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density functional theory (LR-TDDFT) based nonadiabatic molecular dynamics (NAMD) simulations. The results demonstrate
that both substituent effects and solvent effects influence the excited-state properties and dynamic processes of symmetry-
broken PDI dimers significantly. In the gas phase, PDI-CH3 exhibits negligible electron or hole transfer, whereas PDI-iso
undergoes photoinduced energy transfer (PEnT). In DCM, the solvent effect not only reduces the excited-state energies of both
structures but also alters their photoinduced dynamics by regulating the orders of different types of excitons. In short, PDI-CH3
exhibits a photoinduced hole transfer (PHT)-dominated mechanism, while PDI-iso shifts from photoinduced energy transfer
(PEnT) to concurrent hole transfer (PHT) and electron transfer (PET), facilitating the charge separation process. Moreover, this
work indicates that introducing small substituents, i.e., methyl groups, at the bay positions of PDI to disrupt symmetry can also
effectively modulate its photoinduced processes, providing a theoretical foundation for designing novel high-performance

optoelectronic devices.
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1. Introduction

The large-scale utilization of fossil fuels has led to increasingly
prominent environmental issues such as atmospheric pollution and
the greenhouse effect. Moreover, their non-renewable nature also
continuously increases the risk of resource depletion. Consequently,
the replacement of these fossil fuels with novel and renewable
energy sources has become an inevitable trend [1-4]. Among
various renewable energy sources, solar energy has emerged as a
core alternative to traditional fossil fuels due to its ubiquitous
distribution, ease of access, and virtually limitless supply [5-8].
Within the technologies for solar energy development and
utilization, photovoltaic technology, which directly converts light
into electricity via solar cells, has become a critical breakthrough in
addressing the dual challenges of energy and environment, owing
to its potential application scenarios [6,9-12].

83

The ability of organic solar cells to achieve photoelectric
conversion fundamentally resides in their core donor-acceptor (D-A)
heterojunction structure. This structure is composed of both an
organic donor material and an acceptor material, and the
performance compatibility between the two directly dictates the
cell's charge separation efficiency and overall energy conversion
performance [13-16]. Therefore, the development of donor or
acceptor materials with superior properties is regarded as a
fundamental strategy for enhancing the core performance of
organic solar cells. In the evolution of organic solar cells, the
selection of acceptor materials has undergone significant iterations
and upgrades [17-19]. Fullerene-based acceptors, owing to their
exceptional electron mobility, high electron affinity, and rapid
photo-induced charge separation, once constituted the most widely
utilized class of acceptor materials in organic solar cells [20].
However, constrained by inherent limitations such as low
absorption coefficients in the visible region, difficulties in
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diversifying molecular structures, and persistently high fabrication
costs, fullerene-based acceptors have struggled to facilitate further
breakthroughs in solar cell performance. These challenges have
promoted the development of non-fullerene acceptors, which have
achieved remarkable progress in recent years. Compared to
traditional fullerene materials, they exhibit two distinct advantages:
firstly, a broader absorption spectrum and a higher extinction
coefficient, enabling more effective capture of solar photons;
secondly, their unique electronic structure facilitates innovative
charge separation pathways-not only electron transfer from donor
to acceptor (Channel I mechanism) but also hole transfer from
acceptor to donor (Channel II mechanism) [21-23]. The synergistic
effect arising from this dual-channel charge generation mechanism
significantly enhances charge generation efficiency, serving as a
key driver for the improvement of power conversion efficiency
(PCE) [24-26]. Currently, organic solar cells incorporating these
materials have achieved PCEs exceeding 20%, thereby fully
their
applications [27,28].

demonstrating considerable potential for photovoltaic

Perylene diimide (PDI) integrates a suite of advantages,
including strong light absorption, high electron mobility, tunable
energy levels, and excellent stability, making it one of the ideal
materials for designing high-performance non-fullerene acceptors
(NFAs) [29-32] (see Figure S1 for the skeletal formula of PDI).
For instance, Lin et al. reported a novel, nonplanar, star-shaped PDI
acceptor using triphenylamine (TPA) as core to achieve a record
high PCE for solution-processed OSCs based on non-fullerene
acceptors at that time [33]. Later on, Zhong et al. designed helical
PDI acceptors and further improved the PCE to ca. 6%. With the
aid of femtosecond transient absorption spectroscopy, they
proposed that the charge carriers are created from photogenerated
excitons in both the electron donor and acceptor phases [34]. Meng
et al. subsequently reported a bay-linked PDI dimer, in which
selenium atoms were incorporated into the perylene core [35]. The
introduction of selenium atom to the PBI core results in a high
lowest unoccupied molecular orbital (LUMO) level, a twisted
molecular configuration, and a high electron mobility, which are all
beneficial for the photoinduced charge transfer process. After these
pioneering works, a plenty of works have been conducted to
explore the the relationship between molecular geometric structures
of the PDI-based acceptors and OSCs performance [36-43]. Up till
now, it is well established that PDI-based NFAs exhibiting twisted
dimer, quasi-three-dimensional (3D), and 3D architectures usually

show superior performance relative to those of the planar analogues.

