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ABSTRACT: Energy transfer processes among units of light-harvesting homo-  2ze , : (
oligomers impact the efficiency of these materials as components in organic
optoelectronic devices such as solar cells. Perylene diimide (PDI), a prototypical ) '
dye, features exceptional light absorption and highly tunable optical and p ;

electronic properties. These properties can be modulated by varying the number %22
of PDI units and linkers between them. Herein, atomistic nonadiabatic excited
state molecular dynamics is used to explore the energy transfer during the '
internal conversion of acetylene and diacetylene bridged dimeric and trimeric

PDIs. Our simulations reveal a significant impact of the bridge type on the : :
transient exciton localization/delocalization between units of PDI dimers. After . "
electronic relaxation, larger exciton delocalization occurs in the PDI dimer ' -

connected by the diacetylene bridge with respect to the one connected by the 20 § =
shorter acetylene bridge. These changes can be rationalized by the Frenkel
exciton model. We outline a technique for deriving parameters for this model using inputs provided by nonadiabatic dynamics
simulations. Frenkel exciton description reveals an interplay between the relative strengths of the diagonal and off-diagonal disorders.
Moreover, atomistic simulations and the Frenkel exciton model of the PDI trimer systems corroborate in detail the localization
properties of the exciton on the molecular units during the internal conversion to the lowest-energy excited state when the units
become effectively decoupled. Overall, atomistic nonadiabatic simulations in combination with the Frenkel exciton model can serve
as a predictive framework for analyzing and predicting desired exciton traps in PDI-based oligomers designed for organic electronics
and photonic devices.

1. INTRODUCTION insights into the exciton formation and decay dynamics,
revealing that initial photoinduced delocalized excitons
experience ultrafast exciton decay within hundreds of femto-
seconds into spatially confined trap sites.””> Moreover, PDI
oligomers have been intensely studied, as the different
association motifs and morphologies influence the optical
and electronic properties.”*® Experimental and theoretical
studies performed on PDI-based materials and oligomers have
also analyzed how structural geometry relaxation and flexibility
at ambient temperatures counteract initial exciton delocaliza-
i Spectroscopic properties of PDI-based materials can
be modulated by introducing different substitution patterns or

The efficiency of energy transfer among units of light-
harvesting systems is a major factor defining their application
in organic optoelectronic devices. In these materials, the
electronic density localization is concomitant to the exciton
displacement by funneling the initial excess of electronic
energy deposited upon photoabsorption, replicating the
fundamental physical mechanisms that play in natural light-
harvesting complexes." Moreover, these processes often
depend on the specific covalent molecular linker that binds ,
the chromophore units together.” tion.

Perylene diimide (PDI)-based oligomers feature highly
efficient Iiéghlt1 absorption and tunable optical and electronic

properties’” "' resulting in their applications'” as materials for Received:  April 12, 2024
organic light emitting devices, organic field effect transistors, Revised:  June 28, 2024
and organic solar cells, building blocks for functional Accepted: July 1, 2024
supramolecular architectures, and nonfullerene materials Published: July 10, 2024
among others."*~** Studies of excited state dynamics of PDI-

related organic compounds in thin films provide important
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Figure 1. Chemical structures and superposition of snapshots obtained from exploration of the conformational space during ground-state molecular
simulations of PEP, PBP, and PEPEP at 300 K. The corresponding spatial distribution of electronic transition densities of S, S,, and S; (only for
the trimer), calculated for the ground-state energy minimum, is also shown.

using different linkers connecting PDI units.’”*™** Effects of
conformational disorder, solvation, energy, and charge-transfer
excitations on absorption spectrum and photoinduced
dynamics of PDI monomers and dimers have been previously
explorgissusing a linear vibronic coupling (LVC) Hamilto-

In previous works, we studied the effect of stacking in the
electronic and vibrational relaxation of PDI monomers,>®
dimers,”” and trimers*® by means of nonadiabatic excited state
molecular dynamics using the NEXMD software package.””*’
Our studies revealed an acceleration of the nonradiative
relaxation with the number of stacked PDI units due to a
combination of decreasing the energy gaps between electronic
excited states and the activation of a positive feedback
mechanism involving a common set of vibrational normal
modes that accelerate the process by increasing the efficiency
of vibronic dynamics. The two mechanisms create a synergistic
effect that eliminate transient accumulation of electronic
populations in intermediate electronic excited states.

