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Abstract

Effects of aggregation on excited states properties in solution of perylene diimide self-assembled helix-
like structures of different size are investigated by means of first principle Density Functional Theory
(DFT), Time-Dependent DFT (TD-DFT) and classical Molecular Dynamic (MD) simulations. Excited
state analysis based on the 1-particle transition density matrices is then used to study the exciton nature
and its delocalization as a function of the thermal motion and aggregate size. Overall the results point to
a rather small delocalization of the Frenkel excitonic state even in large aggregates also related to a
concerted motion of blocks of 4 monomers along the MD trajectories. Although dynamic effects do not
remarkably affect the calculated position and shape of the absorption spectrum, they cause the
appearance of several low-energy states of charge transfer character, and hence of weak intensity (dark
states), that might be populated along the ultrafast exciton relaxation process potentially influencing the

charge separation processes in PDI-sensitized photoactive heterointerfaces.

Introduction

Organic conjugated materials have received an increasing scientific interest due to the peculiar
tunable photophysical properties of their self-assembled aggregates, making them suitable for several
applications, ranging from display technologies'” to photovoltaics devices.>> As a matter of fact, the
intermolecular interactions taking place in supramolecular aggregates depend on the packing geometries
and directly determine the optical and photophysical response, as argued for the first time by Kasha in
the sixties.*’ Kasha’s model, indeed, predicts the variation of the photophysical properties of
molecular aggregates, with respect to the monomer, relying solely on geometric considerations and on
the change in the coupling between the respective transition dipole moments.*® Indeed, in a simple
dimeric aggregate a blue shifted absorption maximum and a weaker radiative decay rate, compared to
the monomer, are predicted when the aggregation geometry is “side-by-side” (H aggregate), while in the

case of an “head-to-tail” arrangement (J aggregate) the absorption maximum is red shifted and a more



important radiative decay rate is obtained.”'® Moreover, formation of self-assembled monolayers of
organic molecules on semiconductor surfaces has been largely exploited in photocatalysis and

photovoltaic devices, being surface functionalization at the heart of the functioning of dye-sensitized
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photoelectrodes in Grétzel solar cells (DSCs) and photoelectrosynthesis cells (DS-PECs) for water

splitting.'®*° Dye-aggregation on the metal oxide surface is, however, generally regarded as responsible
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for low cell efficiencies and thus prevented by the use of antiaggregation coadsorbents.*** On the

other hand, some example of beneficial aggregation effects (higher photocurrents) have been reported,
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3 Moreover, successful

mainly related to the extension of the spectral window of the harvested light.
examples of exploitation of perylene diimide-based aggregates (PDI in Figure 1) in dye-sensitized
photoanodes for water oxidation have been recently demonstrated.” > Indeed, spontaneous adsorption
of m-stacked face-to-face H-aggregates on TiO,, WO; and SnO, surfaces was evidenced by the intensity
reversal between the 0> 0 and 0 = 1 vibronic bands in the optical absorption spectrum of the PDI-
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sensitized film compared to the one registered in low concentration solution.” ™™
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Figure 1. Chemical Formula of the PDI monomer dication.

As a matter of fact, perylenes-based chromophores have been extensively employed as photoactive
materials both in bulk heterojunctions solar cells and DSCs in virtue of their exceptional chemical,

thermal and photochemical stability, wide and intense optical absorption in the visible to near-infrared
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spectral region and good charge transport properties. PDI-based dye sensitizers, however, despite



their systematic modification with various anchoring and electron donor groups, have delivered only
rather limited efficiencies in DSCs devices, mainly because of the lack of strongly directional charge
transfer from the molecule towards the semiconductor surface.*> Moreover in water oxidation devices,
as shown in Ref?’) surface sensitization by hydrophobic aggregates, adsorbed on the surface by
electrostatic and dispersion interactions, does not trigger the hydrolytic cleavage®' generally observed
for conventional (carboxylic or phosphonic)*** anchoring groups. On the other hand, however, to have
an efficient electron/hole injection by these photoexcited aggregates into the semiconductor/catalyst, the
nature (localized Frenkel-type or charge transfer (CT)-like) and delocalization (i.e. exciton length) of
the exciton, as well as its sub-picosecond photo-physics are crucial, provided that the dye/metal
oxide/catalyst energy levels are properly aligned.*>***

