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xcitons assist charge dissociation
in Y6-based nonfullerene organic solar cells:
a nonadiabatic molecular dynamics study†

Bin Liu, *a Philip C. Y. Chow,b Junzhi Liu c and Ding Pan *ade

Y6-based nonfullerene organic solar cells (OSCs) have achieved an outstanding power conversion

efficiency (PCE) of over 19% due to the low energy loss and high exciton dissociation efficiency with

a small energy offset. However, the exciton dissociation mechanism is still under debate. It is unclear

why a small energy offset can lead to efficient exciton dissociation in nonfullerene systems, but causes

significant charge recombination in fullerene ones. Most of the previous theoretical studies have focused

on the static properties of donor–acceptor heterojunctions, while neglecting excited electron dynamics

and nonadiabatic effects. Here, we applied nonadiabatic molecular dynamics simulations to study the

charge transfer dynamics in both donor:Y6 and donor:C60 crystalline systems. We found that thermal

effects do not significantly influence the exciton dissociation in the NT-4T-FF:Y6 system, which aligns

with experimental observations. Based on our simulations, we identified a five-step charge transfer

process in nonfullerene systems. While previous studies suggested electrostatic interfacial fields from

non-fullerene small molecule acceptors, our research reveals that strong donor–acceptor interactions

primarily affect the local exciton states rather than the ground state. Consequently, the polarized local

excitons play a key role in reducing the Coulomb attraction between electrons and holes, thus

facilitating exciton dissociation with a small energy offset. In contrast, this mechanism is not observed in

fullerene OSC systems. Our findings provide a fundamental basis for the further development of novel

OSC materials with the potential for achieving even higher PCE.
Introduction

Organic solar cells (OSCs) have become a very promising tech-
nology to convert solar energy into electricity due to their
unique properties, including unlimited availability,
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environmentally friendly characteristics, high mechanical ex-
ibility, ease of processing, and low synthesis costs.1–6 Over the
past three decades, the power conversion efficiency (PCE) of
polymer-small-molecule OSCs, in which the active layer consists
of a polymer donor and small molecule acceptor forming an
interpenetrating network, has continuously increased from only
∼1% in fullerene solar cells achieved in 1992 (ref. 7) to over 19%
in state-of-the-art A-DA’D-A solar cells8,9 (D denotes electron-
donating units and A denotes electron-accepting units)
through material engineering, such as modication of push–
pull strength between D and A units, halogenation, introduc-
tion of non-covalent interactions, and side chain engi-
neering.4,10,11 So far, by conducting molecular structure
modication, blend morphology optimization, and device
engineering, tens of thousands of OSC devices have been re-
ported by the OSC community which mainly rely on the labo-
rious trial-and-error method.12 However, many fundamental
questions about the molecular mechanisms still remain unan-
swered, which hinders the further improvement of OSC
performance.

The operational mechanism of OSC devices consists of four
steps: (1) the generation of Frenkel-type local excitons (LEs)
through optical absorption, (2) the diffusion of LEs to the D/A
interfaces, (3) the dissociation of LEs into charge-transfer (CT)
This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Molecular structures of the donor polymer NT-4T-FF and two
acceptors: the Y6 and fullerene (C60) molecules.
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excitons, and (4) the subsequent separation and collection of
charges.11 The LE dissociation efficiency plays a vital role in
determining the performance of OSCs, which contributes to
larger short-circuit current density ( Jsc) and lower energy loss.
In conventional fullerene-based OSCs, there exists a notable
energy offset greater than 0.3 eV between the LUMO levels of the
donor and acceptor materials. This energy offset plays a crucial
role as a driving force, allowing for the effective reduction of
Coulomb interactions between electrons and holes. As a result,
it facilitates the efficient dissociation of LEs into CT excitons.13