These modeled systems tend to form stack-like config-
urations. Other topological configurations have been inves-
tigated as well. For example, previous experimental
works?%*"*> explored optical properties and excited state
dynamics of ethynylene (i.e., acetylene-)- and butadiynylene
(i.e, diacetylene-)-bridged dimeric (named PEP and PBP,
respectively) and trimeric (PEPEP) PDIs (see Figure 1) by
using ultrafast transient absorption, two-dimensional electronic
spectroscopy (2DES), and single-molecule spectroscopy.
These probes inspected the interplay between electronic
coherences and energy equilibration, indicating that radiation-
less transitions that take place in the initial strong electronic
coupling regime within the excitonic manifold after photo-
excitation occur at very early times (<SO fs), precluding the
persistence of long-lived coherences. Herein, we explore in
detail the intramolecular energy transfer during the internal
conversion of PEP, PBP, and PEPEP using NEXMD
simulations, emphasizing changes in the spatial localization/
delocalization of the electronic transition densities. We parallel
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atomistic simulations with the analysis of the emerging
electronic structure using an intuitive Frenkel exciton
model** ™" framework that relies on the inputs provided by
NEXMD simulations.

2. RESULTS AND DISCUSSION

The photodynamics of PEP, PBP dimers, and PEPEP trimer of
PDI, shown in Figure 1, have been simulated. Figure 1 also
shows the superposition of snapshots obtained from
exploration of the conformational space sampled during
ground-state molecular simulations, which are used as initial
structures for the subsequent NEXMD simulations. Thermal
fluctuations present oscillations around one major cisoid
isomer, consistent with previous theoretical and experimental
studies."' The corresponding spatial distribution of electronic
transition densities of S; and S, (and also S; for the trimer),
calculated for the ground-state energy minimum, is also shown.
We can notice the antisymmetric and symmetric characters S,
and S, for PEP and PBP dimers as an inversion of the
transition density phase in one of the monomers, which is in
accordance with the Frenkel exciton model (see eq S in the
Section 4). Also, there are no contributions from the middle
monomer to S, in the trimer (see eq 12 in Section 4).

For each system, the simulated absorption spectra, showing
the individual contributions of selected excited states, are
shown in Figure 2(a). In good agreement with previous
experimental works,”***""** the absorption spectrum of the
PDI dimers is a superposition of S, and S, state absorptions,
which are antisymmetric and symmetric superpositions of the
monomer excitations for perfectly symmetric configurations.
Thermal fluctuations, however, might break this symmetry,
localizing the exciton in one of the monomers. The calculated
fwhm of the corresponding associated absorption bands of S,
and S, states is ~0.16 eV either for PEP or PBP, indicating
equivalent strengths of the thermal fluctuations for both
dimers. Further analysis of the flexibility between both dimers
can be performed by analyzing variations of the dihedral angle
connecting the PDI units during the excited state molecular
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Figure 2. (a) Simulated absorption spectra showing the individual
contributions of selected excited states; (b) evolution of average
populations of excited states with time for the simulation of the
trajectory ensembles.

dynamics simulations. Supporting Figure S1 shows the
evolution of these dihedral angles for PEP, PBP, and PEPEP.
Values of 44 + 10 and 55 + 17° are obtained for PEP and PBP,
respectively, indicating that PBP exhibits slightly more flexible
torsional motions between PDI units with respect to PEP, as
expected due to the larger bridge (and thus less steric
hindrance) connecting both PDI units. As we point out later,
the smaller average dihedral angle of PEP with respect to PBP
contributes to a further delocalization of its wave function
between both PDI units. This agrees with the fluorescence
dynamics monitored by single-molecule fluorescence spectros-
copy,” which reveals fluctuations in the fluorescence signal of
PBP caused by conformational changes of the molecule due to
the enhanced flexibility endowed by the longer butadiynylene
linker. Moreover, the smaller average dihedral angle of PEP
contributes to the delocalization of its wave function between
both PDI units. Besides, larger energy gaps between absorption
bands associated with S; and S, states are observed for PEP
with respect to PBP, ie, AE,_, = 0.206 and 0.168 €V,
respectively. Larger electronic coupling leads to the larger
AE,_,, and the resultant S; and S, electronic states become
closer to the perfect symmetric and antisymmetric combina-
tions, being effectively more electronically delocalized, as
shown in Figure 1. Our calculation of the corresponding
natural transition orbitals for the different excited states, as
shown in Supporting Figure SS, indicates the absence of
charge-transfer character in these states. As we describe later,
further competition between electronic coupling and thermal
fluctuations will affect the exciton delocalization. Finally, in
agreement with experimental steady-state absorption spectra,
the S, bands for PEP and PEPEP are equivalent, while it is
slightly red-shifted for PBP.