Exciton diffusion dynamic, excimer formations and self-trapping processes in ordered perylene
aggregates have been largely investigated by both computational and experimental methods over the last
decades.'**7>¢%%33 Degpite the complex photophysics of these aggregates, there is evidence that both
localized excimers and low-energy CT states participate to the excited state relaxation dynamics, with a

50,55.60-63 " Nych less is known on the nature

crucial role of the packing geometry in driving the process.
and delocalization of the Frenkel-type excitonic state, due to its weak absorbance and florescence yield,
making its dynamic extremely challenging to be followed experimentally.®*® Recent femtosecond
fluorescence upconversion spectroscopy measurements indicated, however, a modest delocalization of
the primarily excited Frenkel state, involving about 3 monomeric units in columnar aggregates
composed of 10 perylene molecules,”* and suggesting the synthesis of rather rigid co-facially aggregates
structures as a way to increase coherent transport of more delocalized exciton states.

In this contribution we model and simulate the self-assembling and optical properties of perylene
diimide helix-like aggregates of different size in solution and at room temperature, by combining first
principle Density Functional Theory (DFT), Time-Dependent DFT (TD-DFT), 1-particle transition

density matrix analysis of the excited states and classical Molecular Dynamic simulations. Our

multiscale protocol aims at getting detailed insights on the exciton nature and delocalization as a



function of the thermal/vibrational motion and the aggregate size. In line with experimental
observations,64 our results reveal a moderate delocalization of the Frenkel excitonic state in disordered
(“300 K”) aggregates, mostly involving 3-4 units, even in larger helices. Moreover, as a consequence of
this modest delocalization of the Frenkel bright state and of a strong aggregation, always yielding a
concerted motion of blocks of 4 PDIs along the MD, finite temperature effects have a negligible impact
on the calculated position and shape of the absorption spectrum. On the contrary, thermal motion favors
the appearance of a plethora of weak-to dark highly charge separated low-energy states that are

potentially involved in the ultrafast exciton relaxation dynamics. *'

2 Computational Details and Methodology

To provide a balanced description of both the excited states manifold of self-aggregate PDI and of the
effects of the thermal evolution we set up a multiscale approach involving both quantum and classical
molecular modeling simulations as detailed below.

2.1 Static quantum chemistry calculations

First the PDI monomer and the small size aggregates (up to 4 units) have been studied using density
functional theory (DFT) to obtain the ground state equilibrium geometry, including the performance of a
conformational search. On top of equilibrium geometries, the absorption spectrum has been simulated at
time-dependent DFT (TD-DFT) level of theory. Geometry optimization of the PDI monomer and its
aggregates (dimer, trimer and tetramer) were carried out using the M062X®/6-31G* level of calculation
coupled to the conductor-like polarizable continuum model (C-PCM)®" to take into account the
solvation effects (ACN and water were considered). The calculations of the excitation energies for the
monomer were carried out by TD-DFT with different functionals (PBEO, B3LYP, MPW 1K, M06-2X,
CAM-B3LYP) in order to calibrate the level of calculation by comparison with the available
experimental data. In the case of the aggregates, only the hybrid B3LYP and the long-range corrected

CAM-B3LYP functionals have been considered. The first 10, 20, 30, and 40 vertical excitation energies



have been obtained for the monomer, dimer, trimer, tetramer and heptamer, respectively. To allow a
better comparison with experimental results the simulated spectra have been obtained by convoluting
the vertical transition with Gaussian functions having Full Width at Half Maximum (FWHM) of 0.2 eV.

All static calculations have been performed using the Guassian09 suite of code.®

2.2 Molecular Dynamics

Classical molecular dynamics (MD) simulations have been performed, for both the PDI monomer and
the aggregates (4 and 7 units) to explore the conformational space of the ground state. On top of the MD
trajectories statistically independent snapshots have been extracted to calculate the excited state
manifold and hence simulate the absorption spectrum as the convolution of the individual vertical
transitions.