Despite these achievements, the relationship between charge
separation/charge recombination dynamics and the molecular
geometry is complicated and still uncertain at ultrafast time scales,
which motivate many time-resolved spectroscopic studies. For
example, Kong et al. explored the intramolecular excited-state
symmetry breaking charge separation (SB-CS) and charge
recombination (CR) dynamics of two symmetric phenyl-methane-
based PDI derivatives, a twist dimer PM-PDI2 (phenyl-methane-
based PDI dimer) and a 3D configuration tetramer PM-PDI4
(phenyl-methane-based PDI tetramer), in different solvents with
ultrafast femtosecond transient absorption spectroscopy and
quantum chemical calculations. Based on the results, they
concluded that the kinetics of CS and CR processes are strongly
related to the molecular geometric structure, and the excited-state
symmetry breaking in the 3D structure acceptor has superior

photogenerated charge and photovoltaic properties [44]. Alzola et
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al. use transient absorption and emission spectroscopies to
investigate the competition between SB-CS, fluorescence, and
internal conversion in three related PDI dimers linked at the head
land positions with o-, m-, and p-phenylene moieties, namely o-
PDI2, m-PDI2, and p-PDI2 respectively. It is found that o-PDI2
exhibits SB-CS while m-PDI2 and p-PDI2 exhibit accelerated
internal conversion due to the motion of the linker along with
Very recently,
Mazumder demonstrated the triplet excited-state population in a
(PDI-T) via
intramolecular symmetry-breaking charge separation (SB-CS) at

subnanosecond intersystem crossing (ISC) [45].

conformationally rigid perylenediimide trimer
the single-molecule level and the solvent effects are found to be
important for the triplet quantum yield [46].

Apart from these experimental works, theoretical studies have
also been performed to elucidate the underlying excited state
mechanism for PDI based systems. However, most of them are
concentrated on the static electronic structure calculations while the
ultrafast dynamics remain unclear [37,38,47,48]. Until recently,
nonadiabatic dynamics simulations are conducted by some groups
to elucidate the photodynamics of PDI based donor-acceptor
systems. For instance, Polkehn established that molecular packing
determines charge separation in a liquid crystalline bisthiophene-
PDI donor-acceptor material with quantum dynamical calculations
using the Multi-Layer Multi-Configuration Time-Dependent
Hartree (ML-MCTDH) method [49]. Recently, our group has also
employed mixed-quantum-classical nonadiabatic dynamics to
investigate the photoinduced dynamics of PDI based systems
including the excitation wavelength-dependent charge generation
dynamics in a PTB7/PDI donor-acceptor interface [50], the solvent
dependent charge transfer in zinc phthalocyanine-PDI dyads [51],
and the exciton dynamics in a PDI n-stack [52].

In most researches on non-fullerene acceptor materials, the
construction of PDI dimers primarily relies on covalent bridging at
the bay and head land position, whereas dimeric systems formed by
direct N-N linkage between imide nitrogen atoms remain scarcely
explored. In 2019, Fang and colleagues synthesized a series of
head-to-tail PDI dimers (e.g., 1-1, 2-2). These dimers connect
identical or different PDI units via N-N covalent bonds. They first
conducted steady-state absorption and emission spectroscopy
experiments, and the results showed that the fluorescence quantum
yield of the twisted tetra-phenoxyl-substituted PDI dimer with
symmetry-broken structure was significantly lower than that of the
symmetric structure (0.89 vs. <0.01), suggesting that this structure
might undergo ultrafast charge transfer processes leading to
fluorescence quenching. Subsequent femtosecond time-resolved
transient absorption spectroscopy experiments further validated this,
revealing two ultrafast processes in the symmetry-broken structure
with time scales of 300 fs and 14 ps. These two ultrafast processes
were assigned as ultrafast energy transfer and charge separation,
respectively. In contrast, no such processes were observed in the
symmetric structure, where the system mainly deactivates to the
ground state through fluorescence emission [53].

These results demonstrate that the introduction of substituents
at the bay position, which breaks the symmetry of the PDI dimer, is
the key factor enabling charge separation. Therefore, the rational
design of dimer structures with tailored symmetry breaking
provides a viable pathway to control the charge separation process,
which plays a critical role in modulating the optoelectronic
properties of the system.

To further elucidate the mechanism underlying these
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phenomena, our group has recently conducted a systematic

theoretical investigation into the excited-state dynamics of
representative dimers synthesized by Fang et al., employing a
approach  of

calculations and nonadiabatic dynamics simulations. Our findings

combined excited-state  electronic  structure
collectively demonstrate that both symmetry breaking and solvent
effects significantly govern the excited-state dynamics of PDI
dimers linked via imide nitrogen atoms. This insight provides a
theoretical foundation for designing and optimizing novel
symmetry-broken PDI dimers to enhance the performance of
optoelectronic devices [54].