The evolutions of electronic state populations obtained from
the NEXMD simulations of PEP, PBP, and PEPEP are shown
in Figure 2(b). According to the contributions to the
absorption band at the initial laser photoexcitation wavelength,
the distribution of initially excited states was S; (11%) and S,
(89%) for PBP, S, (3%) and S, (97%) for PEP, and S,(6%), S,
(41%), and S; (53%) for PBP, and S; (3%) and S, (97%) for
PEP with no contributions from higher energy states. In
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previous works, we have reported that an increase in the
number of stacked PDI units noticeably accelerates energy
decay.”® In that case, excitations were performed to the upper
energy band (~406 nm), and the increase of the population in
the lowest-energy S, state was modulated by the slow
relaxation from higher-energy electronic states, ie., slow
energy relaxation of S; and S, for the PDI dimer and trimer,
respectively. Herein, excitations are performed at the lower
energy band (~480 nm), so the upper energy band is not
initially populated. Therefore, here, we focus on the S, — §,
and S,/; = S, internal conversion processes for PDI dimers
and trimers, respectively, where significantly faster relaxation
times are observed. In our computational studies, higher-
energy electronic states are not initially populated. Even
though up to 10 electronic states are explicitly included in
simulations, high energy states do not participate in the
nonadiabatic relaxation processes. Moreover, as it has been
pointed out in previous experimental works,*" the ultrafast
internal conversion process cannot be explained by coupling to
a solvent spectral density. The large number of internal
vibrational degrees of freedom in combination with the time
scale of the internal conversion processes observed and the
degree of exciton delocalization induces a vibrational
redistribution that makes the molecule to actually act as its
own bath. At this point, it is important to stress that, according
to Frenkel exciton model, an ideal trimeric system could also
be arranged such that the couplings between all monomers are
the same (V =V, = V, eqs 11 and 12 in the Section 4), so S;
and S, states would degenerate. This is not the case in our
study, where the trimer is arranged in such a way that the
coupling between the two further away monomers is smaller
than the coupling between the adjacent ones. So, herein, we
are analyzing relaxation through the gap mediated by
electronic coupling between monomers.

PEP relaxes slower than PBP and PEPEP, indicating that a
larger bridge connecting PDI units and/or an increase of units
(as in the PEPEP case) accelerates the internal conversion
process. Actually, the initial nonadiabatic coupling terms
(NACT) between S; and S, states are larger in PBP and
PEPEP with respect to PEP (see Supporting Figure S2). In
agreement with experimental results,” the ultrafast internal
conversion processes are 2 orders of magnitude faster than
bath-mediated processes, indicating that the intramolecular
degrees of freedom dominate this process, and the solvent
effect can be neglected.

The exciton spatial localization on each PDI unit can be
evaluated using the fraction of transition density, &5, localized
on each of them (eq 1 in the Section 4). Figure 3(a) shows the
distribution density of J; at initial #, and final ¢4 times of
NEXMD simulations. We can observe that, initially, excitations
for both PEP and PBP dimers are significantly delocalized
between the individual PDI units, with PEP being more
delocalized than PBP. That is, both dimers present significant
probabilities of 85 ~ 0.5, indicating that the exciton is
delocalized between both PDI units. This is in agreement with
the substantial electronic coupling between PDI units
predicted by the exciton splitting reported in the exper-
imental*' and simulated absorption spectra (Figure 2(a)) and
initial nonadiabatic couplings between S, and S, states
(Supporting Figure S2). Furthermore, the strong nonadiabatic
coupling regime is responsible for the ultrafast internal
conversion process that takes place after photoexcitation and
the experimentally reported absence of persistence of long-
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Figure 3. (a) Fraction of transition density, 5%, localized on each PDI
unit collected at initial (%)) and final (f,,4) times during excited state
dynamics; (b) time evolution of the average over all trajectories of
participation number PN(%).

