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Abstract

We build and apply an ab initio stochastic Bethe-Salpeter Equation (sBSE)
approach to planar cyanine dye aggregate clusters containing up to 2,856 valence
electrons. Using a transferable, parameterized screened exchange kernel, we
resolve dielectric response, exciton delocalization, and optical spectra within
a unified many-body framework. Remarkably, the sBSE transition densities
validate the Frenkel exciton picture in real space and provide a practical first-
principles route to its screened couplings. The calculations reproduce H-, I-, and
J-like spectral evolution and reveal that spatially dependent screening does not
merely shift excitonic bands, but reshapes their dispersion, leading to changes
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in the relative energies of bright and dark exciton states. These results establish
sBSE as a predictive framework for large molecular aggregates.

Keywords: Bethe-Salpeter Equation, Cyanine Aggregates, Excitons, Dielectric
Screening

1 Introduction

Polymethine cyanine dye supramolecular assemblies are among the most studied exci-
tonic molecular aggregates due to their chemically modifiable bandgaps and large
transition dipole moments, especially within the near- and short-wave infrared spectral
windows (NIR: A = 700 — 1000 nm and SWIR: A = 1000 — 2000 nm). These aggre-
gates have found applications in biological imaging, lasing, and optoelectronics while
also serving as model systems to explore strong dipole coupling and coherent exci-
ton transport.[1-14] Conventional exciton theory relates aggregate packing to optical
response, distinguishing H- from J-aggregates through the sign of intermolecular exci-
ton coupling. More recent work has shown that planar cyanine aggregates exhibit richer
behavior, including intermediate I-aggregate characteristics that cannot be described
within the traditional H/J classification.[7, 8, 15-20] For example, in extended two-
dimensional aggregates, an I-aggregate regime can arise when short- and long-range
excitonic couplings have opposite signs, producing a red-shifted bright state that lies
within the excitonic band rather than at its lower edge.[7, 8] Complementary exten-
sions have further shown that competition between short- and long-range excitonic
interactions can generate HH, HJ, JH, and JJ regimes with distinct excitonic band
structures.[21, 22] At the same time, advances in cryogenic electron microscopy have
provided structural information with near-atomic resolution, creating a growing need
for electronic structure methods that can directly connect aggregate geometry and

optical properties.[15-18, 23]
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Most theoretical studies of cyanine aggregates use Frenkel exciton Hamiltonians
to connect aggregate geometry with photophysical observables.[18-22, 24-27] In these
studies, localized molecular excitations are coupled through site energies and inter-
molecular interactions, enabling efficient treatment of disorder, packing geometry,
and large aggregate sizes.[21, 22, 24, 25, 28] The predictive accuracy of the Frenkel
framework therefore depends on how its site energies, couplings, and environmental
screening are constructed. Couplings are commonly approximated using point-dipole,
extended-dipole, or transition-charge models, whose accuracy can become sensitive to
short-range geometry,[29-32] while dielectric screening is typically introduced through
effective dielectric constants, continuum models, or other parametrized treatments
rather than derived directly from the many-body response.[33-36]

An ab initio approach to treating excitations in extended molecular aggregates
would allow for first-principle study of aggregate spectral properties. To that end,
time-dependent density-functional theory (TDDFT) is a routine approach for describ-
ing molecular aggregate excited states, however, its accuracy relies heavily on the
choice of exchange-correlation functional. In turn, the Bethe-Salpeter Equation (BSE)
of many-body perturbation theory has become a promising alternative to TDDFT
with the ability to describe charge-transfer excitations more reliably. The success
of the BSE comes from a screened Coulomb interaction that explicitly accounts for
interactions between electrons and holes.[37-43] The BSE has become a benchmark
approach for molecular and condensed-phase spectroscopy, but generating the screened
Coulomb matrix elements scales quartically with system size. This has limited applica-
tion to large-scale molecular aggregate settings.[40-49] As a result, a large gap persists
between experimentally relevant molecular aggregates and the many-body methods
needed to describe them.

