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Focusing on the mechanism of interfa-

CT-Intra

cial exciton dissociation in edge-on
stacked ZnPc-FgZnPc aggregate, we
employ the fragment particle-hole
densities (FPHD) method to con-
struct the Hamiltonian of diabatic
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states and use the non-Markovian

stochastic ~ Schrdédinger  equation
(NMSSE) to simulate the photo-in-

. CT-Inter
duced dynamics processes. The re-

have a significant impact on the interfacial exciton dissociation process. After photo-excita-

sults show that aggregation effects

tion, the excitons first preferentially delocalize and perform the charge transfer (CT) states in
the pure ZnPc or FgZnPc aggregates within 100 fs. These ‘intramolecular’ CT states can easi-
ly evolve into interfacial CT states by hopping electrons and holes in the intramolecular CT
states across the interface. Compared with these exciton dissociation processes, the direct ex-
citon dissociation into interfacial CT state is relatively slow due to the small electronic cou-
pling and vibrational coherence between the locally excited state and the interfacial CT state.
As the temperature rises and the vibronic coherence weakens, the direct dissociation rates are
significantly enhanced. This investigation provides valuable insights for the design and opti-
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mization of high-performance organic photovoltaic devices.
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I. INTRODUCTION

With the rapid development of highly efficient or-
ganic photovoltaic cells, it has become extremely ur-
gent to design and synthesize novel donor and acceptor
materials with superior performance to further enhance

the efficiency of organic photovoltaic devices [1-5]. Un-
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like single-component materials, multi-component ma-
terials containing donor and acceptor molecules can
provide an effective driving force to overcome the
Coulomb interactions between electrons and holes,
which is conducive to improve the free carrier genera-
tion rate in organic photovoltaic cells [6-9]. However, a
large energy offset at the donor—acceptor interface is
not necessarily favorable for the photo-induced charge
separation process and may even lead to significant en-
ergy loss [10]. The charge transfer state is generally re-
garded as an important intermediate in the process of
exciton dissociation and charge separation after photo-
excitation. Therefore, it is of great significance to study
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the CT state at the donor—acceptor interface.

The mechanism of photo-induced charge transfer in
donor—acceptor systems has long been controversial.
Some researchers have shown that photo-excitation can
produce ‘hot’ excitons with excess energy, which can
easily promote the separation of bound electron—hole
pairs [11-13]. Others have suggested that photo-in-
duced excitons first dissociate to form interfacial CT
states, which then slowly separate further to form free
carriers [14-16]. These two completely different charge
separation pathways have been used to explain the dy-
namics processes in different practical systems. Some
experimental results have shown that the generation of
free carriers is independent of excitation energy. That
is, the initial states with different energies have little ef-
fect on the free carrier generation rate [14, 17, 18] in
donor—acceptor system. It has been reported that
charge delocalization can significantly enhance charge
mobility and reduce the Coulomb barrier [19-21]. More-
over, delocalization can also reduce the non-radiative
voltage losses caused by charge recombination in organ-
ic solar cells [22, 23]. There are still debates on the pro-
cess of exciton dissociation and the formation of charge
separation states. Many influencing factors, such as the
initial state [19], temperature effects [24], vibronic cou-
pling effect [12, 25, 26], coherence effects [25, 27-29],
need to be considered to further confirm their roles in
charge transfer process.

Zinc phthalocyanine (ZnPc) and its fluorinated
derivatives (FgZnPc) are commonly used as donor (D)
and acceptor (A) materials in multi-component organic
photovoltaic cells, respectively. Introducing highly elec-
tronegative fluorine atoms into the molecular backbone
can enhance the electron-accepting ability of FgZnPc
molecules [30—32]. Experimentally, directly introducing
substituents into the molecular backbone to modulate
molecular properties is an effective method to improve
the performance of donor—acceptor materials. Previous-
ly, we used the face-on stacked ZnPc—FgZnPc system as
the research object and investigated the dynamics pro-
cess from the local excited (LE) states to the interfacial
CT states and then to the charge separated (CS) states
using different initial excited states, identifying several
key factors that affect the power conversion efficiency of
organic photovoltaic cells [33]. Through previous stud-
ies, we have analyzed in detail the effects of vibronic
coupling and coherence on exciton dissociation into in-
terfacial CT states in the face-on stacked ZnPc—FgZn-
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Pc system and demonstrated the promoting effect of the
entropy on the generation of the CS states.

It has been reported experimentally that when a pair
of D—A molecules switches from face-on to edge-on ori-
entation, the CT-exciton heating process is reversed to
a typical thermal CT-exciton cooling process [16]. Edge-
on stacked aggregates form more pairs of DA interfaces
compared to face-on stacked aggregates, which enables
the simultaneous generation of more interfacial CT
states. Therefore the edge-on orientation not only en-
hances the light absorption, but also improves the
charge separation and transport efficiency, which in
turn significantly improves the optoelectronic perfor-
mance [34—36]. In this work, we study the exciton disso-
ciation process in the edge-on stacked ZnPc-FgZnPc
system using different stacking methods and analyze
the effects of initial state, vibronic coupling effects, tem-
perature effects, coherence effects on dynamics of the
interfacial CT state.