lived coherences between S; and S, states observed in two-
dimensional electronic spectroscopy.”’ The excited state
dynamics localize the exciton in one PDI unit of PBP, revealed
as high peaks at 85 ~ 0 and 1 with a low contribution of J; ~
0.5 at t,,4. In contrast, the exciton remains delocalized in PEP.

The extent of the exciton (de)localization within the PDI
dimers can be monitored by the monomer participation
number PN(t), which varies between 1 and 2 (eq 2 in the
Section 4). Figure 3(b) shows the time evolution of the
average PN(t) during excited state dynamics of PEP and PBP.
We observe that the excited state dynamics spatially localize
the exciton in one monomer of PBP, while this is not the case
for PEP. In both cases, an ultrafast transient localization at
~100 fs takes place. This can be explained by the effect of a
transient increase of the relative strength of thermal
fluctuations due to the initial excess of kinetic energy
transferred to vibrational degrees of freedom coupled to the
electronic system immediately after photoexcitation. With
subsequent equilibration in the vibrational system, an
excitation in PEP becomes slightly more delocalized, matching
an initial point of the dynamics. In contrast, PBP excitation
remains more localized in the subsequent dynamics. According
to the stabilized asymptotic values of PN(t) at the final times
of our simulations, further changes in the extent of the exciton
(de)localization within the PDI dimers are not expected.

The Frenkel exciton model allows us to intuitively
rationalize an interplay between off-diagonal disorder (V/
fluctuations) between PDI units and their diagonal disorder
(A). The relative values of V modulate the exciton spatial
localization. Following the procedure described in the Section
4, values of V and A have been evaluated from NEXMD
simulations. Figure 4(a,b) shows the average values of A at
initial f, and final f,4 times of NEXMD simulations. We
observe that both PBP and PEP dimers show very similar
values of A. Due to the excess of kinetic energy transferred to
the vibrational system after 500 fs, A values are generally
becoming larger at t.,q with respect to t,. The width of the
distributions increases as well.

Figure 4(c,d) shows the distribution of electronic couplings
V averaged at initial f, and final t,4 times of NEXMD
simulations. As expected, changes in the distributions are
related to the minimal conformational changes during the
excited state dynamics. As it is expected, values of V are around
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Figure 4. (a, b) Probability densities of diagonal disorder A and (c, d)
off-diagonal disorder V at initial £, and final ¢,,4 for PEP and PBP
dimers.

~0.12 eV that correspond to the difference between the peaks
assigned to S; and S, states in the absorption spectra, as shown
in Figure 2(a). The couplings between PDI units are
persistently larger in PEP with respect to PBP. This is also
expected since the length of the bridge in PEP is shorter than
that in PBP. At this point, it is worth pointing out that while
the electronic coupling between PDI units (V) is larger in PEP
with respect to PBP, nonadiabatic coupling terms (NACT)
have the opposite behavior, being larger in PBP than in PEP.
This can be easily explained since, according to the Frenkel

exciton model, for A = 0, V= @, while NACT ,,

calculated during NEXMD simulations, is inversely propor-
tional to the gap, E, — E,.

The degree of exciton delocalization/localization between
PDI units can be calculated according to the Frenkel exciton
model using values of DL (see eq 9 in the Section 4). Figure $
shows the probability density function of DL at initial ¢, and
final t.4 times of NEXMD simulations. In agreement with
Figure 3, both PEP and PBP present high levels of
delocalization at #,. Nevertheless, while PBP becomes more
localized at t,,4, PEP remains delocalized due to its larger off-
diagonal V. That is, a minimalistic Frenkel exciton model
provides a straightforward theoretical model, which is able to
describe exciton localization/delocalization in these systems.
Furthermore, the interplay between the off-diagonal disorder

https://doi.org/10.1021/acs.jctc.4c00486
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and the diagonal disorder A determines the exciton
delocalization between PDI units (see eq 9 in the Section
4), being more delocalized for larger values of V and smaller
values of A.

