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Section S1: Theoretical methods

In this section, we briefly review the various strategies used in this workto simulate the steady-state
absorption spectrum and the coupled electron-nuclear dynamics of PDI as isolated molecule and in its
aggregated form considering the effects of nuclear vibrations, disorder and environmental effects.

Section S1.1: Time independent and time dependent formulations

Within the Born—Oppenheimer (BO) approximation framework, where electronic and vibrational
degrees of freedom are separable, these states factorize as |¥¢) = |f)|vy ). This separation enables
the evaluation of spectral intensities based on thevibrational structure of both the ground and excited
(adiabatic) electronic states. Accordingto the well-known FermiGolden Rule, the absorption intensity
is proportionalto thesquare of the transition dipole moment connecting the ground, |11{q) =lg) |vg>,
and excited, |¥r) = |f)|vy ), electronic states, reflecting how efficiently light caninduce the transition:

alwy >|2 = |<vg|ﬂ|17f>|2 (s1)

Plwg)-lwy) * | (¥
Where we have defined the transition dipole moment as p = (glalf ).

The total spectrum is then given by the sum over all possible transitions, from all initial vibronic states
(populated according to Boltzmann weights) to all final vibronic states which can be included as
described in the next section. The lineshape of the absorption becomes:

L(w) = Z ZPvg(T) |{vg gy |vf>|25(wf —wg+ (AE/h— “’)) (S2)
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where p, = e~Bhwi/7 .1 is the the Boltzmann weight for the initial state and Z,,;;, the vibrational
partition function in the initial state. § is the Dirac delta function and selects the energy corresponding
to the transition (arising from the resonance condition). Notethat by including the w prefactor in the
previous equation, we obtain the absorption the spectrum, e(w) = C.wL(w), where C, is a constant
that gathers all the physical constants (and depends on the kind of spectroscopy) and €(w) is the
absorption spectrum.! Notethat the * sign depends on the type of transition, being “+” for absorption
and “~” for emission. Since the lineshape formula requires summing over all the vibronic states and
requires knowledge of all the eigenvectors in frequency space, this formulation is referred to as Time-
Independent (TI).

The equivalent expression can be obtained Fourier-transforming from the frequency to the time
domain:
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Where 7, = t/h and 7, = —iff — t/hand I:I; and I/-I; are the Hamiltonians for initial and final states.
From the expression above we can define a correlation between theinitial and finalstatesas x(t,T) =
ng(vg |pe=Hrer pe=tHoa|y ) = Tr{pe=#r*s pe=H%s]. Where we have introduced the trace of the
operator, Tr( ), which can be defined as the sum over all diagonal elements of the operator

represented in a complete basis, which in this case is the set of the eigenvectors of the initial vibrational
Hamiltonian. Details on this derivation are reported in Ref.?3

When the potential energy surfaces are uncoupled and are approximated as harmonic around the
equilibrium geometry, analytical formulations of both time-independent (Tl) and time-dependent (TD)
vibronic spectra become accessible and have been implemented in codes like our FCcLASSES3.1# We
have used the Tl description to simulate the vibronic spectrum of the excited S1 state of isolated PDI
molecule in Section S3.1.

When non-adiabatic couplings between electronic states become significant—such as in the case of
excitonic bands in electronically coupled molecular aggregates —analytical expressions for the vibronic
spectrum can no longer be derived. In such cases, an effective approach to compute the spectrum
within the time-dependent (TD) framework is through the numerical propagation of the coupled
electron-nuclear wavepacket over the interacting (diabatic) excited states using Quantum Dynamics
(QD). In this work, these simulations are performed using the Multiconfigurational Time-Dependent
Hartree (MCTDH) method, as implemented in the QUANTICS code.>® The adiabatic electronic states of
the system are reconstructed using a Linear Vibronic Coupling (LVC) Hamiltonian (orin the jargon of
material scientists often called Frenkel-Holstein-type Hamiltonian), which is based on quadratic
expansions of the diabatic potentials (d) and incorporates excitonic couplings between the states.? In
this way, Eq. (S3) can be re-written in terms of auto- and cross-correlation functions between diabatic
states as explained in Ref.237. In practice the TD approach requires the computation of correlation
functions y (t) = (0; ds|pe~Ht u|d;;0), where = {(gljild;) are the matrix elements of the
electric dipole moment, 0 is the ground-vibrational state of the ground electronic state g, whose
energy is set to 0. The general expression for the lineshape (at T=0° K) is finally retrieved as:
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Note that, a quadratic damping term ruled by a parameter I' was introduced, corresponding to a
Gaussian broadeningin the frequency domain. By construction, diabatic states are built to be virtually
independent of the nuclear coordinates. This implies that the elements p can be considered constant
(Condon approximation) and used to scale the time correlation functions computed via numerical
propagation as explained in Ref.237,

One drawback of full guantum dynamics is its high computational cost, which restricts its application

to systems with a limited number of degrees of freedom (DoFs). Here, we address this issue by
employing an effective selection of the most relevant modes to be included in the Hamiltonian, as
explained in Section S1.3. Anotherimportant challengeis the treatment of anharmonic intermolecular
vibrations—often characterized by low frequencies— as well as the influence of the environment and
their contribution to the overall energetic disorder when considering the dynamics of the molecular
aggregate. We address these challenges below.

Section $1.2: Mixed quantum-classical Ad-MD | gLVC method

Mixed Quantum Classical (MQC) strategies provide a cost-effective, strategy not only to include low
frequency vibrations of the of molecular aggregate while accounting for important vibronic effects, but
also toinclude the contributions of the environment. Some of us recently introduced a MQC approach
named Ad-MD|gLVC.” This protocol partitions the coordinates of the entire system (aggregate +
medium) into soft (R¢) and stiff (r) coordinates as discussed in the main text. The soft and slow DoFs
(R)¢) of the aggregate and solvent modes are included through classical molecular dynamics (MD)
sampling performed with quantum-mechanically-derived force fields (QMD-FF) as described in Section
S2, while the stiff modes are described at the vibronic level using harmonic potentials specific of the
molecule in its excited state (locally excited, cationic or anionic state as described in Section S3
depending on whether localized excitations or charge transfer states are considered).

The final Ad-MD|gLVC spectrum is obtained by averaging the signals computed at the quantum
mechanical (QM) level for the stiff coordinates over the configurations collected from the MD
trajectory including the effect of the solvent as:
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where the sum is along the different snaphots (s) sampled along MD. Each spectrum L‘S’ , is computed
in reduced-dimensionality normal-coordinates space " obtained by projecting out all the flexible
coordinates Rjs. As explained in more details in Section S3, g" are obtained for the optimum ground
state structure of the isolated molecule. The potential energy surfaces of the molecule in its ground or
excited (cationic, anionic, locally excited) states constructed along q” are assumed to be harmonic.