Simulating the photo-induced exciton dynamics, in-
volving various electronic excited states and complex
intermolecular interactions in real systems, is quite
complicated. To explicitly take into account the effects
of the above mentioned complex factors, it is necessary
to construct an aggregate model Hamiltonian that in-
cludes different types of excited states and then employ
complex quantum dynamics methods combined with
electronic structure calculations to simulate the photo-
induced exciton dynamics. In our previous work [33,
37-42], we have demonstrated that the non-Markovian
stochastic Schrodinger equation (NMSSE) based on the
constructed aggregate model Hamiltonian can be used
to investigate the vibrationally resolved electronic ab-
sorption spectra and photo-induced exciton dynamics of
zinc phthalocyanine aggregates.

In this paper, we theoretically simulate the excited-
state properties, vibrationally resolved electronic ab-
sorption spectra, and photo-induced exciton dynamics
of ZnPc-FgZnPc aggregates in edge-on configuration.
We aim to reveal the exciton dissociation mechanism of
the ZnPc-FgZnPc system after photo-excitation. The
structure of this paper is arranged as follows: Section II
describes the theoretical methods, including the con-
struction of the model Hamiltonian, the parameteriza-
tion of the Hamiltonian, the introduction of the dynam-
ics methods, and the details of the quantum chemical
calculations. Section III presents the results and discus-
sions, and Section IV is the conclusion.
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Il. THEORETICAL AND COMPUTATIONAL DETAILS

A. Effective model Hamiltonian for an aggregate system

Typically, electronic excitation energies and transi-
tion dipole moments are computed using electronic
structure methods like time-dependent density func-
tional theory (TD-DFT). However, these methods of-
ten operate within the electronic adiabatic representa-
tion, which complicates the identification of distinct
electronic state characteristics. In this study, we em-
ploy a parameterized Hamiltonian in the diabatic repre-
sentation including LE states, ‘intramolecular’ (hole
and electron are localized on the same kind of
molecules) CT states, and ‘intermolecular’ (hole and
electron are localized on different kinds of molecules)
CT states. The electronic and vibrational properties of
an aggregate are described by the model Hamiltonian

Hagg = Ho + f{ph + ﬁel—phv (1)

where f[el, ﬁph, and Hel—ph stand for the electronic, the
vibrational, and the electron—vibration interaction
Hamiltonian, respectively. The electronic Hamiltonian

H, includes LE and CT states. For the aggregation sys-

tem, it reads

ﬁel = Z En,m;Li In, m; Li)(n,m; Ly
nmsi

/
+ Z Z Vnm,n’m’;LiLi/ [n,m; Ly) (n, m'; Ly|

nmin’m/’i’

The diabatic state |n,m;L;) corresponds to the n-th
and m-th monomers being in the cationic and anionic
states respectively if m # n; and for m = n, it corre-
sponds to the n-th monomer being in the excited state.
The index L; is used to distinguish the electronic states
with the same charge and excitation distribution. The
diagonal element Ey, .1, is the excitation energy, and
Voamanim!;L; L, represents the electronic coupling be-
tween two states |n, m; L;) and |n’,m/; Ly).

For a donor—acceptor (D—A) system, the molecular
vibrational Hamiltonian consists of contributions from
both the donor and acceptor parts:

) w1
o =30 wy (bjw.bnj + 2) , (3)
j

n

where ZBLJ and an are the corresponding creation and
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annihilation operators of j-th vibrational mode in the n-
th molecular fragment (which can be ZnPc or FgZnPc)
with the frequency of wy,;, respectively.

The electron—phonon interaction is used to describe
the interaction between the different kinds of electronic
states and the normal modes in a linear form

Hopnh =) anj(gjmj + bpj) @ &g, (4)
noj

with

B = ZgnmmLJn,m; L;Y{n,m; L;]. (5)

,m

The gnm, ;.1 1s electron—phonon interaction parameter
associated with the excited, cationic and anionic states,
respectively. Here, we have assumed that the CT states
with the same charge distribution share the same set of
electron—phonon interaction constants.

Various numerical approaches for the calculations of
electron—phonon interactions have been reported
[43—45]. Here, we adopt the vertical gradient approxi-

mation, and the g, ;.1 factor is calculated by

9nj;L; = : ’La (6
" \l 2wnj3 dan )

where Ey ;.1 is the potential energy of corresponding

electronic states and Qp; is the normal coordinate of
the j-th ground state vibrational mode on the n-th
monomer, respectively. The parameters gy, j.r, are
obtained by calculating the energy gradients of the L;-
th neutral singlet excited state; The electron—phonon
coupling of CT states gy, j.1, includes the energy gra-
dients of the n-th cationic monomer and the m-th an-
ionic monomer. In the vertical gradient approximation,
it is assumed that the frequency and coordinate direc-
tion of each normal mode are the same in all electronic
states. This approximation is reasonable for most of or-
ganic molecules [38, 46].

B. Parameterization of the model Hamiltonian

Before performing quantum dynamics simulations, it
is necessary to determine all the electronic structure pa-
rameters in Egs. (2)-(6). These parameters include
state energies and electronic couplings among LE and
CT states, vibrational frequencies of normal modes,

electron—phonon interaction parameters, and transition
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dipole moments of donor and acceptor molecules. In a
D—A system, CT states at the interface are also in-
volved.