While previous research has yielded significant insights, a
number of questions remain unanswered. Two immediate questions
arise. First, both the experiments and prior theoretical studies
employed bulky phenoxyl groups as bay-position substituents,
which inevitably induced significant structural distortions. Would
the same effects be observed if smaller methyl groups were used
instead? Second, while retaining the phenoxyl substituents, would
altering the connectivity between the two PDI monomers—for
instance, linking them via the N and ortho positions—yield
fundamentally different outcomes. To this end, we designed two
distinct structures. The first retains the architecture of dimer 1-1
from the experimental study but replaces the phenoxyl substituents
with methyl groups, leaving all other features unchanged. The
second retains the phenoxyl substituents but alters the connectivity
by linking the monomers between the N and ortho positions. These
two structures are designated as PDI-CH3 and PDI-iso, as shown in
Figure 1. Based on these two model systems, we investigated the
excited-state dynamics of these structures using LR-TDDFT,
combined with static electronic structure calculations and
nonadiabatic dynamics simulations. The results reveal that both
substituent and solvent effects continue to exert a critical influence
on the symmetry-breaking charge separation (SBCS) process in this
class of systems [55]. This work provides a theoretical foundation
for the subsequent design of novel PDI-based optoelectronic

devices.
2. Simulation details

The minimum energy structures of PDI-CH3 and PDI-iso were first
optimized using the Perdew-Burke-Ernzerhof (PBE) functional
with D3 dispersion correction proposed by Grimme et al, and all
atoms were described using the 6-31G* basis set [56-60]. Given
that both systems involve charge-transfer excited states, we decided
to compute their excited-state properties using a range-separated
hybrid (RSH) functional LC-PBE0O. Moreover, to enhance the
accuracy and take into account the solvent effects properly, the
optimally tuned range-separation parameter approach in
combination with the screened RSH technique, i.e., the OT-SRSH
functional, were adopted. In this method, two key parameters of the
original RSH functional, i.e., the range-separation parameter ® and
the long-range correction parameter f3, were optimized before LR-
TDDFT calculations [61]. Specifically, the ® parameter was
optimized according to the IP theorem, yielding range-separation
parameters of 0.1216 and 0.0942 for PDI-CH3 and PDI-iso dimers
in the gas phase, respectively. Subsequently, based on the
optimized ® parameter and in combination with the polarizable
continuum model (PCM) using dichloromethane (DCM) as the
solvent, the long-range correction parameter § in DCM was further
optimized, yielding values of -0.1191 and -0.1328, respectively.
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Using the optimized @ and P parameters in conjunction with the
PCM solvent model, LR-TDDFT calculations were performed to
investigate the excited states of the systems in solution. In short, we
set the o parameters to the default value, i.e., 0.25, of LC-PBEO
functional in this work. In gas phase, the 3 parameters are set to
0.75 so that the long range limit of the exact exchange, i.c., the sum
of a and B, equals 1.0; for solvated systems, the long range limit of
the exact exchange should be close to 1/g, where ¢ represents the
dielectric constant of the solvent. Therefore, f values should be
close to -0.1380 for both molecular structures in dichloromethane
with a dielectric constant of 8.93, which are close to our optimized
values of -0.1191 and -0.1328 for PDI-CH3 and PDI-iso. The sum
of o and B is 0.1309 and 0.1172 for PDI-CH; and PDlI-iso
respectively in dichloromethane. The optimized © parameters are
used for both gas and solvent calculations. To distinguish it from
the original LC-PBEO functional, the parameter-optimized version
is denoted as LC-PBEO*, which has demonstrated excellent
applicability in previous studies [55,61-64].

The NAMD simulations were then conducted using the
fewest-switches surface hopping algorithm based on classical path
approximation (FSSH-CPA) method at the LR-TDDFT level
implemented in the GTSH program to examine the excited-state
dynamics of the PDI-CH3 and PDI-iso dimers [65,66]. All excited-
state calculations required during NAMD simulations were
performed using the OT-SRSH functional LC-PBEO*. Moreover,
the numerical calculation of the time derivative non-adiabatic
couplings (TDNACs) between the electronic states of both
structures was performed using an orbital based algorithm [66-69].
In the FSSH-CPA dynamics, empirical quantum decoherence
correction proposed by Granucci et al. was implemented with a
correction value set to 0.1 a.u. [70-72]. Moreover, the NAMD
simulations were conducted based on the classical path
approximation (CPA), which has been demonstrated to accurately
describe excited-state relaxation processes without involving
significant conformational changes, bond formation, or bond
cleavage [66-68,73-75]. The minimum energy structures of PDI-
CHj3 and PDI-iso were initially heated to 300 K and equilibrated for
approximately 1 ps using a Nosé-Hoover chain thermostat with a
chain length of 5 [57,60,76,77]. Subsequently, 3 ps NVE molecular
dynamics simulations were performed, generating 1000 initial
conditions stochastically based on vertical excitation energies and
oscillator strengths. All ab initio adiabatic molecular dynamics
(AIMD) simulations were performed using the PBE+D3 method
with a time step of 1 fs. The obtained 3 ps NVE ground-state
trajectory was utilized for subsequent FSSH-CPA simulations.
Starting from each initial condition, 300 FSSH-CPA trajectories
were propagated with a time step of 1 fs. The final statistical results
were obtained by averaging over the 1000x300 trajectories. It
should be noted that under the classical path approximation, the
simulation requires only a ground-state trajectory and all relevant
energies and TDNACs between different states required for the
FSSH algorithm only need to be calculated once. Using this
predefined ground-state trajectory, various initial conditions, i.e.,
starting points for the surface hopping trajectories, can be selected
for propagation. Since there is no need to compute energies,
gradients, or TDNACs on-the-fly under this approximation, the
surface hopping algorithm can be executed with high efficiency. As
a rough approximation, the classical path approximation may
influence the timescales of photodynamics. However, the exact
effects remain unclear, as direct comparisons are challenging due to
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the prohibitively high computational cost of performing on-the-fly
nonadiabatic molecular dynamics (NAMD) simulations for large
systems. Nevertheless, NAMD simulations employing the CPA
have been shown to yield qualitatively—and in some cases,
quantitatively—accurate ~ timescales =~ when  compared to
experimental observations, as demonstrated in several studies by
our group and others [67,68,73,78-81]. Therefore, we believe that
despite the rough approximation, the CPA approximation can still
provide valuable insights into the photophysics of large and rigid
organic donor-acceptor systems. In order to reflect detailed balance
condition under classical path approximation, hop rejection and
velocity rescaling were replaced by scaling transition probabilities