Section S1.3: Linear Vibronic coupling Hamiltonian for extended aggregates

The linear vibronic coupling Hamiltonian is written as a sum of electronic, vibrational and electron-
vibronic Hamiltonians (see also Fig. S1):



ﬁZ I:I‘el_i_ I:I‘vib + H‘el—vib (56)

The electronic Hamiltonian (ﬁ"’l) describes the various types of excitations within the aggregate—
namely, localized excitations (LE) on individual molecules and inter-molecular charge transfer (CT)
excitations—as well as their pairwise interactions. This Hamiltonian is evaluated for a given snapshot
sampled along the slow degrees of freedom (R)s), following the MQC strategy. It can be constructed
either by computing each matrix element individually (as done, for instance, in Refs.®°), or directly via
a diabatization technique applied to the full aggregate.” In this work, we adopted the latter approach
and the details for the protocolare described in Section S2. Notethat, wealso included environmental
effects using a QMI/MM like approach. H¢ can be further divided into different blocks to classify the
interactions of different nature:

A% = A g(Ry) + Hor (Rip) + Hog—ct(Ryp). (57)

The block of LE states describes the interactions between bound electron-hole pair residing on the
same molecular site k and can be written as

ﬁLE = ZEIIEE(le)lekxekl +;Vkl|ek)(el|. (S8)

Here, the energy of a local Frenkel exciton (ley)), is indicated with E,IgE and it represent the vertical
energy of alocalized excitation. The off-diagonal elements of this block are the excitonic couplings, V;,
which describe the interactions between tightly bound electron-hole pair sitting either on molecules
k or l and allow for excitation energy transfer between the two.

The second term Hct represents the charge transfer Hamiltonian which describe the interactions
between charge transfer excitons. This is written as:

g cT
Her = z Ex1 (Rip)lc,agsXch agps|
k,s#0

+ Z te(le)|Ckrak+s)(ck'ak+s'|
k,s#0,s" #0 (59)

+ Z th (le) |Ck+5!ak)<ck+s' y A |
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where the |cy,ay.) denotes the CT exciton where the hole (cationic state) is located on the site k,
while the electron (anionic state) is on molecule [ located at distance s from the first molecule. The
vectors s and s’ denotethe electron/hole separation (in molecular units) and are restricted to nonzero
values. When s = 0 the electron and hole are located on the same molecule resulting in a LE
excitation. E,f? (Rys) is the energy of the charge transfer state as shown in the main text increases with
increasing electron/hole distance and depends on the environmental response. CT excitons couple to
one another via electron and hole transfer integrals, t. and t;, respectively. The charge transfer
integrals, which to a good approximation are a result of the interactions between either the HOMO
orbitals or the LUMO orbitals of two interacting chromophores are influenced by the extent of spatial
overlap between them.®!° Consequently, the coupling decreases exponentially as the distance
between the chromophores increases, see Fig. 2 main text.

The mixing between FE and CT excitons is given by the Hamiltonian block H g_cr which is written as:



Hig_cr= Z D.(Rip)lex){cy, apssl + h.c.

k,s#0 (510)
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where D, (R)s)and Dj, (Rys) are the photoinduced electron and hole transfer interactions, respectively,
which couple FE and CT states, and where h.c. stands for the Hermitian conjugate. This Hamiltonian
block is crucial because it allows dark CT states to borrow oscillator strength from bright LE. This, in
turn, significantly impacts the optical properties and excited state dynamics of the aggregate. It is
worth noticing that as carefully described in Ref.**, D, (Ry¢) and D, (R)¢) are not strictly the same as t,
and tp, since additional exchange-like terms appear in the expression of the former couplings.
However, the leading contribution in the calculation of D, (Ry) and Dy (Rys) is related to the one-
electron terms (Fock matrix elements) involving the interaction of LUMO orbitals for the former and
HOMO orbitals for the latter as it is the case for t. and tj. Consequently, these terms decay
exponentially with the distance between donor and acceptor sites as well and are very similar.

All the matrix elements of the Hamiltonian can be found through a diabatization procedure applied for
each MD step as explained in Section S2.
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Figure S1: Schematic representation of the different processes and steps describe by the electronic Hamiltonian A% in Eq.
S7. The coupling between localized Frenkel-type excitons (Vy;) is represented in blue (yielding excitation energy transfer
(EET)). Photoinduced electron transfer (PET) and photoinduced hole transfer (PHT) processes responsible for exciton splitting
and promoted by D, and Dy, electronic interactions are shown in magenta and green respectively. Finally, electron and hole
transfer processes with transfer integrals t, and t;, respectively with the same color code as the photoinduced process to

show that and electron or the hole are moving. The orbitals involved in the LE and CT states are also represented with the
same color code (left panels).



The electronic excitations—i.e., the formation of anionic, cationic, and excitonic states —are strongly
coupled to high-frequency vibrational modes. This vibronic interaction is, for instance, responsible for
the pronounced vibronic progression observed in the single-molecule spectra discussed in Section S3.
These fast degrees of freedom are incorporated into the Hamiltonian by considering a reduced-
dimensionality space of normal coordinates, q”, obtained by projecting out the slow and flexible
coordinates Rys:

I:I‘el—vib — I:I‘LE—vib+ I:I‘CT—vib (511)

The first term represents the coupling between LE states and the nuclear degrees of freedom is:

Nexc
AU = 3" A8 g ILELE, (512)
k «a
Similarly, the coupling between CT states and the nuclear degrees of freedom is given by:
Nanion
ATV = 2 Z AlzfsQa |Ck'ak+s><ckrak+s|
k,s%0
g “ Ncation (513)
+ Z z AZ’C% lcksak+sXChraks]
k,s#0 a
a,(LE,a.c) . . . . . L
Ay represent the gradients of the excited potential energy surface (excitonic, cationic or

anionic) at the equilibrium geometry of the ground state and are referred to as first-orderintra-state

electronic-vibrational coupling constants (which related also to the dimensionless shift g by Ay =
Yhw,).'?
I Nwg).

Note HLE-Vb gre HCT—YD gre similar to the Hamiltonians used in Ref.!*4 with the noticeable
difference that in this work the vibronic part of the Hamiltonian includes multiple degrees of freedom
coupled to the excitation as exemplified by the sum over a (not just a single effective mode as it was
donein Ref.#131%) and the effect of the complex morphology of the systemis fully taken into account.
Moreover, in this work, such g, modes are selected with a powerful hierarchical procedure discussed
in Section S1.4.