In the case of the PDI trimer, the distribution of off-diagonal
disorders V; and V, at initial ¢, and final ¢,,4 times of NEXMD
simulations is shown in Figure 6. Here, it is important to notice
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Figure 6. Probability densities of off-diagonal disorders V; and V, at
(a) initial t, and (b) final t, 4 for PDI trimer.

that V| represents the electronic couplings between adjacent
PDI units, which is in general different for each pair due to the
presence of the thermal fluctuation-induced off-diagonal
disorder. These values are obtained as described in the Section
4. As it is expected, significantly larger values of V| with respect
to V, are observed, indicating that the couplings between
nearest PDI units (V;) are larger than the coupling between
next-to-nearest units (V,), and the neglect of these latter can
be considered within a good approximation level. At this point,
it is important to notice that these values of coupling are
consistent with those obtained in experimental measurements
for PDI oligomers>>>* and belong to the weak-to-intermediate
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coupling regime, allowing the interplay with thermal
fluctuations to localize the exciton.

The energy redistribution across the PDI trimer can be
monitored by evaluating the evolution of the fraction of
transition density, Jy, localized in the middle PDI unit and in
the two outermost units together. Figure 7 shows an effective
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Figure 7. Time evolution of the average over all trajectories of the
fraction of transition density, &%, localized in the middle PDI unit and
in the outer ones.

outer — middle exciton redistribution. The final localization in
the middle unit is in agreement with the Frenkel exciton model
for the minimum energy configuration (see the Section 4), for
which the wave function for the S; state is more localized in
the middle unit than in the outer ones. Once the system has
relaxed to the lowest-energy excited state (S;) and the units
become decoupled, we can consider V, ~ 0. The final values of
6% ~ 0.7 in the middle PDI unit and ~0.3 in the outer PDI
units can be further analyzed in Figure S3, where we can
observe that actually most of the trajectories finish with 70% of
their transition density localized in the middle unit and 30% in
the outer unit. The analysis of energy transfers through the
different pathways can be performed using the transition
density flux method®>>> (see Supporting Information Tran-
sition Density Flux Analysis Section). Supporting Figure S4
shows that there is a negligible outer — outer density flux, i.e.,
direct through-space energy transfer between the two outer
PDI units bypassing the middle one is essentially suppressed.

3. CONCLUSIONS

The intramolecular energy redistribution after photoexcitation
of PEP and PBP dimers and PEPEP trimer of PDI has been
analyzed using atomistic nonadiabatic excited state molecular
dynamics (NEXMD) simulations combined with the Frenkel
exciton model. The initial strong coupling regime, which
accounts for the experimentally observed inhibition of long-
lived coherences, is confirmed in our simulations by the high
degree of initial exciton delocalization observed in both dimers.
Besides, the analysis of the exciton spatial delocalization/
localization reveals a significant impact of the different types of
bridge between PEP and PBP dimers, which modulates the
resulting electronic couplings.

As a result, the interplay between the relative strengths of
the thermal fluctuations and couplings is responsible for this
delocalization/localization difference. The Frenkel exciton
model, incorporating information provided by dynamical
NEXMD simulations, shows a larger off-diagonal disorder in
PEP compared to PBP.
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NEXMD simulations and the Frenkel exciton model of the
PDI trimer agree in the final localization of the exciton on the
middle monomer, once the system has relaxed to the lowest-
energy excited state (S1). The PDI trimer experiences an
efficient outer-to-middle energy transfer between PDI units
with a negligible through-space transfer between the outer
units.