The generalized amber force field (GAFF)® was used to describe the PDI potential, the point charges
have been reparameterized to fit the restricted electrostatic potential (RESP), solvent molecules have
been described by the TIP3P™° model for water molecules, in addition PDI being charged counteranions
(CI') have been added to ensure electroneutrality. The systems were set up starting from the QM
optimized geometries of the monomers and aggregates, with the exception of heptamer case for which
the system was built by replicating QM optimized geometrical arrangement of the PDI dimer. The
simulation boxes were composed of the solute and 2870, 4130, and 5166 water molecules for the PDI
monomer, tetramer, and heptamer, respectively. Periodic boundary conditions (PBC) have been used
throughout and all the simulations have been performed with the Amber code and its GPU extension.”’
After an initial energy minimization, carried out for 10000 cycles to remove bad contacts, followed by
equilibration and thermalization, conducted for 0.4 ns and 0.2 ns, respectively, production run of 0.2 ps
for PDI monomer and 1us for PDI aggregates were executed in the NPT ensemble at 1 atm and 300K.
Newton equations of motion were solved considering a time step of 0.2 fs, using the RATTLE algorithm

to fix the bond distances involving hydrogen atoms.



2.3 Thermal-averaged absorption spectra calculations

From the monomer, tetramer and heptamer MD trajectories 100 conformations of the solute were
extracted, equally spaced in terms of time, to perform excited states calculations using the
Amber/Terachem interface.”” To save computational time, especially in the case of the large heptamer
aggregates, the peripheral trimethylammonium ethylene chains were omitted and the dangling bonds
were saturated with a Hydrogen atom using the link atom scheme approach. Vertical excitations were
obtained at TD-DFT level of theory using the Tamm Dancoff Approximation (TDA) and a 6-31G* basis
set. In the case of the monomer both B3LYP and CAM-B3LYP functionals have been employed,
whereas in the case of the aggregates only CAM-B3LYP has been used to avoid the underestimation of
the excitation energy of long-range charge transfer (CT) states when using non long-range corrected
functionals.” Solvation effects (water) were accounted for via a continuum polarization approach,
namely the conductor like screening model (COSMO)™* as implemented in Terachem. The calculated
thermal averaged absorption spectra were reproduced through a convolution with Gaussian functions
having FWHM of 0.1 eV.
2.4 Excited State and exciton analysis
To unravel the topological characteristic of the different excited states, we performed a decomposition
of the one-particle transition density matrix (1TDM) following the procedure implemented in the
TheoDORE 1.7 package’"”. TheoDORE performs a one-to-one mapping of the 1TDM with a general

exciton wave function k(rH, rg), where ry stands for the position operator of the hole and r of the

particle (electron). Following a preliminary, and in large measure arbitrary, partition of the chemical
space of the (multi)chromophore systems in terms of monomeric units it is hence possible to obtain
important quantitative indexes describing exciton delocalization and charge separation. In particular, we
will define the charge transfer (CT) indices that may assume values comprised between 0.0, in case of
purely local excitation, and 1.0, indicative of important charge separation. Note that, since our

calculations have been performed in a TD-DFT (TDA) framework, and hence only single-excitations



are taken into account, CT of 1.0 will be representative of a total charge-separation with no spatial
overlap between the hole and particle densities. On the same way, the 1TDM may be decomposed in
terms of the participation ratio (PR) index that roughly gives the number of monomeric units over which
the exciton wavefunction is delocalized, and hence gives a direct measure of the exciton length. For our
application the partition of the chemical space was straightforward, and indeed each PDI monomer has
been considered as a monomeric unit. Hence, PR will directly give the number of PDI units over which
the electronic density is delocalized. If for simplicity we consider the dimer case PR close to 2.0 and CT

close to 0.0 will represent a pure Frenkel delocalized exciton.

3 DFT Analysis of the structural and optical properties of PDI

aggregates

To preliminarily calibrate the level of calculation, the vertical (E.x) and adiabatic (E¢.g) excitation
energies of the PDI monomer in ACN and water were calculated using different exchange and
correlation functionals and compared to the experimental values; the results are reported in Table S1 in
Supporting Information. The lowest energy bright state of PDI is described by a single electronic
excitation from the HOMO to the LUMO, that are localized on the perylene’s conjugate core; as
expected, no involvement of the lateral charged chains (trimethylammonium - ethylene) is observed.”
As a first important point, if we compare the E( energies obtained from the TD-DFT calculations in
water and those obtained in ACN we can underline the modest or even negligible solvatochromism
observed for those systems. This will in turn justify our choice to perform the subsequent calculations
involving MD simulations in water due to the much better availability of good force field parameters for
the latter than for ACN. On the other hand, the good agreement between the experimental value of Eq.o,
and the one calculated with the PBEO functional also stands out. In the case of vertical excitation
energies B3LYP appears as the outperforming functional; hence globally and, as expected, the hybrid

functionals incorporating a moderate fraction of non-local exchange are by far the most appropriate ones



to model optical properties of PDI, i.e. paradigmatic m-conjugated organic systems.®* Furthermore, since
B3LYP was also performing rather satisfactorily concerning the value obtained for the adiabatic
excitation energies, we decided to systematically use this functional for the following study and the

topological characterization of the monomers.