The kinetic and potential components of the vibrational Hamiltonian HY™ are written in terms of the
M (mass-weighted) dimensionless coordinates q, and their conjugate momenta p,, as:

1 1
A0 =R 4+ 77 = Ezwa p£+zzwa a (514)
a a

Where w,, is the frequency of the specific hierarchically selected mode a (considering A = 1). Note
that a dimensionless coordinate g, and related momenta p, are found from the analogue quantity

mvg

with dimensions by: q, = /% Vmx,and p, = = respectively.



Section S1.4: Vertical gradients and Hierarchical selection of modes

We remark here that to make the description of the aggregate's vibronic states computationally
tractable; we follow the “simplified” route introduced in Ref.”. Specifically, we assume that (i) the
intermolecular excitonic interactions are only modulated by the slow Rj¢ coordinates and independent
of the fast ones, and (ii) the vibronic structure (i.e., the diagonal gradients Af in Eq. S12,5S13) s
independent of the specific snapshot, s. These are well-justified approximations, as excitonic
interactions are primarily modulated by low-frequency intermolecular modes—whose influence is
accounted for in the time-dependent modulation of the electronic Hamiltonian along the MD
trajectory (see Section S2) and the vibronic substructure is essentially dictated by fast modes that are
locally and instantaneously rearranging the to the configuration of the slow modes.

In practice, under the above approximations, we estimate the gradients A} appearing in Eq. S12 and
S13 using the structure of an isolated PDI monomer optimized in its ground state in the gas phase. A
(quantum) harmonic oscillator model is used to approximate excited and ground states potential
energy surfaces (PES) as implemented in the FCclasses3.0 software.'*. In particular, the ground state
PES is simply obtained using QM hessian and frequencies at the optimized PDI geometry. For the
excited-state PES, which in this case refer to locally excited, cation and anion of the molecule, among
the several available models,* we adopt the Vertical Gradient (VG) approach. Considering that the
final-state PES has the same normal modes and frequencies as the initial-state, VG only accounts for
the effect of the (dimensionless) displacement, g,, from the equilibrium position that is estimated
with a harmonic model from the excited vertical gradient at the ground state geometry. The

displacement for each mode, in turn, determines the relaxation energy of such a mode (A58l =
2

a
ng hw,). The gradients of a localized stateindicated with /1%”5 are retrieved with a single point TD-
DFT calculation. While the gradients of the CT states can be constructed using the gradients of the
cationic and anionic states (154 and A7) obtained again for the optimized molecule in its ground

state in the gas phase.

Notably, considering all the gradients along all the normal modes of each diabatic state is still too
demanding when analysing extended aggregates. Thus, to reduce the number of modes to include in
the Hamiltonian in Eq. S6, we adopted a Hierarchical effective mode selection (HEMS), analogously to
what was done in Ref.” Interestingly, the low- to medium-resolution spectrum can be efficiently
computed using a hierarchical transformation of the Hamiltonian, structured into blocks of
sequentially coupled effective modes.*>® It has been demonstrated that the use of these effective
modes ensures that reduced-dimensionality models can still replicate the dynamics of the full-
dimensional system for a short time.*’7*° This hierarchy is constructed from the practical point of view
through a generalized Lanczos as explained in Ref. 1.

Section S1.5: Density matrix

Considering a generic quantum state | W), the density matrix is defined as:

p) = [POXP O] (515)

Adopting the complete basis set we can write the density matrix as

p= Zlqbn)((pnllp)(lplqu)((pml = men(t)|¢n)(¢m| (S16)



The density matrix, p, with elements p,,,, is Hermitian. Thus, the matrix of its eigenvectors U is unitary
UTU = 1. Imagining having a vibronic wavefunction [1) = |¥(t))|v), we can calculate the density
matrix by tracing out the nuclear degrees of freedom, thus the density matrix will become an
electronic density matrix:

Pei(t) = Tryp(t) (S17)

Adopting the hole-electron particle basis we can write the matrix representation of the electronic
density matrix p,; (t) as:

Per = Z > (ke @ NP ©lm,n) 1k Dim,nl
k) lmn)

= Z Z Ui (O Ok, Y,

|k,1) Im,n) (518)

= z Z Prermn (Olk, [(m,nl
[%,1) Im,n)

Section S1.6: Purity of a state

The purity of a general density matrix can be defined as the trace of the square of the density matrix.
Yy = Tr(pz) (519)

And for a generic state we have Tr(p?) < Tr(p)2 A pure state can always be written such that

Tr(p?) = Tr(p)?, while for a mixed state this is not possible. For an aggregate with N states, its
maximum and minimum values are 1 for a purestateand 1/N for an equally populated but completely

incoherent mixed state.

Section S1.7: Population analysis

Considering our hole-electron basis set, we can express the population of hole, electron and exciton
using the following projections of the wavefunction on the basis set functions.

The population of the hole wavefunction becomes:

N N N
P () = Zl(k, NP2 = Zlu,dl2 = Z|pkl,,d|2 (520)
l l l

For the electron population we have:

N

N N
Pl(e) O = Z|<k.l|‘1’(t)>|2 = Zlukllz = Z'pkl,kl|2 (521)
3 3 3

The exciton population in the subset of the excitonic states becomes:
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Note that these values can be computed for each QD trajectory and then the average can be taken

such as: <Pk(partwle) (t)> , Where the angular parentheses indicate an ensemble average.
Ntraj

Section S1.8: Inverse Participation ratio
A common measure of delocalization is the inverse participation ratio (IPR)2%22,
N 2 N 2
_ (Zk,l|pkl,kl|) _ (Zi |pi,i|)
= 7 = )
Zg,l|pkl,kl| Z?’lpi,il

Where in the last expression, we have joined the indices of the density matrix.

IPR

(523)

The IPR ranges from 1 for a fully localized stateto N for a delocalized one. Often the IPRis indicated as
reversed (i.e. 1/IPR, and this goes from 1/N for a fully localized stateto 1 for a fully delocalized one). It
should be noted that IPR was introduced for pure states,?? and is dependent on the basis set in which
it is expressed. Note that in some publications Eq. S23 is called participation ratio (PR). We prefer to

call it Inverse participation ratio (IPR).
In summary:
1 4): localized if p;ji=1, p;;=0Vj # i, pij=0i # j

IPR = { N ii): equi-distributed incoherent if p;;=1/N Vi, p;j=01 # j
N iii): fully delocalized if p;j=1/N Vi, j

This measure is dependent on the basis set in whichiit is expressed, hence for holes and electrons, we

have respectively:

P(h)
IPR(M = W (524)
t
k 1"k
and
P(e)
JPR(®) — — _tot (S25)

IR OIE

The IPR can only measures how much the system is equally distributed on the different basis sets,
without bringing any information on its coherence (related to the off-diagonal elements of the density

matrix).