() with a Boltzmann factor

O OC =)

=exp (— ;) This strategy has been successfully
applied to nonadiabatic dynamics simulations of various materials
[66,67,73,74,77]. All geometry optimizations and LR-TDDFT
calculations were carried out using GAUSSIAN 09 [82]. The
optimized ® and B parameters were obtained using the optDFTw®
program, which was originally developed by Lu et al. and
subsequently modified locally [83]. AIMD simulations were
conducted wusing the QUICKSTEP module in CP2K23.1,
employing the DZVP-MOLOPT-SR-GTH basis set and Goedecker-
Teter-Hutter (GTH) pseudopotentials at the PBE+D3 level of
theory [84-89]. All nonadiabatic dynamics simulations were
performed using the GTSH software package [65]. The relevant
electron and hole densities were computed using Multiwfn 3.8

where,

[90,91]. Additional theoretical background can be found in our

previous works.

Figure 1. The chemical structures of PDI-CH3 and PDI-iso and their corresponding three-dimensional structures optimized at the PBE + D3

level.

3. Results and discussion

We first employed the PBE+D3 method to optimize the ground-
state minimum-energy structures of PDI dimers linked by covalent
bonds with different monomers, labeled PDI-CH3; and PDI-iso, as
shown in Figure 1. As can be seen, significant spatial hindrance
from the carbonyl groups causes non-coplanar orientations between
the PDI1 and PDI2 fragments in the stable configurations of both
dimers. Moreover, the introduction of the methyl groups and
phenoxyl groups into the PDI1 units of the two structures results in
distinct effects: the methyl groups induce a moderate distortion
within the PDI1 fragment, while the phenoxyl groups lead to a
more pronounced distortion. In contrast, the three-dimensional
structure of PDI2 deviates only minimally from the skeletal
formula representation (Figure S1), except for the terminal side-
chain groups, with the PDI2 fragments in both configurations
maintaining a planar geometry. The conformational distortion
induced by the introduction of functional groups disrupts the
original structural symmetry, potentially leading to substantial
modifications in the system's electronic structure and ultimately
influencing its photoinduced excited-state dynamics. Additionally,
the different substituents and connection patterns in PDI-CH3 and
PDI-iso may also lead to different excited state properties, as
illustrated in the following sections. We have also optimized these
structures without dispersion correction. As shown in Figure S2,
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the overlap between the structures optimized with and without
dispersion correction are very close to each other, indicating that
the van der Waals interaction may have small influence on the
dimer structures.

Based on the optimized structures and using the optimally
tuned LC-PBEO* functional, performed LR-TDDFT
calculations to determine the lowest ten singlet excited states for
both PDI-CH; and PDI-iso dimers in the gas phase and DCM.
These excited states are crucial for understanding the photoinduced
dynamics of donor-acceptor systems. Additionally, the distributions
of electron and hole densities for these excited states were analyzed
using the Multiwfn 3.8 software. The spatial distributions of
electron and hole densities, along with the corresponding vertical
excitation energies, are shown in Figure 2 and Figure 3. In these
figures, blue and red colors represent the distribution of electron
and hole and electron densities, respectively.

We begin by discussing the excited-state properties of PDI-
CH; (Figure 2) in both the gas phase and DCM. Based on the
electron and hole density distributions, the ten electronic excited
states in the gas phase can be categorized into four distinct types.
The most prevalent category consists of local excitation (LE) states
on PDI1 (PDI1—PDI1), where both the electron and hole are
localized on the PDII fragment. This category includes the S4 (3.50
eV), S¢ (3.58 eV), S7(3.61 eV), and Sio (3.78 eV) states. Similarly,
we also identified LE states on PDI2, which include S3 (3.44 eV),
Ss (3.66 eV), and So (3.69 eV). The third category consists of the Si