Our recent developments in stochastic many-body theory provide a route toward

closing this gap.[50-57] By replacing the explicit construction of the real-space
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screened Coulomb operator with stochastic realizations of the operator’s action,
these approaches retain the essential many-body physics of the BSE while sub-
stantially reducing computational cost. Previous work has shown that stochastic
screened-interaction methods reproduce BSE-quality excitation energies for challeng-
ing polymethine cyanine dyes while extending excited-state calculations to systems
containing several thousand valence electrons.[58-61] In this work, we apply ab
initio stochastic Bethe-Salpeter Equation (sBSE), also known as TDHFQuy,,[58,
60, 61] to aggregate clusters (containing up to 2,856 valence electrons) of 4'-(3,5-
dimethylphenyl)-substituted heptamethine cyanine dye (Cy7-DiMePh).[7, 9, 10, 62]
This NIR-SWIR dye forms multiple well-characterized two-dimensional aggregate
mesophases with distinct excitonic and optical properties, while its packing and spec-
tral response are highly sensitive to the 4’ aryl substitution.[10] These features make
Cy7-DiMePh a particularly useful model system for connecting molecular packing,
dielectric screening, and the emergence of collective exciton structure.[10]

Fig. 1 summarizes the systems and workflow considered in this study. Starting from
the isolated monomer (Fig. 1 (a) i.), we construct one-dimensional (1D) 2 x 1 (dimer),
3 x 1 (trimer), and 4 x 1 (tetramer) aggregates as well as a series of two-dimensional
The monomer geometry is optimized at the B3LYP/def2-TZVPPD level,[63-65] the
77 stacking distance of 4.72 A is determined by a fragment-constrained dimer geom-
etry optimization at the r2SCAN-3c level,[66] and the lateral distance of 25.43 A is
determined by a potential energy surface scan using r2SCAN-3c.[66] All geometry opti-
mizations are performed using the ORCA 6.0 package.[67, 68] Additional structural
details are provided in the Supplementary Information (SI). The resulting aggregates

span a range of experimentally motivated inter-layer slips, with 2.60 A, 4.60A, and



ws 6.60A slips for the H-, I-, and J-like motifs, respectively. Therefore, these aggre-
ws gates sample distinct intermolecular packing arrangements and excitonic coupling

w7 regimes.[7, 8, 23, 35]
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Fig. 1 (a) i. Cy7-DiMePh monomer structure (terminal sulfonate groups on the side chains are
replaced by methyl groups for computational simplicity). ii. 1D 4 X 1 aggregate exhibiting H-like
stacking motifs along the m-m stacking direction. iii. 2D 4 x 3 aggregates with H-, I-, and J-like
packing arrangements. (b) Schematic overview of the sBSE methodology used in this work. (c)
Representative reciprocal-space inverse dielectric response, e_l(kz), of the Cy7-DiMePh monomer
reconstructed from stochastic screening calculations.

108 The sBSE workflow is shown in Fig. 1 (b). Ground-state density-functional theory
w0 (DFT) calculations are followed by stochastic linear-response time-dependent Hartree
uno calculations that determine the screened interaction. The resulting screening is rep-
m  resented through a polynomial-Gaussian parameterization and incorporated into the
12 sBSE Hamiltonian for excited-state calculations. See the Computational Methods
u3  section and SI for more information.

114 A central quantity throughout this work is the reciprocal-space inverse dielectric

us  function, €1 (k), illustrated in Fig. 1 (c). Unlike conventional dielectric constants, the
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present framework elucidates the direction- and range-dependent dielectric screening
and allows direct examination of how aggregate packing modifies screened electron-
hole interactions. We then incorporate this dielectric function into the Frenkel exciton
model. Together with the real-space transition-density projection, this provides both
a many-body validation of the Frenkel exciton model and a practical scheme for

extracting its screened parameters from electronic-structure calculations.

2 Results and Discussion

2.1 Emergence of ab initio dielectrics in molecular aggregates

To understand how intermolecular aggregation modifies the screened electron-hole
interaction, we reconstruct the real-space inverse dielectric response, e !(|r — 7'|),
from the reciprocal-space screened interaction kernel, vy (k). Fig. 2 summarizes the

) for monomer and aggregate Cy7-DiMePh systems.

resulting e~ (|r — 7’|

Fig. 2 (a) shows the real-space Cartesian slices of ¢ !(|r — 7’|) for monomer,
dimer, trimer, and tetramer systems, separated by H-, I-, and J-like packing motifs
(across rows) and z, y, and z directions (across columns). These cuts reveal the full
r-dependence of the screened interaction, where there is a sharp short-range reduc-
tion of e~! followed by a gradual mid- to long-range recovery toward the unscreened
limit of e~! — 1. This mid- and long-range region is crucial for aggregate excitons, as
the electron-hole interaction extends across multiple chromophores. The directional
cuts reveal dielectric anisotropy as well. Along the z- and y-directions, the screening