a)

Figure 2. Optimized structure of PDI monomer (a), dimer (b)

The ab-initio equilibrium geometries obtained for the PDI aggregates, namely dimer and trimer, are
reported in Figure 2. To find the most stable dimeric configuration, a relaxed dihedral angle scan
between two PDI molecules has also been performed and the calculated energy profile is shown in
Figure S1. As elsewhere reported for analogous perylenes, the total energy minimum for the stacked
PDI dimer was found for a dihedral angle of about 30 degrees between the PDI units.>® Thus, the trimer
was built starting from the optimized dimer geometry and placing the third unit at 30 or -30 degrees
with respect to the adjacent molecule, building the so called “alternated type” and the “helix like”
aggregate, respectively (Figure S2). The two conformations were found to be quasi-degenerate, since
the “helix-like” structure resulted to be only 0.37 Kcal/mol below the “alternated type” one. In the case
of the tetramer the “helix like” and the “alternated type” aggregates were manually constructed and then
fully optimized; once again, the former conformation appears to be more stable by about 1.52 Kcal/mol.
Obviously, this quasi-degeneracy is indicative of a significant Boltzman population of both states and
conformers. However, as we shall discuss later, the coexistence of the two conformations has a
negligible influence on the position of the absorption maximum. Finally, the distance between the center
of mass of the PDI monomers was calculated to be ca. 3.5 A, in good agreement with the values

expected for mt-stacked systems.*®"



In order to quantify the magnitude of the forces leading to self-organization in the ground state, the

binding energies were calculated for the fully relaxed aggregates in “helix like” geometries. In Figure

S3 the normalized binding energy per unit is reported versus the number of monomer. An increase in the

normalized binding energy for the larger systems is evident, hence showing a non-additive and

cooperative stabilization, which appears to start reaching a plateau for the tetramer aggregate. The per

unit binding energies are comprised between 14.90 Kcal/mol (dimer) and 22.14Kcal/mol (tetramer).

From the respective equilibrium geometries, vertical excitation energies were computed for the

aggregates, also considering both possible conformations in the case of trimer, tetramer and heptamer.
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Figure 3. Calculated (full lines) and experimental (dashed lines) absorption spectra of the PDI monomer

and “helix like” aggregates. The calculations have been performed at B3LYP/6-31G* level of theory in

implicit (C-PCM) water.

The convoluted spectra up to the tetramer are displayed in Figure 3 compared with the experimental

ones, while the corresponding vertical excitation energies of the bright states and their oscillator

strengths are listed in Table 1, along with the experimental absorption maxima and the calculated CT

number and PR indices. In order to check on the convergence of the aggregates’ optical properties, we
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also added in Table 1 the calculated vertical excitation energies at the TDA/COSMO level of theory (see
section 2.3) for the heptamer aggregates optimized using the amber FF. Note that in Figure 3, the
“helix like” geometries for the trimer and tetramer were arbitrarily chosen, given the negligible
differences in the position of the calculated absorption maxima (Table 1), amounting to 0.02 eV at most
in the case of the trimer. In Figure 3, it is possible to evidence the blue shift and the decrease of the
oscillator strength (hypochromism) from the monomer to the larger aggregates that are typical features

observed in the case of H aggregates.***%!

Moreover, a good agreement between the absorption maxima
of the experimental spectrum of the aggregate (blue dashed line) and those of trimer (violet full line)
and tetramer (magenta full line) also appears, as confirmed by the data in Table 1. The calculated
excitation energies for the two heptamers result sizably blue shifted when compared to the ones
obtained on the tetramer. This shift at higher energies, comes from the level of calculation employed
(TDA) rather than from an electronic effect related to the increased size, as it will be discussed in
section 4 and shown in Table S2 in Supporting Information. Also, the computed oscillator strengths at
TDA level of theory are not comparable to the ones obtained from the TDDFT calculations. We, thus,

consider these results on the heptamer aggregates only to gain information about the trend of the CT and