For the electronic part, traditional electronic struc-
ture theories are typically based on the adiabatic repre-
sentation. In this case, appropriate diabatization meth-
ods are required to obtain quasi-diabatic states via adia-
batic-to-diabatic (ATD) unitary transformations. In
this work, we choose an eight-molecule model of the Zn-
Pc—FgZnPc aggregate, comprising four ZnPc and four
FgZnPc molecules. This model captures various quasi-
diabatic states as well as short-range and long-range in-
teractions. We employ the fragment particle-hole densi-
ties (FPHD) approach [47] to construct quasi-diabatic
states, which is suitable for systems with multiple
charge or excitation centers. In the FPHD approach,
the optimal ATD unitary transformation matrix is de-
termined by maximizing the localization of particle and
hole densities on the predefined molecular fragments.
Based on the resulting distributions of particle and hole
densities, LE and CT states can be readily identified in
both donor and acceptor systems. The input for FPHD
calculations includes the energies and transition densi-
ty matrices of adiabatic excited states, which are rou-
tinely obtained from TD-DFT -calculations. In the
FPHD calculation, all adiabatic states below a prede-
fined energy threshold are included without artificial se-
lection, and we have verified that this threshold is suffi-
ciently high to ensure converged results. For further de-
tails on the rationale and implementation of the FPHD
scheme, readers are referred to Refs. [41, 47].

C. Non-Markovian stochastic Schriodinger equation

Based on the constructed model Hamiltonian of the
aggregate, photophysical process can be simulated us-
ing the NMSSE [42]

|w§ { el T Zgnj

_zzxn] / g (— )RS5 (r)dr | 4 (8)),
(7)

where [t)¢(t)) is the stochastic wavefunction, &;(t) is

the phonon-induced time-dependent stochastic fields,

iHeltj; ,efif{elt
nj

satisfying Znj(t) = e , and the expression

of the residual correlation functions is
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Bwnj

S (t) = tanh (

re ) cos(wnjt) — i sin(wnit).  (8)
These random fields can be generated via the follow-

ing expressions:

Mpi + 1 . o

&nji(t) =\ 7n12 (W’rle + W%j)ewmt
Mg 1. 2 —iwnt 9
+ 2 (’Ynj Z’Ynj)e ) ( )

where 7,,; = 1/(efni —1), and 'y}lj and 7721]- are inde-
pendent Gaussian white noises satisfying (’y&) =0 and
(VY57 = O 8 B

In the framework of the NMSSE, the impact of the
vibronic effect on dynamics processes is incorporated
through phonon-induced stochastic fields and non-
Markovian term. Typically, researchers are more inter-
ested in the system's internal evolution trajectory. Con-
sequently, it is feasible to eliminate the environmental
degrees of freedom and concentrate on the dynamics of
the reduced density matrix for the electronic subsystem.
This reduced density matrix is given by:

. _ it o= Hn —iHt
pel(t) = Trpp € [v0) (Yo| ——e , (10)

ph

where Zpn = Tr{e_ﬁth}, [1hg) denotes the initial state
vector, and Trpy, represents the trace operation over all
phononic degrees of freedom. Under the initial condi-
tion [¢(0)) = |¢o), using standard algorithms such as
the fourth-order Runge-Kutta method, Eq.(7) can be
solved to obtain the time-dependent wavefunction
|)¢(t)). The molecular vibrations are assumed to satis-
fy the thermal equilibrium distribution at the begin-
ning of dynamics evolution. The reduced density ma-
trix of the electronic degrees of freedom is obtained by
averaging over all random wavefunctions, that is:

pel(t) = M [[voe () (e ()] ¢ (11)

where M]-]¢ represents the average over the random
fields. The vibrationally-resolved absorption spectra of
the aggregate can be obtained using the linear response
theory. The detailed implementation [37-39] of Eq.(7)
for the calculations of absorption spectra and quantum
dynamics can be found in Ref.[48].

D. Computational details

We utilize the structure of copper phthalocyanine

© 2025 Chinese Physical Society
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FsZnPc
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FIG. 1 (a) Side view of the optimized geometry of ZnPc-FgZnPc, (b) top view of the optimized geometry of ZnPc-FgZn-
Pc. D1-D4 represent the 1st—4th ZnPc donor molecules and A1-A4 represent the 1st—4th FgZnPc acceptor molecules.

(CuPc) [49] as the initial configuration. Subsequently,
Cu atoms are replaced by Zn atoms and hydrogen
atoms are selectively replaced by fluorine atoms while
keeping other atoms unchanged. Based on density func-
tional theory, geometry optimization is carried out us-
ing the Perdew—Burke—Ernzerhof (PBE) functional [50]
within the VASP software package [51]. The PAW
pseudopotential is employed, with a plane-wave cutoff
energy of 520 eV. A T'-centered k-point mesh of 2x6x 2
is used, and the energy and force convergence criteria of
geometry optimization are set to 1076 eV and
0.01eV/A,
donor—acceptor heterostructure, we select ZnPc—FgZn-

respectively. Based on the obtained
Pc aggregate consisting of four ZnPc molecules and four
ZnPc molecules as the model system. Tamm-—Dancoff
approximation (TDA) of TDDFT are performed to cal-
culate the adiabatic states of the octamer using the
range-separated functional CAM-B3LYP [52] and def2-
SVP [53] basis set, and in combination with the SMD
solvent model (the dielectric constant is set to 5.0 to
simulate the surrounding crystal environment). The vi-
brational frequencies and relative energy gradients of
ZnPc and FgZnPc monomers are calculated at BSLYP
[54]/def2-SVP level of theory. All quantum chemical
calculations of monomers and octamer are performed
using the Gaussian 16 software package [55].