Previous studies suggested that the exciton dissociation effi-
ciency exponentially decays on decreasing the energy offset,14,15

resulting in small Jsc and low PCE. Interestingly, nonfullerene
OSCs with A-D-A or A-DA’D-A type structures can still maintain
high exciton dissociation efficiency when there is a negligible or
even zero energy offset between the HOMO or LUMO levels of
donors and acceptors. For example, in 2015 Lin et al. introduced
an A-D-A type molecule ITIC to the nonfullerene OSC and ach-
ieved a PCE of 6.8% with an energy offset of 0.24–0.28 eV.16 In
2019, Yuan et al.made use of an A-DA’D-A type molecule Y6 and
achieved a record PCE of 15.7% with an energy offset of
0.09 eV.17 Experimental studies showed that an energy offset of
0–0.1 eV is enough for satisfactory LE dissociation. However, an
important question arises regarding why a seemingly insignif-
icant energy offset can lead to efficient exciton dissociation in
nonfullerene OSCs, while it fails to achieve the same outcome in
fullerene OSCs.

Several exciton dissociation mechanisms have been
proposed to elucidate the process of overcoming the Coulomb
interaction between electrons and holes in the fullerene based
OSCs. These mechanisms include charge delocalization,
energy,18,19 entropy,20,21 and disorder effects.22,23 For non-
fullerene based OSCs, previous studies suggest that the
hybridization between LE and CT states,24,25 the electrostatic
potential difference,26 the quadrupole of the Y6 molecule,27 and
the interface polarization28 may facilitate charge dissociation.
Most previous studies focused on the static properties of donor–
acceptor heterojunctions, neglecting excited electron dynamics
and nonadiabatic effects. Many of them studied the dissocia-
tion of excitons at the CT state into free charges, but ignored the
exciton dynamics from the LE state to the CT state.

Here, we conducted Ehrenfest molecular dynamics (EMD)
simulations to compare the fullerene based and Y6 based
donor–acceptor systems with small driving forces to study
photoexcited electron dynamics. EMD combines the time-
dependent density-functional theory (TDDFT) with classical
equations of motion for nuclei in a mean eld manner, and has
been recently developed as a powerful tool for simulating time
dependent charge separation,29–32 photoisomerization,33 and
other processes involving nonadiabatic effects.34,35 We found
that the thermal effects are not essential for exciton dissociation
in the NT-4T-FF:Y6 system, which is consistent with the current
experimental ndings. We revealed a ve-step exciton dissoci-
ation process in the donor polymer-Y6 molecule crystal.
Notably, we observed substantial modications in the dipole
moments of various LE states due to the presence of the Y6
molecule. While previous studies suggested electrostatic
This journal is © The Royal Society of Chemistry 2024
interfacial elds from non-fullerene small molecule accep-
tors,26,27 our research reveals that strong donor–acceptor inter-
actions primarily affect LE states rather than the ground state.
This phenomenon resulted in charge redistribution and delo-
calization, thereby reducing the Coulomb attraction between
electrons and holes. As a comparison, we did not observe
a similar process in the fullerene-based system. Our ndings
provide a fundamental basis for further advancements in OSC
materials. They offer signicant potential for achieving
enhanced PCE and contribute to ongoing research in this eld.
Results and discussion

We performed EMD simulations to compare two crystalline
donor–acceptor systems, polymer:Y6 and polymer:C60 with
three-dimensional periodic boundaries as shown in Fig. 1, to
study the exciton dissociation mechanism with a small energy
offset. Naphtho[1,2-c:5,6-c0]bis[1,2,5]thiadiazole (NT) based
conjugated polymer donors have demonstrated high perfor-
mance in both fullerene36 and nonfullerene37 OSC devices, so
here we chose the polymer NT-4T-FF as the common donor. The
uorination on thiophene rings were used to downshi both
HOMO and LUMO levels of the polymer donor to match with
those of Y6 and C60 molecules. The LUMO energy offsets of the
NT-4T-FF:Y6 and NT-4T-FF:C60 structures calculated with the
hybrid B3LYP38–40 exchange–correlation (xc) functional are 0.27
and 0.11 eV, respectively. We simplied the Y6 molecule in our
model systems by substituting all alkyl side chains with
hydrogen atoms. This modication allows for more efficient
theoretical simulations while preserving similar electronic and
optical characteristics.31,41 More computation details are given
in the Methods section and the ESI.†