PR indices as the size of the aggregate increases.
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System Emax Oscillator Strength | CT numbers Participation ratio
(eV) (PR)
monomer” 2.38 0.902 - -
dimer” 2.47 1.340 0.035 2.00
Helix like
trimer” 2.50 1.096 0.216 2.17
tetramer” 2.54 1.235 0.236 3.21
2.72 3.753 0.125 4.98
heptamerb
2.77 2.429 0.118 5.76
Alternated type
trimer” 2.52 1.667 0.075 2.50
tetramer” 2.55 2.127 0.072 3.53
heptamer” 2.81 6.147 0.126 6.08
Aggregate (Exp.) 2.53

? Vertical excitation energies and oscillator strengths obtained by TD-DFT/6-31G* calculations in water (C-PCM) on the M06-2X-
optimized geometries

Vertical excitation energies and oscillator strengths obtained by TDA /6-31G* calculations in water (COSMO) on the FF-optimized
geometries.

Table 1. Vertical excitation energies in eV (Enax), oscillator strengths, CT numbers and PR values for
the PDI monomer and its aggregates, namely dimer, trimer, tetramer and heptamer. The experimental

maximum absorption for PDI aggregate is also reported.

Concerning the excited states topology analysis of dimer, trimer, tetramer, and heptamer the CT
values are rather low, especially for the dimer, pointing towards localized Frenkel bright states. Even if
the excitation energy of the first bright state is scarcely affected from the considered aggregation

geometries (namely the “helix like” or “alternated type”) the exciton analysis of the two systems shows
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relevant differences (Table 1). Indeed, when the “alternated type” geometries are considered the charge
transfer is strongly reduced (lower CT numbers) while the delocalization of the excitation involves more
fragments (higher PR values), with a maximum of 6.0 in the case of the heptamer. This analysis allows
quantifying and modeling the effect of the geometrical arrangements on the exciton properties, as well
as on the nature of the excited state, even when considering equilibrium geometries, only. On the basis
of these findings one could expect a significant impact on the exciton nature and delocalization due to
the inclusion of finite temperature effects, as we will discuss in the next sections by analyzing the results

of the MD simulations.

4 Molecular Dynamic Simulations

Before proceeding with the following analysis, it is useful to remind that, especially in the case of the
large-sized aggregates, it is preferable to describe the excited states using the less expensive TDA
approach, and to switch from a hybrid functional to a long-range corrected one to avoid the sizeable
underestimation of long-range charge-transfer states. As reported in Table S2 in Supplementary
Information, we may evidence that, for both B3LYP and CAM-B3LYP, the blue-shift in absorption
maxima due to the use of TDA (ca. 0.2-0.3 eV)** is, on overall, compensated by the red-shift obtained
using the force field-based geometries (ca. 0.2 eV), the COSMO solvation scheme, and neglecting the
terminal chains. Considering, however, that our goal here is getting insights into the nature and
delocalization of the exciton, as well as, analyzing the topology of low-energy CT states along the MD
simulations, rather than reproducing the position of the experimental absorption maximum of the
aggregates, we prefer the use of CAM-B3LYP for the TDA calculations, even if noticeably blue-shifted,
as it delivers the right order of bright and CT states. Indeed as pointed out by Dreuw group CAM-
B3LYP provides better transition densities matrices even if the excitation energies are of lower quality
compared to B3LYP.*

4.1 Monomer
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In Figure 4 we report the absorption spectrum of the PDI monomer obtained as the convolution of the
vertical transitions obtained from 100 MD snapshots. As compared to the absorption maximum obtained
from the static description, and due to the rigidity of the perylene core (Figure S4), the thermal averaged
spectrum is almost unaffected, with deviation of less than 0.1 eV for both B3LYP and CAM-B3LYP;
however, and as expected, the band is globally broader. Finally, we note that the classing sampling of
the ground state conformational shape is not able to reproduce the observed vibronic secondary band,

36,84

which require the explicit calculation of the Franck-Condon factors™"" to take into account the coupling

between electronic and vibrational quantum states.

1.2 T T T
EXP monomer
static monomer
MD B3LYP
1t J
2
‘w08 J
c
()
kS
3 o6} _
N
©
£
o 04r¢f R
P
0.2 k
0 1 1 1 K
400 450 500 550 600
Wavelenght (nm)
1.2 T
EXP monomer
static monomer
MD CAM-B3LYP
1 - 4
2
w08 k
c
2
£
g o06¢f 1
N
©
£
o 04r¢t k
P
0.2 i
O J 1 ——— |
400 450 500 550 600

Wavelenght (nm)

14



Figure 4. Calculated B3LYP (top panel) and CAM-B3LYP (bottom panel) static (brown full line) and
thermal-averaged (violet full line) absorption spectra of the PDI monomer compared to the experimental

one (light blue dashed line). A gaussian broadening of 0.1 eV has been used for the convolution.