Section $1.9: Coherence length

In order to consider also the coherences, the off-diagonal elements of the density matrix need to be
included. In Ref.?2 the authors proposed to adopt a generalized definition of IPR, that was named
coherence length (CL),?*

_ (Zkl,mn|pkl,mn|)2 _ (Zi.jlpi,jDz

CL =
NZkl,mn|sz,mn|2 Nzi,jlpi,jlz

(S26)

In which in the last expression we simplified the index and wrotethe equation in analogy with the IPR.

N is introduced here as a normalization factor, so that CL has the same maximum as the IPR. Like the
IPR, CL also depends on the basis set adopted for defining p. To appreciate the different information
content of the two quantities, let us compute the limiting values of CL for three different situations:
i) a pure state fully localized on a single member of the basis set, ii) a fully incoherent mixed state
equally distributed over all states of the basis set, and iii) a fully delocalized, fully coherent pure state.
In summary:

1/N i): localized if p;;=1, p;;=0Vj # i, p;;=01i # j
CL=<1 it): equi-distributed incoherent if p;=1/N Vi, p;;=01i # j
N ii1): fully delocalized if p;;=1/n Vi, j

Section $1.10: Total Tangle

Usingthe purity and the IPR we can use their “difference” to quantify the amount of entanglement.?!

N
2
Er(p) =2 z lpij|” = [Tr(p?) — IPR71] (527)
L,j>i
In physical terms, a large IPR* (indicating that the excitation is relatively localized) corresponds to a
low degree of entanglement. This highlights once more the close link between coherence in the form
of exciton delocalization and entanglement in the system. With the definitionin Eq. S27 the total tangle

maximum value for a fully coherent state is 1-1/N. Note that some texts include a factor 2 in the
definition of Eq. $S27 and for a fully coherent 2(1-1/N), instead.

0 i): localized if pji=1, pj;=0Vj # i, pij=0i # j
Er(p) =<0 i1): equi-distributed incoherent if p;;=1/N Vi, p;j=0 i # j
1 —1/N dii): fully delocalized if p;;=1/N Vi, j

Section S1.11: Von Neumann entropy

The Von Neumann entropy is defined as

Syn = —Tr(plnp) (528)
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The minimum (for a pure state) and maximum (for a fully incoherent state with equal populations)
values are 0 < Sy < In(N). Interestingly, the von Neumann entropy depends only on the eigenvalue
spectrum of the density matrix, not on how it is represented in any particular basis.

Section S1.12: Relative entropy

For excitonic systems including only a single excitation, Sarovar et al.?* proposed to use relative entropy
as a measure of global entanglement

Elp] =-Tr (Pi,il"(PLi)) —Svn (29)

where Sy is the von Neumann entropy. By construction E[p] = 0 and itvanishes for separable states.
This quantity corresponds to the relative entropy of entanglement, defined as the minimum relative
entropy distance between the state pand the set of separable states. In the single-excitation manifold,
this minimumi is attained for the separable state that shares the same diagonal elements (populations)
as p. This stateis therefore identified as the closest separable stateto pin the sense of relative entropy.

The limiting values for our three cases are:

0 i): localized if pii=1, p;;j=0Vj #1, pi;=01i#j
E(p)=<0 i1): equi-distributed incoherent if p;;=1/N Vi, p;;=01 # j
1-1/N iii): fully delocalized if p;;=1/N Vi, j

Section S1.13: State character analysis

Fractional LE and CT character of nth eigenstate can be obtained by diagonalizing the electronic
Hamiltonian (Eqg. S7) and using the eigenvectors to determine the amount of mixing. In particular,

N N
n n 2
Ver = § § |Uij (S30)

i#j j
And

N
Vi =Z|U{;|2 (S31)
i

Note that the same analysis could be done with the vibronic Hamiltonian if its eigenstates were
accessible in the electron-hole basis.?

11



Section S2: Computational details

Section S2.1: Electronic structure and dynamics

All quantum mechanical (QM) calculations were performed at the DFT and TD-DFT levels using the
Gaussian 16 package, with the CAM-B3LYP functional and the 6-31G(d) basis set as done in previous
work,” including Grimme’s D3 dispersion correction. We note that the use of a larger basis set would
be computationally very demanding since, as explained below, our approach requires constrained
structural optimizations followed by the calculation of multiple excited states to achieve a complete
diabatization.

In the case of aggregated systems, to perform the sampling of the electronic Hamiltonian and include
energetic disorder, molecular dynamics trajectories taken from Ref.?> were used. From these we
extracted uncorrelated snapshots every 10 ps depending on the system. The quantum-mechanically
derived force-field (FF) used to generate such trajectories has been previously parametrized and
validated by some of us in Ref.”?® using QM data obtained using the aforementioned long-range
corrected hybrid functional.

Section S2.2: Constrained aggregate optimization

Following the approach used in Ref.” for the dimer, we constructed vibronic LVC Hamiltonians of the
different aggregates in the subspace of the fast degrees of freedom only, while accounting for the
dynamics of the slow coordinates using the MD statistical sampling. To this end, for each MD snapshot,
we performed a DFT geometry re-optimization of each individual PDI monomer within the aggregate.
In particular, only the atoms belonging to the core of a given PDI core were allowed to relax, while
atoms in the lateral pendants and in the other PDI monomers were kept fixed. An ONIOM QM/MM
scheme was adopted: chemical species within a 4 A radius (water, CI-, and the other PDI) wereincluded
in the DFT optimization at the MM level, using QMD-FF point charges and Lennard-Jones terms. All
other species within a 20 A radius were treated as fixed QMD-FF point charges. Finally, for each
snapshot, the optimized geometry of the dimer, trimer and tetramer were straightforwardly obtained
by combining the two, three or four optimized monomers, respectively. An example of the ONIOM
QM/MM partition is given in Fig. S2, where we have indicated the different layers with different
representations.

12
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Figure S2: Representation of the various layers characterizing the ONIOM QM/MM approach used for the description of
tetramer in solution. A PDI molecule is included in the QM region together with explicit species (water, Cl- and PDI) within
4.0 A from the given PDI center of mass (Corey—Pauling—Koltun (CPK) and related colour scheme are used). The other species
within 20 A from. All the rest of the molecules within 20 A around the investigated PDI are treated as atomic point charges

(PC) placed at the different atomic positions extracted from the MD. Each panel in a), b), c) and d) represents the QM PDI
number 1, 2, 3, 4, respectively.

Section S2.3: Fragment diabatization

The electronic Hamiltonian H®! is constructed using our diabatization approach (through the open-
source OVERDIA software), developed by some of the authors.2” This method performs an adiabatic-
to-diabatic transformation based on a maximum overlap criterion.?’ It takes as input the adiabatic
states from TD-DFT calculations carried out with Gaussian 16,28 along with definitions of the reference
(localized) states used in the transformation. The reference quasi-diabatic states can be defined in

several ways; here, we consider the states of the individual monomers forming the aggregate at their
Franck—Condon (FC) geometries.