We prepared the initial excited state by moving one electron
from the HOMO to the LUMO of the polymer donor. Fig. 2
shows the time evolution of the Mulliken charge transfer from
the polymer to the Y6 molecule in the EMD and real-time
propagation (RTP) TDDFT simulations. In the EMD simula-
tions, we incorporated the non-adiabatic coupling between the
electronic and nuclear degrees of freedom, taking into account
the thermal effects, whereas in the RTP-TDDFT simulation, the
J. Mater. Chem. A, 2024, 12, 15974–15983 | 15975
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Fig. 2 Time evolution of the Mulliken charge transferred from the
donor polymer to the Y6 molecule calculated using the Ehrenfest
molecular dynamics (EMD, black lines) and the real time propagation
approach to time-dependent density functional theory (RTP-TDDFT,
red lines). In the EMD simulations, the temperature was 300 K. In the
RTP-TDDFT simulations, nuclear positions were all fixed.
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nuclei were xed at 0 K. As shown in Fig. 2, the electronic and
nuclear coupling does not signicantly affect the charge trans-
fer process between the polymer and the Y6 molecule, particu-
larly aer 150 fs, which suggests that the thermal effects are not
essential for the exciton dissociation in the NT-4T-FF:Y6 system.
Our nding is consistent with the recent experimental results in
nonfullerene OSCs. By using the optical measurement, Ma et al.
found that the exciton dissociation into the CT state remained
efficient at a temperature as low as 15 K in both P3TEA:SF-PDI2
and PM6:Y6 blends.42 In contrast, phonon assisted exciton
dissociation was reported inmany fullerene-based OSCs.43,44 For
example, Falke et al. found that the electron transfer could be
prevented by xing the nuclear positions in the 4T:C60 crystal
system,31 indicating that the thermal effects are more important
in fullerene-based OSCs than in nonfullerene ones. The agree-
ment between our simulations and experimental results
demonstrates the reliability of our approach in describing the
complex dynamics of excited electrons.

Fig. 3 compares the Mulliken charge transfer in the NT-4T-
FF:Y6 and NT-4T-FF:C60 systems. We discovered a ve-step
process of charge transfer, as shown by the charge accumula-
tion on the Y6 molecule in Fig. 3(a). In the rst step at t = 0, the
lowest local excited state (LE1) was formed by exciting one spin-
up electron from the HOMO to the LUMO of the polymer.
Fig. 3(b) shows that initially the excited electron density was
mainly found around one electron-withdrawing NT unit of the
polymer, which is due to the splitting of the degenerated
molecular orbitals aer the thermal relaxation in the molecular
dynamics simulation. In the second step, the localized LE1
charge density was redistributed between two NT units in the
polymer in ∼4 fs. To further understand the energy levels of
excited states, we took the nuclear coordinates from the EMD
simulations and performed the static DFT calculations, in
which we excited the electron from the HOMO of the ground
15976 | J. Mater. Chem. A, 2024, 12, 15974–15983
state to a certain excited state (see Fig. S5†).33 Fig. 4(a) shows
that initially the potential energy (VEMD) in the EMD simulations
was close to the potential energy of the LE1 state, i.e., the total
energy obtained from the static DFT calculation. In 4 fs, VEMD

reached the potential energy of the second lowest local excited
state (LE2), in which the excited electron was placed in the
LUMO+1 of the polymer. The variation of VEMD suggested that
the NT-4T-FF:Y6 system changed from the LE1 to LE2 states in
the rst 4 fs. The excited electron in the LE2 state was more
delocalized along the polymer backbone chain, which promotes
LE dissociation by increasing the radius of the electron–hole
pair and consequently reducing the strength of the Coulomb
attraction.19,45 The third step is the exciton dissociation, in
which about half of the excited electron was transferred from
the polymer to the Y6molecule between t= 4 and 11 fs as shown
in Fig. 3(a). In the third step, VEMD gradually increased to match
the potential energy of the third lowest charge-transfer state
(CT3), in which the excited electron was in the LUMO+2 of the
Y6 molecule, as shown in Fig. 4(b). Fig. 3(b) shows that this
charge transfer occurred through the p–p interactions between
the NT units of the polymer and the 2-(3-oxo-2,3-dihydroinden-
1-ylidene)malononitrile (IC) ending groups in the Y6 molecule,
which is consistent with previous theoretical results.46,47 In the
fourth step between t = 11 and 26 fs, the transferred electron
was redistributed from the two IC ending groups to the whole
Y6 molecule. The variation of VEMD shown in Fig. 4(b) suggested
that the system changed from the CT3 state to the lowest-lying
(CT1) and second lowest-lying charge-transfer (CT2) states, in
which the excited electron was in the LUMO and LUMO+1 of the
Y6 molecules, respectively. In the nal step between t = 26 and
42 fs, as the potential energy of LE1matched that of the CT1 and
CT2 states, electrons were transferred from the Y6 molecule
back to the polymer in about 16 fs, resulting inmore delocalized
charge distribution along the backbone chain of the polymer.

