*® During the simulations, the
temperature [pressure] was controlled using the velocity-
rescaling thermostat [Parrinello-Rahman barostat]. A cutoff of
12 A was applied for the van der Waals interactions and the
Coulomb interactions were treated using the reaction-field
method. Given that the 1-CN molecules have been demon-
strated to retard the solvent-evaporation process, the time
interval between two solvent-removal steps was set to 2 ns for
system without 1-CN and to 4 ns for systems with 1-CN; at each
removal step, 1.25% of the chloroform molecules were
removed. The integration time step was set to 20 fs.

The final dimensions for the four CG-MD simulated
PM6:Y6:1-CN blends are as follows: for the 0% case, 31.2 x 31.2
x 8.5 nm?; for the 0.25% case, 31.8 x 31.8 x 10.2 nm?; for the
0.5% case, 29.8 X 29.8 x 13.9 nm?; and for the 1% case, 31.2 X
31.2 x 17.1 nm®.

Density functional theory calculations

The intermolecular backbone-backbone interaction energies
for the Y6_Y6, PM6_PM6, and PM6_Y6 m— packing pairs were
calculated at the wB97XD/6-31G(d,p) level of theory, where all
pair geometries were kept as those extracted from the AA-MD-
simulated blends; all side chains were replaced with methyl
groups. To avoid the overstabilization of these energies induced
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by basis set superposition error, the counterpoise correction
method proposed by Boys and Bernardi was employed.®®

The semi-classical Marcus theory was used to evaluate the
charge transfer rate, k; (i = e or h for electron or hole), between
two molecules in a -7 packing pair:*’

LA 7(AEi+A)2
T 0 AmdkeT 4xiksT |’

where 7 represents the reduced Planck constant; V;, the elec-
tronic coupling between the initial and final states; A;, the
reorganization energy; and AE;, the energy difference between
the initial and final states. V; between the initial and final states
was approximated as the coupling between the frontier molec-
ular orbitals (i.e., lowest unoccupied molecular orbital for
electron and highest occupied molecular orbital for hole) of the
two molecules in the -7 packing pair; V; was estimated by the
fragment orbital method.®” AE; between the initial and final
states was estimated as the energy difference between ioniza-
tion potential (IP) or electron affinity (EA) (i.e., EA for electron
and IP for hole) of the two molecules in the -7 packing pair.
The A; reorganization energy consists of intra- (Ajnea) and
intermolecular (Aincer) contributions. The former was evaluated
from the adiabatic potential energy surfaces of the molecular
states involved in the charge transfer process; the latter was set
to 0.1 eV (a reasonable value for extended m-conjugated
systems),*®*® considering that there are currently no straight-
forward models to accurately estimate the Ay, value in solid-
state environments. The DFT calculations were performed at
the PCM-tuned-wB97XD/6-31G(d,p) level of theory (here, “PCM-
tuned” means that the w range-separation parameter was opti-
mized within the polarizable continuum model and consid-
ering a typical dielectric constant of 3.5).*>7°

The Marcus-Levich-Jortner model was adopted to examine
the non-radiative recombination rates, &, from the CT states to
the ground state:***%*

~Sqm S
km _ | qm

Vaf \/4m ks T Z

 (he t nhorgn — ES)’
ks T ’

exp

where V,; denotes the electronic coupling between the CT state
and the ground state; Sqm,, the Huang-Rhys parameter with Sgr,
= Agm/fiwgm; Aqm, the quantum-mechanical contribution to the
reorganization energy, described by means of an effective
vibrational mode 7wgm; A, the classical contribution to the
reorganization energy; and E., the adiabatic (relaxed) CT
energy. V. between the CT state and the ground state was
estimated in the framework of the generalized Mulliken-Hush
approach.™ E3 was evaluated as: E3% = E&F — A, where EF is

the averaged vertical transition energies of the CT states
computed (via time-dependent density functional theory, TD-
DFT) for PM6_Y6 m-m packing pairs at their ground-state
geometries as extracted from the AA-MD-simulated blends. The
Aintra Value was estimated from the adiabatic potential energy
surfaces of the molecular states involved in the nonradiative

© 2025 The Author(s). Published by the Royal Society of Chemistry
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recombination process; Ainter Was again assumed to be 0.1
eV.%*% Considering that the PM6_Y6 w-m packing pairs
extracted from the AA-MD-simulated blends are too large for full
geometry optimizations and frequency calculations of the
excited states, we assumed a typical wgm value of 1200 cm™".%%7
We emphasize that altering this value within a reasonable range
will not change any of the conclusions. Moreover, considering
that the exact partition of the overall reorganization energy into
classical and quantum contributions is unknown, we consid-
ered the evolution of the k;, values as a function of A, where A,
was taken as A. = A — Aym. Here, the DFT and TD-DFT calcula-
tions were carried out at the PCM-tuned-wB97XD/6-31G(d,p)
level of theory.

The Einstein coefficient relation was used to evaluate the
radiative recombination rates, k., from the CT states to the
ground state:**

(E)’

2
3€0nh4c3‘/~‘CTHSO| )

L=
where ¢, represents the vacuum permittivity; ¢, the speed of
light; and ucr— s0, the transition dipole moment between the CT
state and the ground state.
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