All monomer and aggregate calculations employed a two-layer approach to account for the
environment, incorporating electrostatic embedding (EE) of all solvent molecules and counterions
within a 20 A radius. These were included as QMD-FF point charges (pc). In the monomer calculations,
the electrostatic effect of the second monomer on the reference states wasincluded by treating it as
part of the EEpc shell (see Fig. S2). Reference states for the LE states were obtained by reading the
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corresponding TD-DFT response vectors from the monomer calculations. For CT states, reference
states were defined as orbital transitions from the HOMO of one monomerto the LUMO of the other,
and vice versa.” To account for the effect of structural disorder, the diabatization was repeated for each
configuration of the aggregate extracted along MD (and partially optimized) to make sure that the
electronic Hamiltonian depends only on Rj¢. About 60 adiabatic states of the aggregate are computed
at each snapshot to have a complete diabatization.

The diabatization procedure enables the extraction of all the matrix elements (excitation energies and
their excitonic couplings) in Eq. S7. For completeness, we notealso that similar diabatization schemes
based on molecular properties have been used by some of the authors in other works®. We tested that
these different schemes give essentially the same results as the OVERDIA approach used here. We
note in passing, that the sparsity of the Hamiltonian can be exploited to efficiently construct the full
matrix without resorting to computationally expensive diabatization evaluations of all couplings.®®
Finally, we note that since the excitonic couplings are directly computed from a diabatization that
consistently consider reference states with the same phase, the important coupling-sign relationship
is fulfilled. See Ref.® for an extensive discussion on this issue.

Section $2.4: MCTDH settings

Nuclear wave-packet propagations were carried out usingthe MCTDH method?°=3, asimplemented in
the QuANTICS code.> The wavepackets were propagated for 200 fs in steps of 0.5 fs. We adopted the
variable mean field scheme with a Runge-Kuttaintegrator of order5 and an accuracy threshold of 1077,

When the number of coordinates is relatively small, we run standard MCTDH wavepacket propagations
using with constant mean field scheme with an accuracy of 10~. A Bulirsch-Stoer extrapolation
integrator was adopted for the SPFs with a maximal order of 7 and 10~ accuracy, while a SIL integrator
was exploited for the A vector with maximal order of 5 and accuracy of 107°.

Notably, however, the PDI molecule already possesses 112 vibrational coordinates, which makes a
straightforward application of MCTDH for large aggregates computationally prohibitive. To address
this, fully converged low-resolution spectra that account for all nuclear degrees of freedom were
obtained by employing a hierarchical representation of the Hamiltonian in terms of effective collective
coordinates as well as a multi-Layer (ML) extension of MCTDH.33 In the hierarchical representation (see
Section S1.4, the coordinates were grouped into blocks, each containing several modes, defined so
that the short-time dynamics—relevant forthe low-resolution spectrum—are dominated by only a few
blocks. Fig. S10 shows that using just two blocks (12 coordinates for a dimer, 18 for a trimer and 24 for
a tetramer, respectively) are sufficient to produce converged spectra for a Gaussian broadening with a
half-width at half-maximum (HWHM) of 0.032 eV and adding a third block leads to only minor
differences. Therefore, in the calculations of the main text two blocks were used to compute the
spectra and population dynamics.

In the cases where ML-MCTDH was used, we did it with a 5th order Runge-Kutta integration and the
mean field matrices were updated at each integration step (Variable Mean Field, VMF). The same ML-
MCTDH settings were used for the computation of the time-evolution of the populations. Different ML
trees were checked to be sure to reach convergence.
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Section $2.5: Ad-MD | gLVC workflow for simulating molecular aggregates

The workflow employed in this work follows these steps:

Computation of the vibronic structure of the molecule (performed only once) for the
optimized geometry of the molecule. Validation by comparing the molecular spectrum again
the experiment and hierarchical selection as detailed in Section S2.

Extraction of snapshots from classical MD performed with QMD-FF as described above.
Calculation of the electronic Hamiltonian using the diabatization tool Overdia to calculate all
diagonal and off-diagonal matrix elements of dimer, trimer and tetramers accounting for the
explicit electrostatic effect of the environment.

Construction of the LVC Hamiltonian and operator file for quantum dynamics simulations
performed on the different snapshots characterized by a different static disorder.

Calculation of the spectrum of the molecule using Eq. S4 and excited state population
dynamics and delocalization.
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Section S3: Additional Results

Section S3.1: Static molecular spectrum

The spectrum of a single PDI molecule, used for reference purposes, was computed in this work using
the so-called static approach. That is, evaluating the excitation energy of the bright S1 state of the
molecule for a single conformer taken at the minimum optimized geometry. The optimization in this
case was performed by removing the side chains at CAM-B3LYP/6-31G(d) as previously done in Ref.’.
Comparison between the static approach and more-advanced sampling schemes and approaches has
been discussed elsewhere by some of us.?¢

The firstimportant observation is that there are several high and low frequency modes are active upon
excitation (see Table S1). High frequency modes involve mainly C=C stretching modes and are
responsible for the main vibronic progression, while delocalized low frequency modes (e.g., that
around 234 cm™) broaden the main vibronic peaks. A second clear point is that CAM-B3LYP tends to
overestimate the vibronic coupling, that is the 0-1 transition is too intense compared to experiment.
This overestimation is corrected in this work by scaling the electron-vibration coupling, as explained
below.
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Figure S3: Comparison of computed and experimental spectra at room temperature using the Vertical Gradient approach.
The computed VG spectrum was determined including all normal coordinates and shifted by -0.54eV to match the main
experimental peak and it was broadened with a Gaussian with HWHM= 0.05 eV. The main stick bands of the computed VG
spectrum are assigned with labels p*, where p is the normal mode and x the number of quanta. Different colours distinguish
stick bands to final states belonging to class Cn, where “n” is the number of simultaneously excited normal modes in the
excited state. Experimental absorption spectrum was reproduced from Ref. 26, Copyright 2022 American Chemical Society.

As discussed in the main text, we are interested in investigating aggregates in condensed phase, thus
a selection of the most important vibrations is necessary to make the problem computationally
feasible. To this end, we have outlined an efficient Hierarchical effective mode selection (HEMS) and
we adopted the effective mode reported in Table S1 to run QD wavepacket propagation on the excited
S1state of the isolated PDI molecule. Notably, in absence of non-adiabatic couplings between PESs, in
principle QD simulations should yield the same results as demonstrated in other works 3. In Fig. S4 we
show that a fully converged spectra in agreement with the VG approach can be recovered with only a
few blocks of the hierarchy. Note that both VG and QD simulations overestimate the vibronic
progression with respect to experiment as TDDFT yields too large gradients. Thus, to correct for this
electronic structure shortcomings we divided the gradient by a factor of 1.3, which allowed us to
recover an almost perfect agreement with the experiment in terms of line-shape and peaks hight. We
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note that, unless stated otherwise, the same scaling is applied to the gradients of the exciton, cation,
and anion in all simulations of optical properties and excited-state dynamics of PDI aggregates
presented in this work.
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Figure S4: Absorption spectrum for the single monomer computed with VG and quantum dynamics (QD) with a fully
converged numbers of hierarchically selected modes. Dashed yellow line represent the spectrum with unscaled gradient as
obtained from TDDFT. While solid blue line represents the spectrum in which the gradients of the hierarchically selected
modes are divided by 1.3. Experimental absorption spectrum was reproduced from Ref. 26, Copyright 2022 American
Chemical Society.