we
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(2.54 eV) and S; (2.68 eV) states, where the electron and hole are
no longer localized on a single fragment but are delocalized across
both PDI1 and PDI2. These states likely represent hybrid states
composed of a mixture of LE and charge transfer (CT) states
character. In the S; state, the LE character of PDI2 dominates,
while in the S, state, the LE character of PDI1 dominates. The
fourth category is represented by the Ss (3.51 eV) state, in which
the hole is primarily localized on PDII, while the electron is
distributed on PDI2, indicating a CT state from PDII1 to PDI2.
Since the bright LE states are lowest in gas for PDI-CHj, it is
expected that strong fluorescence might exist, as observed in

previous experimental work [53]. Therefore, we additionally
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simulated the absorption and emission spectrum of PDI-CH3 in gas
phase using the minimum-energy structures in ground and excited
states only. As shown in Figure S5, apart from the red shift of
emission spectrum, the strength of the emission is only slightly
weaker than absorption, implying the strong fluorescence of this
structure in gas phase. It is safely to postulate that similar
phenomena can be observed for other structures with lowest LE
states. Since the calculation of emission spectrum require the
optimization of the lowest excited states, considering the large size
of another structure, we will not discuss relevant emission spectra
subsequently.
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Figure 2. The electron (red) and hole (blue) densities of the fifteen lowest singlet excited states of photoinduced PDI-CHj3 at the Franck-

Condon point in the gas phase and DCM calculated using TD-LC-PBEO*. Also shown are the corresponding vertical excitation energies.

Compared to the excited states in the gas phase, those in DCM
show changes in both the nature of the excited states and their
vertical excitation energies due to solvent effects. First, in addition
to the three types of excited states present in the gas phase, a pure
CT state from PDI2 to PDI1 (PDI2—PDI1) emerges, identified as
the S4 state. Secondly, there are states where the hole is localized
on PDI1, while the electron is delocalized across both PDI1 and

PDI2, specifically the S;, Sg, So, and Sio states. Finally, the
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excitation energies of all ten states show an overall decrease.
According to these facts, we propose that even though the methyl
group (-CH3) is a weak electron-donating substituent that causes
only a slight perturbation to the electronic structure of the PDI
conjugated system,
dependent SBCS dynamics in DCM. This hypothesis is supported

it may also introduce significant solvent

by subsequent NAMD simulations.
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Figure 3. The electron (red) and hole (blue) densities of the fifteen lowest singlet excited states of photoinduced PDI-iso at the

Franck—Condon point in the gas phase and DCM calculated using TD-LC-PBEO*. Also shown are the corresponding vertical excitation

energies.
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We apply the same methodology to analyze the excited-state
properties of PDI-iso (Figure 3). In the gas phase, these states can
be roughly categorized into five types. The first and most
predominant category consists of states where both the electron and
hole are localized on PDI1, including Si, S4, Sg, and So. These are
classified as LE states on PDI1. The second category includes the
S> and Ss states, where the electron and hole are primarily localized
on PDI2 but a minor portion of the hole also residing on PDII,
representing the dominant LE state of PDI2. The third category,
which includes Ss and S¢ states, represents hybrid states arising
from a mixture of LE and CT character. The fourth category is the
S7 state, where the electron is localized on PDI1 and the hole on
PDI2. This distribution can be regarded as a CT state from PDI2 to
PDI1 (PDI2 —PDI1). The fifth and final category is the Sio state,
characterized by a small portion of the hole concentrated on one
side chain of PDI1 and a large portion of the electron localized on
PDI2, which can be considered a special CT state from PDI1 to
PDI2.

In the DCM solvent, several changes occur in the nature of the
excited states and their vertical excitation energies. For example, all
state energies are much lower than those in gas phase. Additionally,
the lowest lying state changes from being an LE state on PDI1 to a
CT state from PDI1 to PDI2. These results suggest that solvent
effects will also influence the photodynamics of PDI-iso upon
excitation.

Based on the vertical excitation energies of the excited states,
we employed the semiclassical method proposed by Barbatti et al.

to simulate the UV-Vis absorption spectra of the PDI-CH3 and PDI-
iso dimers in both the gas phase and DCM solvent [92,93]. This
calculation utilized 1000 structures obtained from ground-state
molecular dynamics simulations. A key advantage of this approach
is its ability to account for the influence of nuclear thermal motion
on the absorption spectra. The resulting absorption spectra are
presented in Figure 4. Furthermore, based on the fragment-based
exciton analysis of excited-state properties, we can determine the
contributions of different types of excitons generated at specific
excitation wavelengths. The two types of LE excitons produced
upon excitation are denoted as [PDI1* and |[PDI2* , while the two
CT excitons are denoted as |[PDI1"PDI2- and [PDI1'PDI2* . The
decomposed spectra of two structures in both the gas phase and
DCM are shown in Figures 4(a), 4(b), 4(c), and 4(d).