Fig. 5 shows a schematic energy diagram to illustrate the
exciton dissociation and charge transfer process in the NT-4T-
FF:Y6 system. First, the LE1 state was formed upon photoexci-
tation. In the second step, the excited charge was redistributed
along the backbone chain of the polymer, and the system
evolved from the LE1 state to the LE2 state. This transition
reveals that the lifetime of the LE1 state was approximately 4 fs.
In the third step, the excited electron was transferred to the
electron-withdrawing IC ending groups in the Y6 molecule, and
the system changed from the LE2 state to the CT3 state. The
lifetime of LE2 state was about 7 fs. In the fourth step, the
system evolved from the CT3 state to the lower-lying CT1 and
CT2 states, with a lifetime of 15 fs. During this process, the
charge was redistributed along the Y6 backbone chain, result-
ing in loosely bound electron–hole pairs at the polymer:Y6
interface. In the h step, the electron transferred back from
the Y6 molecule to the donor polymer, indicating that the CT
exciton recombined to become the LE exciton. This process
occurred with a lifetime of 16 fs for the CT1–CT2 states. Note
that our model system contains only a crystalline donor–
acceptor structure, so the charge recombination cannot be
avoided. In real OSC devices, the loosely bound CT excitons may
This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Time evolution of the Mulliken charge accumulation on the Y6 molecule and the C60 molecule transferred from the polymer in the EMD
simulations. (a) A five-step charge transfer process is shown in the NT-4T-FF:Y6 system. (c) A three-step charge transfer process is shown in the
NT-4T-FF:C60 system. The snapshots of the electron density distribution of the excited electron at each step labelled in (a) and (c) are shown in
(b) and (d), respectively. The excited electron density is calculated by subtracting the total electron density at the ground state from the electron
density in the EMD simulations, and the positive density difference is shown in blue.
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further separate into free charges and transfer to neighboring
molecules through the p–p intermolecular interactions.41

Unlike the ve-step process in the NF-4T-FF:Y6 system, the
charge transfer in the fullerene system consists of three steps as
shown in Fig. 3(c) and (d). Aer the local excitation in the rst
step, the initially transferred charge from the polymer to the
C60 molecule was only about 0.03e, which is negligible as
compared to the transferred charge from the polymer to the Y6
molecule (0.17e). Furthermore, during the exciton dissociation
process in the second step, the accumulated charge on the C60
molecule was about 0.1e, much smaller than that on the Y6
molecule (0.6e). The lifetime of the LE1 state was about 15 fs.
Interestingly, we could not see any charge redistribution
process in the C60 molecule. Instead, the CT exciton directly
recombined to become the LE in the third step, indicating
This journal is © The Royal Society of Chemistry 2024
a strong binding of the electron–hole pair and thus low exciton
dissociation efficiency in the NT-4T-FF:C60 system. During the
exciton recombination process, the charge transfer between the
polymer and C60 was negligibly small, posing challenges in
characterizing the lifetime of the CT state. Note that the charge
transfer process from the polymer to the C60 molecule was
completed within 15 fs, much shorter than that from the poly-
mer to the Y6 molecule (26 fs). Previous experimental studies
also showed that the photogenerated excitons in fullerene OSCs
have rapid charge separation,31,48,49 whereas the Y6-based
systems have relatively slow but still sufficient charge transfer
dynamics.41,50,51 Our simulations suggest that the fullerene-
based OSC device has limited PCEs due to the poor exciton
dissociation efficiency and frequent charge recombination
J. Mater. Chem. A, 2024, 12, 15974–15983 | 15977
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Fig. 4 Time evolution of the potential energies in the EMD simulation (VEMD) and static DFT calculations. The LE1 and LE2 states are shown in (a),
and the CT1, CT2, and CT3 states are shown in (b). The ground state (GS) and VEMD are shown in both (a) and (b).