Section $3.2: Normal modes analysis and hierarchical selection of modes
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Figure S5: Relaxation energies of the different modes when going from the neutral to the excited state geometry, namely
(a) anionic, (b) cationic and (c) excitonic state. On the second axis is the cumulated variance.

Table S1: Normal modes and related dimensionless displacement gg, unscaled electron-vibrational

coupling, Af‘LE, and relaxation energies, A%¢!, for the five most strongly coupled modes to the
excitation.

exciton
normal modes w [cm-1] g% AL (ev) Arel(eV)
12 234.3 -1.023 -0.030 0.015
20 403.2 0.169 0.008 0.001
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79 1367.0 -0.717 -0.122 0.044

84 1433.1 -0.714 -0.127 0.045

95 1664.3 -0.617 -0.127 0.039

Total Lambda (eV) 0.212
Hier. 1 1477.83 1.464 0.268

Table S2: Normal modes and related dimensionless displacement gﬁ, unscaled electron-vibrational
coupling, AZ’LE, and relaxation energies, A%¢!, for the five most strongly coupled modes to the

cationic state.

cation
normal modes w [ecm-1] g% ALHE Arel

12 234.34 -0.727 -0.021 0.008
20 403.22 -0.509 -0.025 0.006
79 1367.04 -0.608 -0.103 0.031
84 1433.13 -0.197 -0.035 0.003
95 1664.27 -0.727 -0.150 0.055
Total Lambda (eV) 0.115

Hier. 1 1477.83 0.847 0.155

Hier. 2 1470.58 0.602 0.110

Table S3: Normal modes and related dimensionless displacement gﬁ, unscaled electron-vibrational

coupling, A%LE, and relaxation energies, A%¢!, for the five most strongly coupled modes to the anionic

state.
Anion
normal modes w [cm-1] g% APEE Aret

12 234.3 -0.477 -0.014 0.003
20 403.2 0.705 0.035 0.012
79 1367.0 -0.388 -0.066 0.013
84 1433.1 -0.781 -0.139 0.054
95 1664.3 -0.464 -0.096 0.022
Total Lambda (eV) 0.191

Hier. 1 1477.83 1.238 0.227

Hier. 2 1470.58 -0.648 -0.118

Hier. 3 1342.36 0.164 0.0272
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Section S3.3: Hamiltonian Parameters
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Figure S6: Site energy fluctuations for the different systems: a) dimer and b) trimer. The order of the molecules is reported
in the inset on the right.

Table S4: Average couplings (V = (|Hy,|)) and related standard deviations (o = /{|Hy,;[? } — (IHj1)?)
the tetramer Hamiltonian.

Dist. (Ang) Couplings o (meV) % fluctuation
(meV)

3.74 93.5 15.5 16.6

% 7.63 18.0 10.4 58.0
10.80 6.8 4.4 63.9

3.74 71.6 45.4 63.4

Dy, 7.63 8.1 6.2 76.9
10.80 0.9 0.8 86.1

3.74 32.5 18.3 56.4

D, 7.63 4.3 3.0 69.0
10.80 0.5 0.5 93.6
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Figure S7: Histograms of the excitonic couplings V}; computed for the tetramer system. V}; is computed for nearest neighbour
molecules (blue), separated by 1 molecule (red) and separated by 2 molecules (yellow)

Section S3.4: Geometric Analysis and Correlation with Electronic Hamiltonian parameters in
the tetramer

The structural evolution of the PDI tetramer was analyzed using a set of supramolecular
descriptors that quantify the relative positions and orientations of the individual chromophores. Each
PDI unit was assigned a molecular reference frame defined by the long, short, and normal axes of its
aromatic scaffold, denoted as iy, Uk s,, and 1y ;, respectively. Following the scheme developed by
Martinez and co-workers3* and later extended by Cantina et al.3, the relative geometry between two
PDI units (k, I) was characterized by eight descriptors: four translational parameters (p, 15,717, and 15)
and four angular parameters (@, y1,y2, and 8) (see Table S5 for a description). The translational
descriptors represent the center-of-mass distance and the relative displacements along the stacking,
longitudinal, and side directions, while the angular descriptors describe spinning, rolling, tumbling,
and dephasing motions between the molecular planes.3®

To ensurea consistent treatment of equivalent configurations, all angular descriptors were considered
with 180° periodicity, except for the spinning (yaw) angle a. For @, equivalent orientations were folded
into the first quadrantinstead of enforcing a 180° periodicity. In this way, mirror-related geometries—
for instance, @ = 30° and 150°—were mapped to the same effective value, removing artificial
discontinuities between reflected configurations and providing a smooth representation of equivalent
molecular orientations.

Electronic Hamiltonians were computed for each snapshot extracted from the classical MD trajectory.
After diabatization (as discussed in the main text), we obtained local excitations (LE1-4), charge-
transfer (CT), and charge-separated (CS) diabatic states. To rationalize how the structuralfluctuations
affect these quantities, each Hamiltonian element was associated with the instantaneous two-body
geometry of the corresponding chromophore pair. In this framework, each “body” represents an
individual PDI unit, and descriptors were evaluated for all relevant pairs within the tetramer, not only
for nearest neighbours (e.g., including 1-3 and 1-4 interactions). The resulting set of pairwise
geometric descriptors, summarized in Table S5, was therefore linked to the Hamiltonian elements to
qguantify how specific relative orientations and displacements between PDI units influence the
electronic couplings and state energies.
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To identify which geometrical features most strongly influence the electronic couplings, correlations
were computed between the structural descriptors and the Hamiltonian elements. The set of variables
{X}includes thetranslational descriptors associated with interchromophoredistances ( p, 7, 17, andry),
while the set {cg} contains the angular descriptors derived from the cosine-transformed angles
(a,v1,y2,and ). These quantities were evaluated for each PDI pair over the ensemble of geometries
extracted fromthe MD trajectory. Correlations were then calculated between the absolute geometric
descriptors and the electronic Hamiltonian elements, {X, cg} vs. the Hamiltonian elements.