In the gas phase, the absorption spectrum of PDI-CH3 (Figure
4(a)) is characterized by a broad band with its maximum at 496 nm.
Excitation around 496 nm generates four types of excitons. Among
these, the LE excitons [PDI2* and |PDI1* contribute most
significantly, followed by the CT excitons |PDI2"PDI1*
[PDI2*PDI1~ . In contrast, the absorption spectrum of PDI-iso
(Figure 4(b)) exhibits two distinct bands with maxima at 512 nm
and 554 nm, respectively. The absorption at 512 nm is
predominantly composed of the LE exciton |[PDI2* , followed by
the CT exciton [PDI1*PDI2" . Conversely, the absorption at 554 nm
is primarily due to the LE exciton [PDI1* . These results suggest
that the methyl groups have less influence on the LE states of the
PDI fragments compared to the phenoxyl groups.
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Figure 5. The distributions of selected initial excited states in FSSH-CPA simulations for PDI-CHj3 (a) and PDI-iso (b) in

the gas phase and PDI-CH3 (c¢) and PDI-iso (d) in DCM.

When solvent effects are considered, both dimers exhibit
significant red-shifting the absorption peaks. In Figure 4(c), the
absorption peak of PDI-CH3 shifts from 496 nm in gas phase to 549
nm in solution. At 549 nm, the absorption is mainly composed of
the LE exciton [PDI2* , followed by [PDI2"PDI1~ . Unlike in the
gas phase, the contribution from the LE exciton |[PDI1* is
significantly reduced. For PDI-iso (Figure 4(d)), the peak at 512
nm shifts to 555 nm, and the peak at 554 nm shifts to 609 nm.
Upon excitation near 555 nm, the absorption is predominantly
composed of the LE exciton [PDI2* . A key difference from the gas
phase is the emergence of the CT exciton |[PDI1"PDI2* , which
changes from being nearly absent to becoming the second-largest
contributor. Simultaneously, the contribution from the LE exciton
[PDI1* also increases. For excitation at 609 nm, the absorption is
primarily composed of the LE exciton |PDI1* , while the CT
exciton [PDI1*PDI2~ appears as the second largest contributor.

In our previous work, we have also calculated the spin orbit
couplings (SOCs) between relevant singlet and triplet states [54]. It
turns out that all these SOCs are very small and the largest value is
no more than 5 cm’, indicating that the intersystem crossing should
be much slower and cannot compete with the ultrafast dynamics
completed in a few picoseconds. As an extension of our previous
work, since we only changed the connection pattern or induced
methyl substituents in this study, the SOCs are expected to be very
small as before. Consequently, the triplet states would be less
important in the ultrafast dynamics and are not considered in this
work.

While the static electronic structure calculations of the excited
states have provided substantial insights into the properties of these
two dimers, the associated photoinduced dynamics remain unclear
and require further investigation through NAMD simulations.

&9

Therefore, we performed NAMD simulations using the FSSH-CPA
at the LR-TDDFT level to explore the photoinduced processes
upon excitation at specific wavelengths for both PDI-CH; and PDI-
iso in the gas phase and in DCM.

We began by selecting the initial excited states for FSSH-CPA
simulations based on their vertical excitation energies and oscillator
strengths. For instance, in the gas phase, the absorption peak of
PDI-CHj3 at 496 nm (2.50 ¢V) corresponds to LE states localized on
both the PDI1 and PDI2 fragments. The initial state selection
followed two criteria: (1) the vertical excitation energy must fall
within the range of 2.50 + 0.3 ¢V, and (2) the oscillator strength of
the state must be greater than a random number between 0 and 1.
Based on these criteria, the resulting initial electronic state
population for PDI-CH3 upon excitation around 496 nm in the gas
phase is shown in Figure 5(a).

Using the same criteria, we also selected the initial states for
excitation at 512 nm for PDI-iso in the gas phase (Figure 5(b)), at
549 nm for PDI-CH3 in DCM (Figure 5(c)), and at 555 nm for
PDI-iso in DCM (Figure 5(d)). As can be seen, in the gas phase,
excitation around 496 nm of PDI-CH3 (Figure 5(a)) leads to the
excited state population primarily residing in S;, with a minor
contribution from the S, state. For PDI-iso (Figure 5(b)), the
population after excitation is distributed across the S; to S3 states,
with the largest contribution from the S; state. In the DCM solvent,
excitation around 549 nm of PDI-CH; (Figure 5(c)) results in the
electronic state population being spread across S; to S4, with the S,
state contributing the most. For PDI-iso (Figure 5(d)), excitation at
555 nm results in the S4 state dominating the population, followed
by the S; state.

Based on the 1000 initial conditions selected above, we
propagated 300 FSSH-CPA trajectories for each chosen initial
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condition. The total simulation time was 500 fs for PDI-CHj3 in the
gas phase and 3 ps for all other cases (both dimers in the gas phase
and in DCM), with a time step of 1 fs. The final results were
obtained by averaging over all 1000 x 300 trajectories. The
resulting time-dependent state populations for both structures in gas
phase and DCM are shown in Figure 6. We begin by discussing the
excited-state populations in the gas phase. For PDI-CH3 (Figure
6(a)), the initial population consists primarily of the S; and S
states. The weight of S; increases from approximately 0.88 to
nearly 1.00 within 300 fs, while that of S, state decreases from
around 0.12 to zero over the same time period. For PDI-iso (Figure
6(b)), the initial population is dominated by the S, state with a
weight of approximately 0.71, while the S; state contributes about
0.21. Within 2 ps, the population of S> decreases from around 0.72
to approximately 0.02, while that of S;
Concurrently, the weight of S; increases from 0.08 to about 0.98.

decays to zero.