Fig. 5 Schematic energy diagram for the five-step charge transfer
process in the NT-4T-FF:Y6 system. The LE1 and LE2 states are ob-
tained by exciting the HOMO electron to the LUMO+2 and LUMO+4
orbitals, respectively, where LUMO+x denotes the xth orbital above
the LUMO. The HOMO, LUMO+2, and LUMO+4 are all localized on the
NT-4T-FF polymer, as shown in Fig. S4.† Similarly, the CT1, CT2, and
CT3 states are obtained by exciting the HOMO electron to the LUMO,
LUMO+1, and LUMO+3 states, respectively, which are all localized on
the Y6 molecule.
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compared to the Y6-based devices, which is consistent with
previous experimental studies.7,52,53

The signicant charge redistribution occurring on the poly-
mer backbone and the Y6 molecule during the second and
fourth steps (Fig. 3(a) and (b)) plays a crucial role in facilitating
exciton dissociation. This phenomenon provides a key expla-
nation for the superior performance of Y6 in comparison to
fullerene. To conduct a quantitative analysis of the charge
redistribution on the polymer backbone chain, we employed
maximally localized Wannier functions54 to calculate the
change in the dipole moment along the polymer backbone
chain in the presence and absence of the Y6 molecule at the
ground, LE1, and LE2 states. According to the modern theory of
polarization, we cannot uniquely dene the total dipole
moment of a crystal with periodic boundary conditions, so here
we compare the change in dipole moments.55 Fig. 6(a) shows
15978 | J. Mater. Chem. A, 2024, 12, 15974–15983
that the Y6 molecule affected the dipole moment of the polymer
at the LE1 and LE2 states one order of magnitude larger than
that at the ground state, indicating that the Y6 molecule
substantially polarizes the two LEs. At the LE1 state, the Y6
molecule induced electron accumulation on the le NT unit,
whereas at the LE2 state, it caused electron accumulation on the
right NT unit (see Fig. S5†). The large difference between the
dipole moments at the LE1 and LE2 states reects the charge
redistribution and delocalization along the polymer backbone
chain. As a comparison, the C60 molecule affected the dipole
moment of the polymer backbone chain little at both ground
and excited states, possibly due to the weak interaction between
the polymer and the C60 molecule.31

The redistribution and delocalization of charges along the
Y6 molecule backbone prevent the immediate recombination of
separated electrons and holes, and extend the lifetime of CT
excitons, which creates more opportunities for enhanced free
carrier transport and collection by electrodes.56 In contrast, the
charge redistribution observed in the Y6 molecule backbone
does not occur in the donor:C60 system. As a result, the exciton
dissociation efficiency is lower, and there is a higher possibility
for charge recombination in this system, resulting in lower PCE
of C60-based OSC devices.

Using the maximally localized Wannier functions, we
calculated the exciton binding energy at the CT states:47,57

ECT
b ¼ �

X
d˛Dþ ;a˛A�

qdqa

4p303rrda
(1)

where
1

4p30
is the Coulomb constant, 3r is the relative dielectric

constant (3r = 4), qd and qa are the charges of electrons or nuclei
in the donor (D+) and acceptor (A−), respectively, and rda is the
distance between qd and qa. The position of each electron is
given by the center of the corresponding maximally localized
Wannier function in the spin polarized calculations. The
charges of nuclei are from the pseudopotentials (see the
Methods section). In the previous studies, Mulliken charges
were used as effective charges, but it is well known that
This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Dipole moment change (Dm, unit: Debye (D)) along the polymer backbone chain after removing the acceptor molecules at the ground
state (GS), and LE1, and LE2 states in (a) the NT-4T-FF:Y6 and (b) the NT-4T-FF:C60 systems calculated at the B3LYP level. Black arrows indicate
the direction of the dipole moment change.
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Mulliken charges have a strong basis set dependence, which
may give inconsistent charge values.58 Using maximally local-
ized Wannier functions to represent excitons in solids has been
recently demonstrated and benchmarked using the ab initio
Bethe–Salpeter equation approach.59 We calculated the
Coulomb interactions within one unit cell. As shown in Table 1,
the exciton binding energies at the CT1, CT2, and CT3 states in
the donor-C60 system are 0.26–0.28 eV, which are much larger
than 0.07–0.1 eV in the donor:Y6 system.