Two statistical complementary measures were employed: Pearson correlation coefficients to quantify
linear dependencies and Spearman rank coefficients to capture monotonic but nonlinear trends. The
resulting correlations are shown in Figure S8. Large absolute correlation values (|r| = 0.5) were
interpreted as indicators of strong structure—electronic coupling correlation. Both correlation maps
reveal a pronounced relationship between the distance parameters and the electronic interactions, as
also illustrated in Fig. 2b of the main text. In contrast, the angular descriptors generally display weaker
correlations, reflecting the broader configurational flexibility of the aggregate. Notably, the spinning
(yaw) angle @ and the dephasing angle § show localized enhancements, with a influencing short-range
coupling strength and & more effectively capturing collective columnar motions within the stack.
Overall, this analysis provides a direct and quantitative link between the instantaneous two-body
geometry of the aggregate and the evolution of its electronic Hamiltonian along the MD trajectory,
offering microscopic insight into how molecular motions modulate excitonic interactions in
multichromophoric assemblies.

Table S5: Summary of geometric descriptors between two PDI units and their physical meaning. Refer
to Ref.3® for their graphical representation.

Descriptor Type Description
p Distance Center-of-mass separation
Ty Distance Separation between the aromatic = -planes
n Distance Displacement along molecular long axis
T Distance Displacement along molecular short axis
a Angle Spinning (yaw) rotation
Y1 Angle Rolling (pitch) rotation
12 Angle Tumbling (roll) rotation
10) Angle Dephasing relative to columnar axis
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Figure S8: Spearman and Pearson correlations between parameters of the Hamiltonian and distance (top-panels) and angular
(bottom-panels) descriptors. The boxed squares and their colors indicate the magnitude of the correlation between the
energies and couplings shown on the x-axis and the geometric descriptors on the y-axis. Refer to Table S5 for a description of
the geometric descriptors.
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Section S3.5: Environmental effects on the Hamiltonian parameters

In Fig. S9, we performed diabatization excluding the explicit solvent molecules in the computation of
the adiabatic states of the aggregate as well as in the monomer reference states needed for the
diabaization procedure (see Section S2.3). The same figure as in the main text is plotted for a direct

comparison.
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Figure S9: This figure shows the same panels as in Fig.2 of the main text but removing explicit water molecules from the

diabatization performed as detailed in Section S2.3.
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Section $3.6: Convergence with hierarchy blocks

In Figure S10 we show that 2 blocks (12 coordinates for a dimer, 18 for a trimer and 24 for a tetramer)
already provide converged spectra for a Gaussian broadening with a half width at half-maximum
(HWHM) of 0.032 eV and thatincluding a third block results in very minor changes. Therefore, in most
of the simulations two blocks were adopted to compute the spectra of all snapshots, unless stated
otherwise.

a) Monomer b) Dimer
= 1.01 — Exp. (Sol.) c 1.01 \ — Exp. (Aggr.)
2 —— QD (1-blocks) | -2 —— QD (1-block)
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Figure S10: a) Absorption for the monomer invacuo built for the optimized structure. Vertical energy taken from CAM-B3LYP
in gas-phase (2.855 eV). The gas-phase spectrum was red Shift=-0.32 eV to match the experiment. A Gaussian witha HWHM
of 0.036 eV was used for the monomer. Panels b), c), d) represent dimer, trimer and tetramer aggregate in water. Gradients
scaled by factor 1.3, shift=-0.32 eV. A Gaussian of HWHM = 0.032 eV was used dimer, trimer and tetramer. The experimental
absorption spectra were reproduced from Ref. 26, Copyright 2022 American Chemical Society.
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Section S3.7: Convergence with number of snapshots

Convergence with Snapshots
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Figure S11: Convergence with number of snapshots for a tetramer aggregate used to create the average spectra. As the
number of snapshots increases the phenomenological broadening used for the spectrum of each realization can be
decreased. Thus, the HWHM goes from 0.037 eV for 9 snapshots to 0.031 eV for 20 snapshots, to 0.024 eV for 43 snapshots.
The experimental absorption spectrum was reproduced from Ref. 26, Copyright 2022 American Chemical Society.

Section $3.8: Check the effect of constructing an averaged Hamiltonian

In Figure S12, we report the spectrum obtained by first computing the average of the parameters
over MD snapshots and then performing QD with a converged number of blocks.

a) Lo b) 12
. = QD (Tetramer) — J LE

é 0.5 —— QD (Aver. Hamilt) 1.0 — Ser
a0 == ¥ LE (av. H)
2 0.8 "
o c ¥ CT (av. H)
5 0.61 S
o %0‘5'
_g 0.41 =
© a0.44 ;P\_Jﬁ—/\f\/\/_\f\/_\ﬂ“\—o
£ 7\ N -~ -~ - —
=0.2 [ /N2 N Ty - f N,
2 0.2/ - AR N

0.0 J

20 2.2 24 26 28 30 32 0'00 50 100 150 200
Energy (eV) Time (fs)

Figure S12: a) Average Hamiltonian was constructed by averaging the Hamiltonian matrix elements for all snapshots. The
correct sign consistency of the couplings was ensured controlling the phase of the involved orbitals. b) Represent the
evolution of the summed population of LE states and CT states average over all trajectories for the averaged Hamiltonian
(solid lines) and the fluctuating one (dashed line).

25



Section $3.9: Comparison with and without CTs
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Figure S13: a), d) upper panels absorption spectra of a dimer and a tetramer, respectively, simulated including CT excitation
(solid orange lines) or considering only LE states excluding their interaction with CT states (solid blue lines). The calcula ted
spectra were shifted by 0.32 eV, and all transitions were convoluted with a Gaussian of 0.03 eV. Thin blue and orange lines
represent single quantum dynamics (QD) trajectories calculated for each MD snapshot. b), e) Middle panels show the

character (Eq. S30, S31) and density of the states for both dimerand tetramer the presence of LE-CT mixing, while the lower

panel show the same but excluding LE-CT mixing. Panels c) and f) represent the evolution of the summed population of LE
states and CT states over all trajectories. Individual trajectories are represented with thin-lines.