Atomistic NEXMD simulations produce detailed informa-
tion on nonradiative relaxation and energy transfer processes.
In this contribution, we have exemplified how to map this
information into the Frenkel exciton framework, a commonly
used reduced description of the electronic structure of
multichromophoric systems. We show how complex dynamical
information can be used to derive the distribution of electronic
couplings between individual chromophores and the effects of
thermal fluctuations present in a given system. These provide
convenient means to analyze an interplay between these two
factors and connect it to the localization and delocalization
properties of electronic wave functions. Overall, nonadiabatic
simulations in combination with the Frenkel exciton model
allow us to achieve a complete description of exciton
properties, interunit energy transfer, couplings, and spatial
localization useful to be extended to other oligomers designed
for organic electronics and photonic devices.

4. METHODS

4.1. Nonadiabatic Excited State Molecular Dynamics.
Photoexcitation and electronic energy relaxation and redis-
tribution of ethynylene (PEP)- and butadiynylene (PBP)-
bridged dimeric (PEPEP) PDIs, as shown in Figure 1, have
been simulated using the NEXMD package.””*" The NEXMD
code performs direct nonadiabatic excited state molecular
dynamics simulations, making use of different hybrid quantum-
classical methods, namely, trajectory surface hopping (TSH),
Ehrenfest dynamics (EHR), and the ab initio multiple cloning
sampling technique for multiconfigurational ehrenfest quantum
dynamics (MCE-AIMC). Herein, only the TSH method is
used to balance accuracy and computational efficiency. The use
of NEXMD to simulate photoinduced dynamics of PDI
aggregates has been validated in our previous studies.”* > The
configuration interaction singles (CIS) level in combination
with the Hamiltonian AM1°° provides a semiquantitative
description for excited states in these systems as compared to
experiments and higher-level electronic structure simulations.

4.2. Analyses of Transient Exciton Localization. The
spatial localization of electronic excitations can be monitored
throughout the NEXMD simulations by calculating the
evolution in time of the respective transition density matrices.
These quantities are given in the atomic orbital (AO) basis as
(P*); = (p e clpo), with ¢y and ¢, being the wave functions
corresponding to the adiabatic ground and excited states,
respectively, ¢/ and ¢; are the respective creation and
annihilation operators acting over AO i and j. The diagonal
element (p°); is relevant to the change in the net charge of
the electronic density on AO i during a transition from the
ground to the excited states a. Consequently, the fraction of
p* localized on a specific PDI unit x is defined as

N\ 2
5= (0" = Y (0",

i€x

1

5825

(123
L, where n represents the total

DININX

number of monomers in the oligomer. The extent of the
exciton (de)localization within the oligomer can be monitored
by defining the monomer participation number as

PN(t) = [(6%(t))*T"

with p® renormalized as

)

PN(t) ranges from n for a completely delocalized exciton to
1 for an exciton located on a single monomer unit.

4.3. NEXMD Computational Details. For each molecule,
2 ns equilibrated ground-state dynamics simulations, using the
Langevin equation at 300 K with a friction coefficient y = 20
ps~', are used to collect 400 snapshots, equally spaced in time
every 2.5 ps after neglecting the first 1 ns of equilibration.
These configurations serve as initial conditions for subsequent
NEXMD simulations of PEP, PBP, and PEPEP (Figure 1).
The exploration of the conformational space can be visualized
by the superposition of these snapshots as shown in Figure 1.
Absorption spectra are modeled from these initial config-
urations by collecting vertical excitation energies of the 10
lowest excited states and their oscillator strengths. The initial
photoexcitations for NEXMD simulations are simulated by a
vertical laser excitation to an initial state, selected according to
their oscillator strengths, using a Franck—Condon window
simulating a Gaussian laser pulse with fwhm = 100 fs centered
at 470, 480, and 480 nm for PEP, PBP, and PEPEP,
respectively. Classical time steps of 0.5 and 0.1 fs are used
for the propagation of nuclei in the ground and excited state
trajectories, respectively. Six excited states are included in the
simulations. More details about NEXMD simulations and
relevant typical parameters can be found in our previous
works. >~

4.4. Frenkel Exciton Models. The Frenkel exciton model
can be used to analyze the localization/delocalization of
excited states during the internal conversion process in PDI
dimers. S; and S, states of the dimer are expressed as linear
combinations of the S, state of each monomer with a transition
energy E and off-diagonal elements V, ie., variance in V,
represent the electronic coupling between chromophores. The
Frenkel exciton Hamiltonian matrix for PDI dimers is given by

i[5 &)

(3)
with eigenvalues
By, =ExV *)
and eigenvectors
Xg, = (£1,1) (s)

ie, S; and S, states are the antisymmetric and symmetric
superpositions of the monomer solutions.