Due to the strong Coulomb attraction, the tightly bound CT
excitons cannot be efficiently separated into free charges by
thermal energy (∼25 meV) at the typical working temperature.
Instead, they have a tendency to recombine into LEs. Thus,
previous studies have demonstrated that an energy offset of above
0.3 eV is required in fullerene-based OSCs to overcome the strong
Coulomb attraction and facilitate the efficient dissociation of
electron–hole pairs.60–62 The charge redistribution and delocal-
ization along the Y6 backbone help to reduce the interaction
between electrons and holes, so the CT excitons can be more
easily separated into free charges. In addition, previous experi-
mental ndings showed that the Y6 molecules have the ability to
form polymer-like conjugated backbones with p–p stacking
between their end groups, as observed in single crystals. This
arrangement facilitates high carrier mobility and ultrafast charge
transfer.63 Based on these observations, it is reasonable to antic-
ipate that if the Y6 molecule can establish a conjugated structure
with neighboring molecules through p–p stacking, the loosely
bound CT excitons will have an increased likelihood of further
separating, rather than recombining into LEs.

There is another popular method to obtain nonadiabatic
dynamics, i.e., surface hopping. In EMD, nuclei move on an
Table 1 Exciton binding energies (ECTb ) at the CT1, CT2, and CT3 states
in the NT-4T-FF:Y6 and NT-4T-FF:C60 systems calculated at the
B3LYP level

ECTb (eV)

State NT-4T-FF:Y6 NT-4T-FF:C60

CT1 0.089 0.263
CT2 0.100 0.282
CT3 0.069 0.277

This journal is © The Royal Society of Chemistry 2024
effective potential energy surface obtained by the weighted
average of adiabatic states, whereas in surface hopping nuclei
evolve on a pure adiabatic potential energy surface, but transi-
tions between different potential energy surfaces are allowed,
e.g., by the fewest-switches algorithm.64–66 It may be interesting
to also apply the surface hopping method to study the
nonadiabatic effects particularly when the system exists in
a well localized nonadiabatic coupling region. Note that both
the Ehrenfest method and surface hopping may seriously
underestimate the dephasing time, due to treating nuclei
classically.67
Conclusion

In summary, we employed Ehrenfest molecular dynamics simu-
lations to investigate the dynamics of photoexcited electrons in
crystalline NT-4T-FF:Y6 and NT-4T-FF:C60 systems. Our calcula-
tions reveal that thermal effects do not signicantly inuence the
exciton dissociation process in the NT-4T-FF:Y6 system, which
aligns with experimental observations. Furthermore, we identied
a ve-step exciton dissociation mechanism in the donor polymer-
Y6 molecule crystal. Particularly, the presence of the Y6 molecule
induces substantial changes in the dipole moments of both the
lowest-lying and higher-lying LE states, one order of magnitude
larger than the dipole change at the ground state. Previous studies
have suggested that non-fullerene small molecule acceptors may
generate signicant electrostatic interfacial elds.26,27However, our
current study provides new insights by demonstrating that the
strong donor–acceptor interactions primarily inuence the excited
(LE) states rather than the ground state. Consequently, the polar-
ized LEs lead to charge redistribution and delocalization, which
effectively reduce the Coulomb attraction between electrons and
holes. Once the electrons are transferred to the Y6 molecule, there
is further charge redistribution and delocalization. In contrast, the
presence of the fullerene molecule does not signicantly alter the
dipole moment of various LE states, resulting in less pronounced
charge redistribution and delocalization. As a result, a rapid CT
recombination process occurs. Our study highlights the crucial
role of the charge polarization of the LE states in exciton dissoci-
ation. This phenomenon is not observed in the polymer-fullerene
system. The insights gained from our investigation provide
a fundamental basis for the future development of novel organic
J. Mater. Chem. A, 2024, 12, 15974–15983 | 15979
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solar cellmaterials, with the potential to achieve even higher power
conversion efficiency.
Methods