—1

min

minimum (e ~ 0.28) occurs at short distances near 0.80 A. In contrast, the z-

direction, which corresponds to the m-7 stacking direction, shows a deeper and broader
screened region with a later turning point (e {, ~ 0.23 around 0.90 A), indicating

that aggregation builds a more extended dielectric response along the packing axis.
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Fig. 2 (a) Real-space inverse dielectric response, ¢~1(|r — r'|), along the |z — z’|, |y — ¥’|, and
|z — 2’| slices for the Cy7-DiMePh monomer and H-, I-, and J-like 1D aggregates. The red, blue,
green, and black curves correspond to the monomer, dimer, trimer, and tetramer, respectively. (b) i.
Comparison of the e 1 (|r — 7'|) slices reconstructed using the vy, obtained from the 4 x 1 and 4 x 3
J-like aggregates. ii. z-polarized sBSE absorption spectra with PRs for the J 4 x 3 aggregate using
its own vy and the J 4 X 1 vy

Importantly, the screening profiles converge rapidly with subsystem size. From
Fig. 2 (a), e (Jr—7'|) of the dimer, trimer, and tetramer becomes nearly indistinguish-
able beyond short-range structure, whereas the isolated monomer remains distinct

from this converged behavior. This behavior strongly suggests that the screened
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interaction becomes locally saturated once the immediate dielectric environment

surrounding a molecule is adequately represented.

2.2 Transferability of screened interactions

This rapid convergence seen in Fig. 2 (a) has important implications for scalable
excited-state simulations. Rather than performing the computationally demanding
Wps(r) calculation (defined in the Computational Methods section and the SI) indi-
vidually for increasingly large aggregates, smaller, locally converged subsystems may
provide transferable screened interactions for substantially larger assemblies.

Fig. 2 (b) i. compares ¢ !(|r — 7'|) slices obtained from the 4 x 1 and 4 x 3 J-
like aggregates. Despite the increase in total system size, the screening curves remain
reasonably similar across all principal directions, especially at long-range. Such simi-
larities indicate that the dominant dielectric environment is primarily determined by
local packing geometry. Fig. 2 (b) ii. shows z-polarized sBSE spectra with participa-
tion ratios (PRs, defined in the SI) of the 4 x 3 J-like aggregate computed using the
screening kernel, vy, derived from both itself and a smaller 4 x 1 J-like subsystem.
The two spectra exhibit nearly identical bright peak positions (< 0.02 eV deviation),
side bands, and PRs among excitation energy, w. Therefore, in the latter simulations,
we use the dielectric screening parameterized from the 4 x 1 structures for the bigger

4 x 3 2D clusters.

2.3 Aggregate-dependent exciton spectral evolution

Fig. 3 (a) shows normalized z-polarized sBSE absorption spectra for the monomer
and 4 x 3 aggregates. The monomer has a bright peak at 1.43 eV (869 nm) and
PR = 1.3. Upon aggregation, the peak shifts according to the packing motif. The H-
like aggregate blue-shifts to 1.45 eV (857 nm), the I-like aggregate red-shifts to 1.36
eV (912 nm), and the J-like aggregate red-shifts further to 1.17 eV (1057 nm). In our
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previous experiments, we measured absorption maxima of 1.55 eV (798 nm) for the
Cy7-DiMePh monomer and 1.20 ¢V (1029 nm) for the extended J-aggregate.[10] Thus,
sBSE predicts a monomer-to-J redshift of 0.26 eV, compared with the measured shift
of 0.35 eV. These trends agree with Frenkel exciton and transition-dipole coupling
models commonly used to describe cyanine aggregates.[7, 8, 10, 18, 22, 24, 26] However,
unlike simplified dipole-coupling models, the present sBSE calculations incorporate
explicit screened electron-hole interactions and many-body dielectric response. Fig. 3
(b) illustrates that the optical responses within the 1 —2 eV window are dominated by
z-polarization, consistent with the cyanine transition dipole lying along the molecular
“long axis”. The peak cross section increases from 12.1 for the monomer to ~ 102 for
the H-, I-, and J-like aggregates. Such enhancement is consistent with the emergence
of delocalized exciton behavior expected for coherently coupled cyanine assemblies. |9,

10] In contrast, the y- and z-polarized peak cross sections remain minuscule (~ 107! —