In realistic systems, disorder modulates the energy E of
individual monomers, and S; and S, states of the dimer are no
longer perfectly antisymmetric and symmetric superpositions
of the monomer solutions, leading in some cases to a complete
localization of the dimer wave function in one of the
monomers. In order to mimic the conditions that favor the
localization of the dimer wave function, the variance of
diagonal elements A, ie., the diagonal disorder, can be
introduced, and H can be rewritten as
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which has eigenvalues (=1 0 1)
1 2 2
Eq =—QE+AF VA +4V — 8V + V}
Si2 2( + ) (7) 1’ _ Vz 8V1 + VZ ’ 1
2% (12)
and eigenvectors
As in the case of PDI dimers, all essential ingredients of the
A F VA + 4V? Frenkel exciton model can be obtained from NEXMD
Xs,,, = 1 simulations. Eg, Eg, and Eg correspond to the transition
2V (8) 1 2 3 P

When solving eq 7, one can define the degree of
delocalization/localization DL as

_ A+\/A2+4V2 _\/E_Esl
2V Eg ©)

with (Es, < E < Eg)). DL varies between 0 and 1, where lower

DL

values correspond to a wave function that is more localized on
one individual monomer.

All essential ingredients of the Frenkel exciton model can be
obtained from NEXMD simulations. For example, Eg, and Eg,
correspond to the transition energies of the two lowest excited
states of the aggregate (ie., the PDI dimer during NEXMD
simulations), whereas the values of E and A can be obtained by
calculating the energy values of S, for isolated monomers
(where the bridge is removed from the structure). Using eq 7,
V= é\/(ES2 - Esl)2 — A and the diagonal disorder A can be

calculated as the difference between the S, energies

corresponding to the isolated PDI units, ie, A = IE‘S‘1 - Egll,
where E{ and E¢ are the S, energies calculated on the isolated
PDI units A and B, respectively.
The Frenkel exciton Hamiltonian for PDI trimer in a
perfectly symmetric configuration can be written as
E VY
H=|Vy E V]
wWE (10)
where E is the on-site energy, i.e., the energy of the S, state of
individual monomers, V; (V}, and V,;) are the nearest-

neighbor electronic couplings, and V, (Vy;) is the next-to-
nearest electronic coupling. The corresponding eigenvalues are

1
Eg = E(2}5 +V, — 8V + V)

Es, =E-V,
1
Eg = E(2E + V4 8V + V) an

with Eg, Eg, and Eg are the energies corresponding,

respectively, to S;, S,, and S; of the trimer. The corresponding
eigenvectors are

energies of the three lowest excited states of the PDI trimer
calculated from NEXMD simulations. V| is obtained by cutting
the trimer in two dimers, each of them including the middle
unit and one of the outer units, and removing the bridge with
the third unit. Then, an equivalent procedure as it has been
described for PDI dimers is performed. Once V, values are
obtained (ie, Vi, and V,;), V, is calculated using the
Hamiltonian

Eg Vi,

1

2
H=|V, Es1 Vi3
3
V2 V23 ESl (13)

for each individual configuration collected from NEXMD
simulations, where Eél, E%l, and Egl are the energies of the S,

state for each monomer, and V), and V,; are the couplings
obtained solving from the Hamiltonian for each of the two
dimers as it has been explained previously. The eigenvalues of
H are calculated and compared to the energy values of S, S,,
and S; for the trimer to obtain the values of V, numerically.
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Frenkel exciton model for PDI trimer and the method
for transition density flux analysis; the evolution of these
dihedral angles and nonadiabatic coupling terms,
respectively, for all systems (Figures S1 and S2); the
fraction of transition density localized in the middle PDI
unit and in the outer ones at final time during excited
state dynamics (Figure S3); displays the accumulated
transition density fluxes between outer and middle PDI
units of the PDI trimer (Figure S4), and natural
transition orbitals for the different excited states (Figure
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