We performed rst-principles calculations using the CP2K
Quickstep package.68 We used a dual basis set of molecularly
optimized Gaussian orbital double-z plus polarization quality
(DZVP-MOLOPT)69 and plane waves with a density cutoff of 600
Ry. We adopted the Goedecker-Teter-Hutter (GTH) norm-
conserving pseudopotentials for the valence electrons.70,71 We
used the Perdew–Burke–Ernzerhof (PBE)72 xc functional with
Grimme's D3 dispersion correction73 for both adiabatic and
non-adiabatic molecular dynamics simulations, and the hybrid
B3LYP38–40 xc functional for electronic structure calculations.
The force tolerance is 0.01 eV Å−1. Both donor:Y6 and
donor:C60 systems have three dimensional periodic boundary
conditions. The donor polymer backbone chain is along the x
direction. The repeating unit length of the polymer was ob-
tained by optimizing the structure of polymer dimers under
open boundary conditions. The lattice constants along the y and
z directions were determined by optimizing the total energy of
donor–acceptor systems (see the ESI† for more details).

We performed Born–Oppenheimer molecular dynamics
(BOMD) simulations to initialize the structures of donor–
acceptor crystals with thermal relaxation. In the NVT ensemble,
we used a time step of 0.5 fs and the temperature was 300 K
controlled by canonical sampling through velocity rescaling.74

The trajectory lengths of the donor:Y6 and donor:C60 systems
are 15 and 10 ps, respectively. We carried out EMD and RTP-
TDDFT simulations aer the BOMD simulations. The initial
excited state was generated by moving one electron from the
HOMO to the LUMO of the polymer donor. In the EMD simu-
lations, the initial velocities of nuclei were adopted from BOMD
simulations. We applied a microcanonical NVE ensemble with
a time step of 2 as.

In RTP-TDDFT, electrons are propagated according to the
time-dependent Kohn–Sham equation:34,75

iħ
v

vt
jið~r; tÞ ¼

�
� ħ2

2m
V2 þ vext

�
~r; ~R; t

�
þ vHð~r; tÞ

þ vxcð~r; tÞ
�
jið~r; tÞ; (2)

where ħ is the Planck constant, ~r and ~R are coordinates of
electrons and nuclei, respectively,m is the electronmass, jið~r; tÞ
is the ith Kohn–Sham orbital at time t, vext is the external
potential generated by nuclei, vH is the Hartree potential, and
vxc is the exchange–correlation potential. We applied the adia-
batic semi-local density approximation to simplify vxc.76 The
Kohn–Sham orbitals are expanded using a linear combination
of atomic orbitals:

jið~r; tÞ ¼
X
a

aiaðtÞfa

�
~r; ~R

�
(3)

The expansion coefficients aia(t) are propagated as follows:35
15980 | J. Mater. Chem. A, 2024, 12, 15974–15983
ħ
d

dt
aia ¼ �

X
bg

�
S�1�

ab
ðiHbg þ ħBbgÞaig; (4)

where S is the overlap matrix: Sab = hfajfbi, H is the Kohn–
Sham Hamiltonian in eqn (2), and B is the nonadiabatic

coupling matrix: Bbg ¼ hfb

���� vvt
����fgi. Note that in some other

studies, the nonadiabatic coupling matrix elements were oen
calculated between Kohn–Sham orbitals.64 We chose the
enforced time reversal symmetry propagator.77 In the EMD
simulations, nuclei are treated as classical particles moving on
an effective potential energy surface:

MI

v2

vt2
RIðtÞ ¼ �VIEDFT

�
fjið~r; tÞg; ~RðtÞ

�
; (5)

where MI is the mass of the Ith nucleus and EDFT(t) is the time-
dependent DFT total energy calculated by evolving both Kohn–
Sham orbitals and nuclear positions.
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