4.2 Tetramer

In Figure 5 we report the distribution of the dihedral angles and of the center of mass distances
between consecutive units of the tetrameric aggregates, while the respective time-series are provided in
Supporting Information (Figure S5). During the first 100 ns the structure experienced only limited
deviations from the helicoidal ideal structure, in the following, however, one can observe an
interconversion between the two conformations (“helix like” and “alternated type”) proceeding through

quite persistent intermediate states (Figure 5).
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Figure 5. Distributions of the dihedral angle between couple of PDI (left) and of the distance of the
center mass of consecutive PDI units (right) obtained from the whole MD production run of the
tetramer. Note that the asymmetry with respect to zero can be ascribed to the convergence of the

statistical sampling, only.
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On the other hand, and coherently with the high stacking energies (Figure S3), the distance of the
center of mass of consecutive units experiences negligible variations along the MD simulation

remaining close to 3.5 A.
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Figure 6. a) Calculated (TDA-DFT CAMB3LYP/6-31G*) thermal-averaged spectra of the PDI
tetramer in water (brown) compared to the static one (violet) obtained at the same level of theory on the
F.F. minimized structure of the tetramer. b) Decomposition of the calculated spectra taking into

accounts only states having specific charge-transfer character (CT index).
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The thermal averaged CAM-B3LYP absorption spectrum is reported in Figure 6, compared to the
static one obtained on the F.F. optimized tetramer (top panel). One can note that once again the
inclusion of thermal motion effects induces only a negligible red-shift of the absorption maximum.
Indeed, as shown for the equilibrium structures, the effect of the two different conformations, i.e. helical
or alternated, on the maximum wavelength, is absolutely negligible. However, thermal agitation should
be analyzed in terms of the effects it produces on the exciton wavefunction and, in particular, on the
exciton delocalization length, that can in turn strongly alter the photophysical properties of the self-
aggregates.

To analyze the exciton properties, we computed the CT numbers and the PR values of each excited
state on top of the snapshots extracted from the MD trajectory. Their distributions are displayed in
Figure 7, while the corresponding time series, are available in Supplementary Information (Figure S6).
The distribution of PR values presents a sharp peak at value of 1, which is indicative of the monomer-
like states obtained at high excitation energies. However, the distribution also presents a rather broad
but evident maximum peaked around PR of 2.0. Hence, we can see that bimolecular exciton, i.e. excited

states delocalized on two PDI units only, are also high probable.
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Figure 7. CT numbers and PR values computed from the TDA calculations obtained from MD frames
of the PDI tetramer. In the left column are reported the analyses for all the calculated states, in the right

column for all the states having an excitation energy equal to or lower than the brightest state.

The PR distribution, however, goes to zero quite rapidly for values greater than 2.5, and is strictly zero
close to 4.0. This aspect implies that only a very few excited states will present excitons delocalized
over the whole aggregate and even the ones spread over three units will be quite rare. The topological
analysis can be completed taking into account the emergence of charge transfer states (bottom panels in
Figure 7). We can observe that most of the states will be quite local, as the broad maximum of the CT
distribution centered around 0.3 indicates. However, a number of states characterized by an almost total
charge separation (CT ca. 0-9-1.0) appears as indicated by the strongly peaked maximum. Interestingly,
even if those highly charge-transfer states will be characterized by very low oscillator strengths they
appear at rather small excitation energies, hence they might be populated during the photophysical
evolution of the excitonic manifold and could lead to important properties concerning the interfacial
charge generation properties of PDI-sensitized devices. Indeed, the accumulation of the CT states at the
red-edge of the absorption band can be confirmed by Figure 6b, in which the calculated spectrum is

decomposed in terms of states having specific CT indexes.

4.3 Heptamer

Similar considerations also apply for the larger heptamer-PDI self-aggregate, even though the
dynamics is obviously more complicated, notably spanning a much more complex conformational
space.