26



0.6 —_ LE1 0.6
— | E2
— LE3
0.51 Ea 0.51
CT (1->2)
c0.4 cr@->3) < 0.4
2 T@e=n 8 —
— CT(3->2) —LE2
§O'3 — CT (2->1) %0'3' — LE3
Q — CT(3->4) =3 LE4
o 9 ™
a0.2 —=cs1>3) 0.2 /\/
- CS5(4->2) \/
- C5(3->1)
0.1 —= C5(2->4) 0.1+
- CS(1->4)
0.0+ y J — — = C5(4->1) 0.0 . : i
0 50 100 150 200 0 50 100 150 200
Time (fs) d) Time (fs)
0.6 —s1 0.6
s2
0.5 - 0.5
— 55
c 0.4 56 =0.41
o —_— 57 o ' —s1
= © s2
£0.34 e 0.3 oz
S s10 3 sa
£0.2] — 511 a 0.2+
s12 )
s13 k
01y i~ 0.1
s S — — s 0.0
00T 7T 771 v S16 . T T T
0 50 100 150 200 0 50 100 150 200
Time (fs) Time (fs)

Figure $14: Population evolution tetramer with (left panes) and without (right panels) including CT states. Diabatic population
are reported in panel a) and c), with and without including CT states, respectively. Pseudo-adiabatic population evolution
with (panel b) and without (panel d) including CT states. The Pseudo-adiabatic population has been computed by rotating
the diabatic states with the adiabatic-to-diabatic transformation matrix computed at the FC point (that is at time 0).

Section $3.10: Population evolution of dimer and trimer aggregates
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Figure S15: Population evolution of dimer (panel a) and trimer (panel b) using 3 blocks of the hierarchy.
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Section S3.11: Tetramer: coherence and dynamics
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Figure $16: a) Von Neumann entropy as a function of time computed with Eq. S28 for the tetramer. Thin lines represent the
quantity computed for each trajectory initiated from a different MD snapshot, while thick lines represent the average over
all trajectories. b) Relative entropy as a function of time computed with Eq. S29 for the tetramer. Thin lines represent the
quantity computed for each trajectory initiated from a different MD snapshot, while thick lines represent the average over
all trajectories.
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Figure S17: Different quantities used in other figures, computed for the tetramer using two approaches to averaging the
density matrix. Solid lines indicate the results obtained by first computing the density matrix and thus each quantity for
individual trajectories and then averaging over all trajectories. Dashed lines show the results obtained by first averaging the
density matrix over all trajectories and then computing each quantity from this averaged density matrix.

29



Section $3.12: Tetramer coherence and dynamics with and without CT
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Figure S18: IPR, Coherence length, real part of the coherence and absolute coherence between the LE1 state and the
indicated diabatic states with (panel a,b,c,d) respectively, and without (panel e,f,g, h) including CT states in the wave packet
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Figure S19: Total tangle (panel a) and Purity (panel b) for the trajectories where CT states are not included in the wavepacket

dynamics. Note that the limits are different from those reported in Fig. 4 of the main text as the aggregate without CT
reported here has only 4 states in total.
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Section $3.13: Tetramer coherence and dynamics starting from bright adiabatic states

To test the robustness of our conclusions on the excited-state dynamics of the tetramer, we also
considered an alternative wavefunction initialization in which the systemis prepared in the brightest
state accessible as if it was prepared by a broadband excitation. This state was identified using an
adiabatic-to-diabatictransformation to rotate the electronic states and select the one with the largest
squared transition dipole moment. The subsequent QD propagation was still performed in the diabatic
basis. After an initial relaxation, interestingly the population dynamics become essentially independent
of the chosen initial condition (See Fig. S21 and S14).
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Figure S20: Histogram of the frequency (count) with which the index brightest state (i.e. largest squared module of the
transition dipole) appears in each snapshot.
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Figure S21: Population evolution starting from the brightest state of each snapshot. The evolution in the Diabatic basis is
reported in panel (a) while the evolution in the pseudo-adiabatic basis defined atthe FC point is reported in panel (b). Note
that this figure should be compared with Fig S14a,b.
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Figure S22: IPR, Coherence length, Total Tangle and purity computed for the QD trajectories started from the brightest
adiabatic state as defined above.
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Figure $23: (a) Purity of the electronic density matrix, defined in Eq. S18 and (b) Total Tangle, defined in Eq. S27. Both these
measures are performed for the physical system, in which the coupling to high-frequency vibrations provides the best
agreementin the optical spectra with experiment (black line); the same system initialized from the brightest state of each
snapshot (magenta line).
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Section S3.14: Reduction electron-vibrational coupling

We report additional results regarding the analysis described in Section 2.6 of the main text.
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Figure S24: Population evolution tetramer reducing the electron-vibration couplings (i.e. the gradients, see Section S1) by

factor 10 (left panes) and completely (right panels). Diabatic populations are reported in panel a) and c), respectively. Pseudo-
adiabatic population evolutions are reported in panels b), d).
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Figure S25: IPR, Coherence length reducing the electron-vibration couplings (i.e. the gradients, see Section S1) by factor 10
(left panes) and completely (right panels).
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Section 3.15: Comparison with previous work

Here, we provide a comparison with previous workin Refs.2%and Ref.”. We note that this comparison
is performed using unscaled gradients as obtained directly from TDDFT. The scaling factor was
introduced only in the present work to correct for the known overestimation of CAM-B3LYP functional
as discussed in Section S3. 1.

We begin by reproducing the simulation shown in Fig. 9a of Ref.2¢ (Segalina et al., 2020 in magenta) in
Fig. S28aand comparing it with the monomer spectrum obtained in this work (see Fig. 1c). The slight
differences in peak intensities arise from the fact that, in the present work, the simulations are
performed using the VG approach. This choice reflects the fact that VG corresponds to the limiting
case to which the ad-MD | LVC method reduces in the absence of interstate couplings.

In Ref.2%, the primary objective was to achieve the most accurate possible description of the monomer,
and the vibronic-Hessian (VH) approach was therefore adopted, explicitly accounting for Duschinsky
mixing effects. In the present work, instead, the monomer is used solely to validate the gradients
entering Eq. S11, i.e., the vibronic part of the Hamiltonian. The methodological choices in the two
studies thus reflect their different scientific goals, while the resulting physical pictures remain fully
consistent.

Next, we compared the dimer simulation shown in Fig. 6 of Ref.” (Segalina et al., 2022 in magenta),
reproduced in Fig. S28b, with the dimer simulation presented in the current work. When performed
using unscaled gradients, the two simulations are equivalent. The minor differences observed arise
from the different sampling protocols: 100 snapshots were used in Ref.”, whereas only 25 snapshots
are employedinthe present study, as thedimerisincluded here only toillustrate that larger aggregates
are required to quantitatively reproduce the experimental observations.

a .
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Figure $S28: Comparison results in this work and Ref. 26 for the PDI monomer (panel a) and Ref.? (panel b) for the dimer in
solution. In panels a) and b), the x,y data reproduced in magenta were taken from Ref. 26 and Ref. 7, respectively. Copyright
2020 and 2022 American Chemical Society, respectively. Note that the comparison must be done for unscaled couplings. For
the monomer the applied broadening is HWHM=0.032 eV (adjusted for better comparison with Ref. 26). For the dimer the
applied broadening is HWHM=0.032 eV, while in Ref. 26 HWHM=0.03 eV was used.
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