The diabatic states and their electronic couplings are
calculated based on the adiabatic states using our in-
house FPHD code. And the electron and hole distribu-
tions of diabatic states are generated and visualized by
Multiwin 3.8 [56] and VMD 1.9.3 [57] software. The vi-
brational-resolved absorption spectra and exciton dy-
namics of the ZnPc—FgZnPc system are simulated us-
ing our implementation of NMSSE, where all vibra-
tional modes are included. Generally, the temperature is
set at 300 K, the adopted time step is 0.4 fs. The wave-
functions of all trajectories remain normalized during
the simulation to ensure the correct convergence of the
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dynamics.

I1l. RESULTS AND DISCUSSION

A. Diabatic states and their couplings

The ZnPc—FgZnPc aggregate with an edge-on stack-
ing configuration, which consists of four ZnPc molecules
(D1-D4) and four FgZnPc molecules (A1-A4), is illus-
trated in FIG. 1. The diabatic states and their cou-
plings obtained by FPHD diabatization scheme for Zn-
Pc-FgZnPc aggregate are visualized in FIGs. 2, 3, and
4. FIG. 2 presents the exciton energy transfer process
within the ZnPc, FgZnPc system and at the
ZmPc-FsZnPc interface as well as the energies of the in-
dividual LE states. As can be seen from the figure, the
LE energies of ZnPc molecules at the center and bound-
ary positions are 2.07 eV and 2.04 eV, respectively, and
LE energies of FgZnPc molecules at the center and
boundary positions are 2.09 eV and 2.06 eV, respective-
ly. The LE state energies of ZnPc—FgZnPc molecules are
dependent on their position, with the energies of the
edge molecules being slightly lower than those at the
center, by approximately 0.03 eV. Additionally, the LE
state energy of ZnPc is slightly lower than that of FgZn-
Pc, by about 0.02 eV. In both the ZnPc and FgZnPc
systems, the exciton coupling values for the nearest
neighbors, next-nearest neighbors, and third-nearest
neighbors are on similar orders of magnitude, being ap-
proximately 100 meV, 17 meV, 5 meV, and 100 meV,
14 meV, 4 meV, respectively. This demonstrates that
the LE state energies of ZnPc and FgZnPc molecules are
similar, and that there are analogous energy transfer
processes within the molecules. The above results con-
firm that the substitution of fluorine atoms has little
impact on the excited state properties of the ZnPc ag-
gregate. It is noteworthy that the nearest excitonic cou-
pling value (14 meV) between ZnPc and FgZnPc
molecules at the interface is reduced compared to the
excitonic coupling values within the individual ZnPc

© 2025 Chinese Physical Society
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FIG. 2 The LE-LE coupling values and the energies of LE states in ZnPc—FgZnPc calculated via FPHD. The blue, green,
and black arrows represent the energy transfer processes within ZnPc, FgZnPc molecules, and at the ZnPc-FgZnPc inter-
face, respectively. The excitonic couplings between the two LE states are shown in the same colors next to the arrows. The
blue and red isosurfaces with an isovalue of 0.0005 a.u. present the hole and electron density distributions, respectively.
The excited monomer in the aggregate is denoted by the superscript ‘*’.

and FgZnPc systems. Compared to the face-on configu-
ration, the spatial arrangement and orientation at the
interface results in smaller coupling values because the
distance between the transition dipoles on donor and
acceptor at the interface are larger when molecules are
stacked in an edge-on orientation. This indicates that
after molecular excitation, energy tends to be trans-
ferred to neighboring molecules of the same type.

FIG. 3 represents the processes of hole and electron
transfer within ZnPc and FgZnPc molecules as well as
at the D—A interface. Note that the LE states have the
highest energy, intramolecular CT states have lower en-
ergy, and interfacial CT states have the lowest energy.
Both the intramolecular CT states and interfacial CT
states have lower energies than the LE states. The
molecules tend to transform from high-energy LE states
to low-energy CT states after excitation. In addition, in
ZnPc and FgZnPc molecules, the electron transfer inte-
grals (about 0.1 €V) are much larger than the hole
transfer integrals (about 0.01 eV). This indicates that
within these molecules, the LE states tend to dissociate
mainly through electron transfer. Since the energies of
the LE states and the intramolecular charge transfer
states are very close and there is a large coupling value
between them, the LE states and the charge transfer
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states are easily mixed and show the characteristics of
the mixed state. This has been verified in the subse-
quent spectral simulations. Since the coupling values of
the LE and intramolecular CT states are much larger
than those of the interfacial CT states, it indicates that
the excitons tend to dissociate within the molecule first
to form intramolecular CT states. Meanwhile, the low-
est energy of CS state within the pure molecules we cal-
culate is 2.41 eV, which indicates that the intramolecu-
lar CT states have difficulty transforming into the high-
energy intramolecular CS states, they will gradually
evolve into the interfacial CT states.