The time evolutions of the excited-state populations for both
structures in DCM are shown in Figure 6(c) and Figure 6(d). At
the initial time, the population of PDI-CH; (Figure 6(c)) is
consistent with Figure 5(c), with the S state being the dominant
contributor at a proportion of 0.63, while the S3 and S4 states make
minor contributions. As time goes by, the populations of the S», Ss,
and Sy states decrease, while that of S; increases to approximately
0.97. For PDI-iso (Figure 6(d)), the initial population is primarily
composed of the Sz, S4, and Ss states, with a minor contribution
from S,. The Sy state has the largest weight at approximately 0.52,
followed by Ss at about 0.08. The population of the S; state initially
increases from 0.38 to around 0.57 before eventually decaying,
along with S; and Ss, to nearly zero by 2 ps. Conversely, the
population of S, rises from 0.02 to approximately 0.13, while that
of Sy increases from zero to about 0.82. After that, the populations
of Si and S: fluctuate around these values.
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Figure 6. Time-dependent populations of relevant adiabatic excited states for PDI-CH3 (a) and PDI-iso (b) in the gas

phase and PDI-CHj3 (c) and PDI-iso (d) in DCM.

To further elucidate the mechanisms underlying the distinct
relaxation processes observed in the two structures, we analyzed
the average energy gaps between adjacent adiabatic states and the
average absolute values of the TDNACs for both PDI-CH; and
PDI-iso, as shown in Figure 7. It is well established that
nonadiabatic transitions are governed by both the energy gap and
the nonadiabatic coupling strength. The relationship between the
nonadiabatic coupling vector and the energy gap is given by the
following equation:

<y ‘—’ Yy >
_ (1)
where is the nonadiabatic coupling vector between states i and j,
and and are their respective energies. Since the TDNACs
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between adiabatic states i and j can be computedas A = X R
a smaller energy gap generally leads to a larger TDNAC and
consequently a faster nonadiabatic transition rate.

As shown in Figure 7(a), the energy gaps between adjacent
states of PDI-CH; are predominantly distributed within 4.0
kcal/mol, with the most frequent values between 2.2 and 4.0
kcal/mol and an average value of 3.92 kcal/mol. Simultaneously,
the TDNACs between adjacent states in the gas phase are mostly
greater than 30 ps™!, with an average value of 35.32 ps' for all
adjacent electronic states. In Figure 7(c), which corresponds to
PDI-CH3; in DCM, it can be observed that the average TDNACs for
most adjacent states also exceed 30 ps™', with an overall average of
33.66 ps'. The energy gaps between adjacent states are primarily
distributed between 1.0 and 4.0 kcal/mol, with a mean value of
2.82 kcal/mol.
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For PDI-iso (Figure 7(b) and Figure 7(d)), the average TDNACs
between adjacent electronic states are 21.01 ps™! in the gas phase
and 22.53 ps' in DCM. The corresponding energy gaps between
adjacent states are mainly distributed between 0 and 8 kcal/mol,
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with mean values of 4.31 kcal/mol (gas phase) and 2.69 kcal/mol
(DCM), respectively. The small energy gaps and the large TDNACs
accounts for the ultrafast photodynamics observed in these systems.
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Figure 8. In the gas phase, the time-dependent weights of the holes (a) and electrons (b) for PDI-CH3, and the weights of

the holes (c) and electrons (d) for PDI-iso.

Based on the NAMD simulations, we can also derive the time-
dependent electron and hole weights on different fragments of both
dimers under two environments, as shown in Figures 8-10. We first
discuss the gas-phase results. As shown in Figure 8(a) and Figure
(b), the electron and hole weights on both fragments of PDI-CHj3
remain nearly constant at around 0.5 throughout the 500 fs
simulation, indicating that charge transfer is unlikely to occur with
methyl substitution in the gas phase. Fragment-based exciton
analysis (Figure 10(a)) reveals that the weights of various excitons
remain essentially unchanged within 500 fs, further confirming this
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conclusion. In contrast, for PDI-iso (Figure 8(c) and Figure 8(d)),
the initial hole and electron weights on the PDI2 fragment are
significantly higher, with values of 0.80 and 0.88 respectively,
indicating that the initial excitation primarily corresponds to a LE
state on PDI2. Over time, the electron and hole weights on PDI2
gradually decrease, while those on PDI1 increase monotonically,
suggesting the simultaneous occurrence of hole transfer (HT) and
electron transfer (ET) from PDI2 to PDII. Since both ET and HT
occur in the same direction, this process corresponds to PEnT from
PDI2 to PDII. The time-dependent exciton weight evolution
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(Figure 10(c)) further confirms this, showing that within 2 ps, the
initial LE exciton [PDI2* and CT state [PDI1*PDI2" transform
into the LE exciton |[PDI1* . Notably, the CT state |PDI1"PDI2*
corresponding to electron transfer from PDI2 to PDI1 does not
participate in the excited-state dynamics during the simulation.