The distribution of the dihedral angle between two contiguous units is reported in Figure 8, together
with the illustration of some representative snapshots extracted from the MD trajectory, while the
corresponding time-series are provided in Supporting Information (Figure S7). The main thermal

motion of the PDI units is due to the coupled and simultaneous movement of chunks of monomers, from
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2 to 4 units, that undergo a concerted rotation, hence producing local inhomogeneity and the coexistence

of helical and alternated regions inside the column.
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Figure 8. Dihedral angle between each couple of PDI for the heptamer aggregate (left panel) and some

representative snapshots extracted along the MD trajectory (right panel).

The absorption spectrum, reported in Figure S8, presents very similar characteristic to the ones
evidenced by the tetramer’s one. Both the negligible effect of the aggregate size, and the peculiar
concerted rotation of chunks of PDI can be rationalized considering the topology of the observed
excited states (Figure 9). Indeed the distribution of the PR values presents an important accumulation of
entries in the region comprised between 1 and 2, hence suggesting an important presence of monomer-
like and bimolecular excitons. Furthermore, and again in agreement with the tetramer case, even if a
secondary maximum centered around 3 is evident the distribution goes to zero rapidly for PR values
close to 5. Hence, we can safely conclude that even in the heptamer case only very rare occurrences of
exciton length larger than 4-5 units will be observed, while no exciton state delocalized over the entire
aggregate can be evidenced. As far as the nature of excited states is concerned, once again very similar
considerations to the ones drawn for the tetramer hold, the majority of states, and in particular the
brightest one, present a pronounced local character. However, we may still evidence the presence of low

energy CT states showing an almost total electron separation involving two PDI units and accumulating
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at the red-edge of the absorption spectrum (Figure S8b). Interestingly, and as evidenced in Figure S9 the
exciton localized at the center of the heptamer gives a distribution of PR slightly shifted towards larger
values compared to the global one, while the amount of charge-transfer is reduced. Hence, due to its less
pronounced flexibility the central units of the column will be characterized by the largest exciton-length,
while the edge-monomer will experience a higher influence of charge-transfer states.

Overall, our findings are consistent with the experimental conclusions drawn by Kim and co-
workers® on perylene bisimides helices composed of 10 units, indicating an initial delocalization of the
Frenkel-type exciton on 3 monomeric units. Indeed, our results confirm that due to the combined effect
of electronic and thermal factors PDI are unable to produce strongly delocalized excitons, as a
consequence the most probable coherent electron or energy transfer phenomena, will involve at
maximum 4-5 units. Hence the preparation of larger-size m-stacked aggregates will most probably not

be strongly beneficial in enhancing PDI photophysical and charge transport properties.
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Figure 9. CT numbers and Partecipation Ratio (PR) values computed from the TDA calculations
obtained from MD frames of the PDI hepatmer. In the left column are reported the analyses for all the
calculated states, in the right column for all the states having an excitation energy equal to or lower than

the brightest state.

4. Conclusions

Using a combination of quantum chemistry methods and classical molecular mechanics we have deeply
analyzed the optical properties of PDI self-aggregates that have recently been used as light-harvesting
systems for water splitting devices or solar cells.”> > In particular we have confirmed the capacity of
PDI n-stacked H-aggregates to give raise to delocalized excitonic wavefunctions. The effects of thermal
motion on the shape and position of the absorption spectrum are, however, negligible, both in the case
of the monomer and of the aggregates. Even if not evident in the optical properties, the effect of thermal
motion is crucial in dictating the global properties of the aggregates excited states manifold, in particular
even in the case of longer helices the exciton delocalization almost never exceeds 5 PDI units,
confirming recent experimental observations.** This aspect is also reflected in the peculiar large scale
motion observed in the aggregate MD and characterized by the concerted and simultaneous rotation of
chunks of the PDI column. Even if the delocalization of the Frenkel exciton state is, however, not
extremely large compared to similar self-aggregate materials, one should evidence the presence of dark,
but low-lying, charge-transfer excited state leading to a full electron-hole separation between two units
that, hence, can be efficiently exploited to optimize charge separation and transport in PDI-based optical

devices.

Supporting Information Available

The Eq.o and the vertical excitation energies for PDI monomer considering different functionals.
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The analyses of the MD trajectory of the PDI monomer and aggregates. The relaxed dihedral angle scan
for PDI dimer. The comparison between the excited state energies obtained from the DFT geometries
and the force field geometries. The Thermal-averaged absorption spectra of the PDI tetramer and
heptamer. The topological analysis of the heptamer excited state centered on the central PDI units,

only. This material is available free of charge via the Internet at http://pubs.acs.org.
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