After the formation of the interfacial CT state, elec-
trons are transferred to the acceptor FgZnPc, while
holes are transferred to the donor ZnPc. To investigate
the subsequent transfer processes of electrons and holes
within the acceptor and donor, we consider two cases.
In the first case, we analyze the electron transfer within
the acceptor FgZnPc with the hole being localized on
D2 molecule; while in the second case, the hole transfer
within the donor ZnPc is studied with electron being
fixed on the A3 molecule. The results related to the
electron transfer pathway within the acceptor are
shown in the upper part of FIG. 4. The coupling value
between adjacent electron transfer states in FgZnPc is

© 2025 Chinese Physical Society
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FIG. 3 The process of exciton dissociation, hole and electron transfer in the ZnPc-FgZnPc system. The blue arrows corre-
spond to hole transfer and the red arrows to electron transfer. The numbers next to the arrows are the values of the cou-
pling between the two states. Superscript ‘*’ denotes the excited state and the superscript ‘-’ and ‘+’ denote the charged
states. For example, D2* indicates that the second donor molecule ZnPc is in excited state, D2~ D31 indicates that the D2

molecule is in the anionic state and the D3 molecule is in

the cationic state.
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approximately 100 meV, while the coupling value for
next-nearest neighbors is 7 meV. The larger coupling
value allows electrons to jump easily between the adja-
cent FgZnPc molecule, thus achieving efficient electron
transport within the FgZnPc molecular chain. The re-
sults of hole transfer pathway within the donor are visu-
alized in the lower part of FIG. 4. The coupling value

between adjacent hole transfer processes in ZnPc is
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0.001 eV

FIG. 4 The electron transfer process within FgZnPc (upper) and the hole transfer process within ZnPc (lower), respective-

about 15 meV. However, an unexpectedly larger value
appears for the next-nearest neighbor hole transfer inte-
gral (the coupling value between D4TA3~ and
D2%TA3~ is 16 meV). The same trend occurs when the
electron is localized on other acceptor molecules while
holes are transferred within donor molecules. We specu-
late that this unusual behavior is due to the Coulomb
interaction between electron and hole. As the hole is
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farther away from the electron, the Coulomb attraction
becomes weaker so that it is easier for the hole to jump
away from the electron. This phenomenon does not oc-
cur for electron transfer in the acceptor, and we specu-
late that it is due to the large coupling value between
neighboring electron transfer processes and the fact that
the Coulomb force is not dominant in this case.

B. Absorption spectra of ZnPc-FgZnPc aggregates

The pure-electronic absorption spectra and vibra-
tionally resolved absorption spectra of the ZnPc—FgZn-
Pc octamer are plotted in FIG. 5. The pure-electronic
spectra are obtained from the TDA calculation using a
Gaussian broadening function with a half width at half
maximum (HWHM) of 0.07 eV. To better match the ex-
perimental result [16], all calculated spectra are red-
shifted by 0.2 eV. In addition, we have normalized the
peak intensities of all calculated spectra for a direct
comparison of the spectral shapes and the positions. Af-
ter the shift, the first and second peaks of the theoreti-
cally simulated vibrationally resolved absorption spec-
tra are 1.53 eV and 1.74 eV, respectively, with a peak
interval of 0.2 eV. The experimental values are 1.53 eV
and 1.73 eV. The theoretical simulation results are high-
ly consistent with the experimental data [16]. The
above results show that the model Hamiltonian we con-
struct is reasonable and can be used for subsequent dy-
namics simulations.

As can be seen from the FIG. 5, the intensity of the
high-energy absorption peak is always higher than that
of the low-energy absorption peak. To further analyze
the nature of the electronic states that play an impor-
tant role in the spectral features, we have calculated the
proportions of the LE states and CT states in the adia-
batic excited states in different energy regions, as shown
in Table I. We find that the characteristic absorption
peaks in both the low-energy and high-energy regions
are contributed by the mixing of LE and CT states. The
low-energy excited states (S1, Sg) with smaller oscilla-
tor strengths are mainly contributed by the interfacial
CT states. The intermediate excited states (Sig, S32)
with larger oscillator strengths are mainly contributed
by the LE states and CT states within the ZnPc
molecules. The high-energy excited states (Sgg, Se7)
with the largest oscillator strengths are jointly con-
tributed by the LE states and CT states within both
ZnPc and FgZnPc molecules.
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FIG. 5 Theoretically simulated UV-visible absorption
spectra (black line) and vibrationally resolved absorption
spectra (green line) of the ZnPc-FgZnPc octamer. The
gray vertical lines represent the oscillator strengths of adi-
abatic states.

TABLE I The components of LE and CT states in the
low-lying adiabatic excited states with excitation energy F
(in eV) for 4D—4A systems.