We next examine the excited-state dynamics in DCM, as
illustrated in Figure 9. For PDI-CH; (Figure 9(a) and Figure (b)),
during the 3 ps simulation time, the hole weight on PDI1 increases
monotonically from 0.50 to approximately 0.70 within 500 fs,
while that on PDI2 decreases monotonically from 0.50 to around
0.30, indicating hole transfer from PDI2 to PDI1. Meanwhile, the
electron weight shows only a minor transfer (~0.1) from PDII to
PDI2, suggesting that the overall process is dominated by hole
transfer, leading to the formation of the CT state |PDI1"PDI2" with
a mixture of the LE exciton |PDI1* . The time-dependent exciton
weight variations (Figure 10(b)) confirms this picture, revealing
that all four excitons in PDI-CH3 participate in the excited state
dynamics. For PDI-iso in DCM (Figure 9(c) and Figure (d)), the
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hole weight on PDI1 increases monotonically from approximately
0.20 to about 0.98 within 2 ps, while that on PDI2 decreases
monotonically from 0.80 to around 0.02, indicating efficient hole
transfer process from PDI2 to PDI1. Conversely, the electron
weight on PDI1 decreases from 0.60 to approximately 0.30, while
that on PDI2 increases from 0.40 to around 0.70, indicating
electron transfer from PDI1 to PDI2. Since the electron and hole
transfer in opposite directions, this process reflects a highly
efficient charge transfer from PDI2 to PDI1 occuring within 1 ps.
Fragment-based exciton analysis (Figure 10(d)) demonstrates that
within 1 ps, the initial LE exciton [PDI2" and CT exciton |[PDI1"
PDI2* undergo conversion to the LE exciton [PDI1* and CT
exciton |[PDI1*PDI2" . These results demonstrate that the dual
inductive and effects of the
influence electron distribution and modulate

steric isomeric  substituents
simultaneously
charge-transfer pathways through conformational torsion, resulting
in markedly different excited-state dynamics for PDI-iso compared

to PDI-CHs.
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Figure 9. In DCM, the time-dependent weights of holes (a) and electrons (b) for PDI-CH3 and the weights of holes (c) and electrons (d) for

PDI-iso.

For the low-energy absorption peaks of PDI-iso in the gas phase
(554 nm) and in dichloromethane (DCM, 609 nm), we performed
nonadiabatic dynamics simulations using the same methodology as
applied to the high-energy peaks. As shown in Figure S3(a, b),
after excitation in the gas phase, the electronic state population is
primarily localized in the S; state (the LE state of PDI1), whereas
in DCM, the S, state (where the hole is concentrated on PDI1 and
the electron is distributed between PDI1 and PDI2, predominantly
representing a CT state from PDI1 to PDI2) contributes the most,
followed by the S; state. Further analysis of the time-dependent
population changes of the relevant adiabatic states (Figure S3(c, d))
reveals that within the 3000 fs simulation time, no significant
variations are observed in the population weights of the ten
adiabatic states in the gas phase except for S; and S». In contrast, in
DCM, the S, state initially contributes the largest population,
followed by Si, with population transfer from S, to S| occurring
around 1000 fs. This observation is consistent with the initial
excited-state population distribution. Based on the nonadiabatic
dynamical simulations, Figure S4 shows the time-dependent
electron and hole weights of the low-energy peak of PDI-iso on
different fragments in both environments. In the gas phase (Figure
S4(a, b)), the electron and hole weights on the two fragments show
no significant changes. However, in DCM (Figure S4(c, d)), due to
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the influence of solvent effects, a small amount of hole transfer
from PDI2 to PDI1 and electron transfer from PDI1 to PDI2 are
observed.

Finally, we would like to compare the results with our
previous work to address the two questions raised at the beginning
of this study. First, we confirmed that even a small methyl group
can induce ultrafast charge transfer dynamics in polar solvents,
suggesting that even minor perturbations in symmetric structures
can lead to significant photoinduced dynamics in PDI dimers.
Additionally, the solvent effect plays a crucial role in regulating the
symmetry-breaking charge transfer dynamics. Second, although
there are some small differences between PDI-iso and its N-N
bridge isomer, the overall excited state properties and associated
dynamics are very similar. This implies that modifying the
monomer structure may be a more efficient way to regulate the
photodynamics of PDI dimers than altering their connection
patterns.

4. Conclusion

In summary, we investigated the photoinduced dynamics of PDI-
CH3 and PDI-iso in the gas phase and DCM environments with
LR-TDDFT based
calculations and NAMD simulations. Our simulation results reveal

static excited state electronic structure
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that both substitution and solvent effects have significant influences

on the excited-state dynamics of PDI dimers. In the gas phase, PDI-

CH3 exhibits negligible electron or hole transfer, whereas PDI-iso

undergoes photoinduced energy transfer from PDI2 to PDII. In

contrast, PDI-CH3 changes from showing no transfer in the gas
phase to being dominated by photoinduced HT (PDI2—PDI1) in
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DCM, while PDI-iso changes from photoinduced ET in the gas
phase to simultaneous photoinduced HT (PDI2—PDI1) and ET
(PDI1—PDI2) in DCM. These facts pave the way for the design of
novel PDI exhibiting symmetry breaking charge separation

properties, which can be helpful for enhancing the PCE of organic

solar cells.
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