Adiabatic state ZnPc FgZnPc Interfacial
(E) LE CT LE CT cT
S1(1.70) 0.001 0.001 0.000 0.000 0.998
Sg (1.76) 0.001 0.003 0.021 0.038 0.937

S1s(1.93) 0340 0.633 0.002 0004  0.021
S32(2.00) 0203 0786 0.003 0.007  0.001
Se6 (2.31) 0574 0117 0.146 0.160  0.002
Se7 (2.36)  0.212 0.032 0533 0214  0.009

C. Photo-induced dynamics processes in the aggregates

Next, we will use the NMSSE method to further in-
vestigate the photo-induced exciton dynamics in
ZnPc—FgZnPc aggregates. The discussion focuses on the
factors that affect the charge separation mechanism in
this aggregate system. In the dynamics simulation, the
70 electronic states with the lowest energies in the oc-
tamer are selected. Meanwhile, each ZnPc and FgZnPc
molecule contains 165 localized vibrational modes, and
the dynamics process includes all vibrational modes of
the eight molecules, which amounts to a total of 1320
vibrational modes. The relative energy between the LE
states and CT states remains constant, the simulation
results will be consistent regardless of whether the ener-
gy data have been shifted. Therefore, in dynamics simu-
lations, we utilize the original energy data without
shifting.

1. Photo-physics processes with different initial states

Firstly, we explore the impact of the initial excita-
tion energy on the dynamics of the ZnPc-FgZnPc ag-
gregate. We select three different energy windows of
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FIG. 6 (a) Time evolution of the average electronic energy under three different initial states (S1—S31, S32—Ses, and
S66—S70). Time evolution of the energy-resolved distribution of diabatic states under three different initial excited states (b)

S1-S31, (¢) S32-Ses, and (d) See—S70.

adiabatic states as the initial conditions for dynamical
evolution, which include S1—S3; (1.70-1.98 V), S32-S¢5
(2.00-2.30 €V), and Sge—S70 (2.31-2.43 eV). The weights
(percentages) of the adiabatic states in a given energy
window are determined by the relative magnitude of
their oscillator strengths.

The evolution of the average energy expectation and
the diabatic state population of ZnPc-FsZnPc aggre-
gate under three different initial conditions are shown
in FIG. 6. The average electronic energy of the aggre-
gate is calculated using the formula
E(t) = Tr{Hypa(t)}, where pg(t) is the reduced densi-
ty matrix in the electronic degree of freedom. From
FIG. 6(a), it can be seen that under the three different
initial conditions, the system rapidly relaxes from the
high-energy initial states to lower energy states with
different rates during 100 fs. After 100 fs, the vibronic
coupling between the electronic states and the molecu-
lar vibrations maintains the system in quasi-stationary
states. The average energy of the low-energy initial
states S1—S31 being approximately 1.78 eV, while the
average energies of S30-Sg; and Sgg—S79 are about
1.81 eV. In our previous study, the face-on stacked Zn-
Pc-FgZnPc system had a similar average energy dy-
namics evolution process [33].
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The energy-resolved population of diabatic states is
determined by the following expression

_(BE-Ep)?

1 (E—En)”
Z Prm(t)e 207
n

oV2r

P(E,t) =

where E,, and pyn(t) represent the energy and popula-
tion of the diabatic state n. The population evolution of
diabatic states under the initial conditions S;—Ss31,
S32-Se5, and Sge—S7o are plotted in FIG. 6 (b), (c), and
(d) respectively, in which the blue color indicates a low
occupancy, while red color represents the high occupan-
cy. From FIG. 6(b), it can be seen that the system
mainly occupies high-energy diabatic states initially.
After 250 fs, the high-energy states almost disappear,
evolving into low-energy CT states. FIG. 6 (c¢) and (d)
indicate that the population of high-energy diabatic
states will gradually decrease but will not completely
disappear throughout the entire dynamics process un-
der these high-energy initial condition. The above anal-
ysis shows that, in the dynamics evolution under three
different initial conditions, the excitons all tend to
transform from high-energy LE states to low-energy CT
states. This conclusion is consistent with our previous
dynamics results on face-on stacked ZnPc-FgZnPc
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polymers.

FIG. 6 only presents the time evolution of energy dis-
tribution of the ZnPc—FgZnPc system. To see the pro-
cess of exciton dissociation, we plot the population evo-
lution of LE states, the intramolecular CT states, and
the interfacial CT states in FIG. 7 under different ini-
tial conditions. From FIG. 7 (a) and (b), it is evident
that the population of the interfacial CT states (CT-In-
ter) begins to increase significantly after approximately
50 fs. In contrast, the increase in the interfacial CT
states population shown in FIG. 7(c) starts slightly lat-
er at around 100 fs. This is because the initial popula-
tions of the diabatic states are different for the three ini-
tial states. In initial conditions S1—S3; and S32—Sgs5, the
initial population of the intramolecular CT states (CT-
Intra) is greater than that of LE states. Compared to
the exciton dissociation into interfacial CT states, the
electron/hole of intramolecular CT states jump to form
interfacial CT states more rapidly. Because of the
strong coupling and quantum coherence between the
LE state and the intramolecular CT state, the LE states
delocalized on the molecules will first dissociate simul-
taneously into intramolecular CT states. This leads to
the generation of intramolecular CT states is more
rapidly than interfacial CT states at the beginning. Ad-
ditionally, the population dynamics in FIG. 7 show an
oscillatory pattern with a period of approximately 22 fs.
Our simulations show that there are large recombina-
tion energies with respect to the stretching vibrations in
the C—C and C-N bonds. This shows that the popula-
tion oscillations are due to the vibronic coupling be-
tween the electronic states and the molecular vibra-
tions. It is worth noting that the oscillation between the
LE states and the intramolecular CT states is particu-
larly significant in the first 200 fs of the dynamics. This
indicates that the vibronic coupling effect maintains a
certain dynamical equilibrium distribution between the
LE states and the intramolecular CT states, which pre-
vents the direct generation of interfacial CT states. In
all cases, after 350 fs, the populations of the interfacial
CT states show a decreasing trend, while the popula-
tions of LE states and the intramolecular CT states in-
crease. This is because the finite length of the aggre-
gates limits the further outward movement of electron
and hole, and long-time dynamics simulation will lead
to oscillations in the populations of the diabatic states.

Dynamics simulations are also performed without
considering vibration effects (i.e., making the electron-
phonon coupling zero), and relevant results including
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FIG. 7 Under three different initial states (a) S1—S31, (b)
S32-Se5, and (¢) See—S70, the population evolution of the
various quasi-diabatic states including LE, CT-Intra (in-
tramolecular CT states), and CT-Inter (interfacial CT
states).

average energy, energy-resolved population of diabatic
states, and population evolution of diabatic states are
shown in the FIG. S1 of Supplementary materials (SM).
In this case, the evolution of average energy remains un-
changed. The energy-resolved distribution of diabatic
states and the populations of LE and intramolecular CT
states maintain an oscillatory pattern, while the popu-
lation of the interfacial C'T state does not increase.

The above results show that at three different initial
excitation energies, although the dynamic evolution
process is similar (LE and intramolecular CT states
gradually evolve into interfacial CT states). However,
the time scales for the generation of interfacial CT
states are different. The vibronic coupling allows the
system to relax from higher energy states to lower ener-
gy states, maintaining the quasi-stationary states for a
period of time. This allows the LE states to evolve into
intramolecular CT states, but prevents the rapid gener-
ation of interfacial CT states.

To investigate the specific impacts of exciting donor
and acceptor molecules on the dynamics processes, we
consider the cases where only the donor molecules and
only the acceptor molecules are excited, respectively. As
can be seen in FIG. 8(a), after the excitation of ZnPc
molecule, the exciton rapidly dissociates on the ZnPc
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FIG. 8 Population evolution of various LE states and CT
states in the in ZnPc—FgZnPc system under two different
initial states: (a) ZnPc molecular excitation and (b) FgZn-
Pc molecular excitation. CT DD and CT_AA represent
the intramolecular charge separated states of ZnPc and
FgZnPc, respectively. CT DA represents the interfacial
charge separated states.

molecules, causing the increase in CT DD population.
At the same time, this process is accompanied by obvi-
ous energy transfer to the donor FgZnPc molecule,
which is indicated by the increase in the CT DD popu-
lation. The population of CT state is larger than that of
the LE state within the FgZnPc molecules, suggesting a
more efficient electron transfer process (DTD™ —
DTA™) at the D-A interface. When the FgZnPc
molecules are excited, as shown in FIG. 8(b), the ener-
gy transfer from acceptor to donor is inefficient so that
LE_D population remains nearly constant. In contrast,
the exciton will rapidly dissociate on the FgZnPc
molecules which is suggested by the rapid rise in
CT_AA population, followed by hole transfer across the
interface to form interfacial CT states (ATAT —
A~DT). Although excitation of different molecules
leads to distinct dynamics evolutions, the generation
timescales of the interface CT states and the final popu-
lation are similar.

2. Temperature and coherence effects in dynamics processes

To investigate the temperature effect and the coher-
ence effect on the dynamics, we perform NMSSE simu-
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lations at different temperatures and also consider the
case without electron—phonon interaction. The two adi-
abatic states with the largest oscillator strength are
chosen as the initial state. The corresponding coherence
participation ratio (CPR) of the CT states as well as
their population evolution from the dynamics simula-
tions are plotted in FIG. 9 (a) and (b). CPR measures
the degree of coherence [58—60] and is expressed as

2
> l(nilpa(t)ing)]
CPR(t) = —— ) 12
0 PPR(t) > |(nilpa(t)|nj) | "

where the population participation ratio (PPR) is de-
fined as

2
<Z Pop(t))
> Hnlpa(®)n)*

n

PPR(t) = (13)

Here, the index n labels the diabatic state, and
Pop(t) = (n|p|n) represents the diabatic state popula-
tion. In the absence of electron—phonon interaction
(marked as ‘No-e-ph’), the CPR remains oscillatory, in-
dicating that a certain degree of quantum coherence
still exists in the system without the influence of
phonons. This oscillation (coherence) is due to the elec-
tronic coupling between the inherent CT states at the
initial time. When electron—phonon coupling is includ-
ed, the CPR rapidly decreases from a high initial value
(around 18) to a lower value (around 6), which is due to
the loss
electron—phonon interaction. There is little difference in
the CPR evolution between 200 K and 300 K, indicat-
ing that the low temperature has less effect on the CPR.

of quantum coherence caused by the

This is because the thermal rise and fall of the system is
smaller at low temperatures, allowing quantum coher-
ence to be better preserved. In contrast, the CPR slight-
ly increases (between 270-320 fs) at 300 K, which may
be due to the increasing number of phonons at high
temperatures. The stronger electron—phonon interac-
tion promotes the generation of interfacial CT states,
and the rapid transition between diabatic states leads
to the increase of quantum coherence.

FIG. 9(b) shows the population evolution of interfa-
cial CT states at different temperatures, while the pop-
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FIG. 9 (a) The coherence participation ratio of CT states at different temperatures and without electron—phonon interac-
tion. (b) The population evolution of interfacial CT states. (c¢) The population evolution of diabatic states at different ag-
gregate lengths. LE D and LE A represent the locally excited states of ZnPc and FgZnPc, respectively. The dashed lines
and solid lines represent the 4D4A and 1D1A aggregates, respectively. The simulated 1D1A system is placed in aggregated

environment.

ulation evolution of all diabatic states is shown in FIG.
S2 of SM. It can be seen that in the absence of vibronic
coupling effect, there is almost no additional generation
of interfacial CT states (the green line is almost invisi-
ble in the figure). At first, the main process is the disso-
ciation of excitons to form intramolecular CT states,
and only a small amount of interfacial CT states are
generated by exciton dissociation at any temperature.
Then, the generation of interfacial CT states is con-
tributed by intramolecular CT states. As time evolves,
the quantum coherence between CT states decreases,
allowing intramolecular CT states to rapidly evolve in-
to interfacial CT states. In the late stage of the dynam-
ics, the population of interfacial CT states shows an ex-
ponential growth trend, so we speculate that the trans-
port of electrons or holes at this time is a hopping pro-
cess. In order to determine the formation rate of the in-
terfacial CT states, we adopt the function y = yg+

L=t . . .
Aexp T to fit the population evolution curves

at different temperatures, where 7 is the time constant,
and K = 71 is the rate constant. The fitted values of
K at temperature of 200, 300, and 400 K are 2.9x 1013,
3.0x10'3, and 3.5x10'3 s~ respectively (more de-
tailed results of fitting can be found in the Table S1 of
SM). The results show that with the increase of temper-
ature, the population of the interfacial CT states in-
crease faster and finally reaches a higher population val-
ue.

In FIG. 9(c), we simulate evolution of the popula-
tion with different aggregate lengths. The 1D1A aggre-
gate (one donor molecule and one acceptor molecule)
corresponds to the D2 and A2 fragments in the 4D4A
aggregate, and the electronic structure parameters of
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1D1A are also the same as those of the D2 and A2 frag-
ments. In 1D1A system, the electronically excited donor
molecule is set as the initial condition, while in 4D4A
aggregate, only D2 molecule is initially excited. It can
be seen that the 1D1A aggregate exhibits significant en-
ergy exchange and rapidly forms CT states at the very
beginning. The population of interfacial CT states in
the 1D1A aggregate increases more quickly than that in
the 4D4A aggregate, which is due to the fact that exci-
tons in the 4D4A aggregate initially dissociate into in-
tramolecular CT states. In addition, the population
changes in the 1D1A aggregate are more dramatic,
which may indicate that the conversion between LE
and CT states is more likely to occur in shorter aggre-
gates due to higher quantum coherence.

IV. CONCLUSION AND OUTLOOK

In this paper, we have simulated the excited-state
properties, vibrationally resolved absorption spectra,
of the stacked
ZnPc-FgZnPc octamer using first-principles calcula-

and exciton dynamics edge-on
tions. The theoretically simulated absorption spectrum
of the aggregate is in good agreement with the experi-
mental data, validating the rationality of the construct-
ed Hamiltonian. Using the non-Markovian stochastic
Schrédinger equation, we simulate the ultrafast dynam-
ics of the aggregate and explore the effects of several
contentious factors on the dynamics process. The re-
sults show that the time scales for generating interfa-
cial CT states with different initial excitation energies
are slightly different. Low-energy initial excited states
can generate interfacial CT states more quickly. The vi-
bronic coupling effect causes the system to relax rapid-
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ly from a high-energy excited state to a low-energy ex-
cited state and maintains quasi-stationary states for a
period of time. The formation of quasi-stationary state
allows the intramolecular LE states and CT states to
maintain a steady-state oscillation for a period of time,
hindering the direct generation of interfacial CT states.
Compared with the dissociation of excitons into interfa-
cial CT states, there is a faster rate of electrons/holes in
intramolecular CT states jump to form interfacial CT
states. Quantum coherence interactions cause a rapid
oscillatory phenomenon in the populations of diabatic
states within the 1D1A aggregate. We also simulate the
effect of temperature on the generation rate of interfa-
cial CT states. The results show that high temperature
can promote the generation of interfacial CT states.
The thermal effect allow for longer and faster hopping
processes in aggregates. Through the dynamics simula-
tion of the ZnPc-FgZnPc aggregate, we elucidate sever-
al factors affecting exciton dissociation, which provides
important theoretical support for the design and opti-
mization of high-performance organic photovoltaic de-
vices.

Supplementary materials: The energy, population, and
fitted parameter values, and the atomic coordinates of
the ZnPc-FgZnPc octamer.
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