1072).
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Fig. 3 (a) Normalized sBSE absorption spectra for the Cy7-DiMePh monomer and 4 X 3 H-, I-,
and J-like aggregates under z-polarization. Vertical dotted lines indicate the experimental absorption
maxima of the monomer at 798 nm (1.55 eV, gray) and the extended J-aggregate at 1029 nm (1.20
eV, red).[10] (b) Maximum absorption cross section, o(w), within the 1 — 2 eV window for -, y-
, and z-polarized excitations across the monomer and 4 X 3 systems. Cross sections are plotted on
a logarithmic scale. (c) PR associated with the brightest exciton within the 1 — 2 eV window for
different polarizations and aggregate motifs.
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The PR values in Fig. 3 (c) show that aggregation converts the monomer excita-
tion into a collective exciton. For the brightest x-polarized peaks, the PR increases
from 1.3 in the monomer to 15.1, 13.5, and 12.0 for the H-, I-, and J-like aggregates,
respectively. The gradual decrease from H to J indicates that exciton delocalization
depends not only on aggregate size but also on packing geometry. The J-like aggregate
therefore exhibits the largest red shift but not the largest PR, indicating that spectral
shift and configurational delocalization are distinct observables. With this, the spec-
tra distinguish two related but different effects: spectral shifts reflect the magnitude
and sign of exciton coupling, while the PR quantifies how broadly the excitation is
distributed within the electron-hole basis; the validity of the Frenkel representation is

assessed separately through the real-space projection described in later sections.

2.4 Real-space screened transition electrostatic potential

To visualize the real-space effect of dielectric screening on the exciton transition den-
sity, we construct the corresponding transition electrostatic potential using n, (7).
The bare transition electrostatic potential, ®°3¢(r), represents the potential generated
by the transition density through the bare Coulomb interaction. Dielectric screening
is subsequently incorporated through the vy -derived e (| — #/|) function. Thus,
O35 (1) provides a real-space diagnostic of how the screened interaction redistributes
this potential relative to the bare Coulomb case.

Fig. 4 (a)-(c) illustrate the construction of these quantities for the lowest bright
x-polarized excitation of the monomer. The transition density in Fig. 4 (a) exhibits
the familiar alternating positive and negative lobes associated with the electron-hole
coherence of the excitation. Fig. 4 (b) shows the reconstructed three-dimensional (3D)
real-space screening isosurfaces of the monomer at e~! = 0.3, 0.5, and 0.7. Integrating
ng () under a Coulomb kernel transforms this rapidly oscillating transition density

into a smooth dipolar electrostatic potential composed of spatially separated positive

10
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and negative lobes (Fig. 4 (c), left). Incorporating dielectric screening preserves the
overall dipolar topology while substantially reducing the spatial extent of the electro-
static potential (Fig. 4 (c), right). Rather than altering the qualitative electrostatic
character of the excitation, the screening kernel acts to localize the transition-induced
electrostatic potential through the nonlocal dielectric response of the molecular envi-
ronment. Fig. 4 (d) shows the same ingredients as the monomer, but for a 4 x 1 J-like

aggregate cluster.

X
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Fig. 4 (a) Real-space transition density, n¢,(r), of the lowest bright z-polarized excitation for the
monomer obtained from sBSE. The yellow and cyan isosurfaces represent electron-hole transition
amplitudes of opposite sign. (b) Full 3D isosurfaces of e~ (|r — 7'|) for the monomer. Isosurfaces are
shown for e~1 = 0.3, 0.5, and 0.7. Additional apparent shades arise from transparency and overlap of
the surfaces. (c) Monomer bare and screened transition electrostatic potentials, ®227(r) and ®$*(r),
respectively, represented by isosurfaces. (d) ner(r), ®P37(r), and ®{(r) for the lowest bright -
polarized excitation of the J 4x 1 aggregate. Isosurface values of +0.15 ea63 are used for the transition
density, while potential isosurface values of +8 a.u. (red) and —8 a.u. (blue) are used for the bare
and screened transition electrostatic potentials of both the monomer and the J 4 x 1 aggregate.

Together, these results show that dielectric screening primarily modifies the spatial

extent of the transition-induced potential while preserving its overall dipolar character.

11
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2.5 Collective real-space exciton transition in aggregates

To visualize the spatial structure of the collective excitations in 2D aggregation
motifs, we compute real-space exciton transition densities for the brightest aggregate
excitations together with their transition electrostatic potentials (Fig. 5). Notably,
all the aggregate motifs exhibit spatially extended transition amplitudes aligned
predominantly along the aggregate axis. Such delocalized transition density pat-
terns are consistent with the collective exciton states predicted in coherent Frenkel
exciton descriptions of cyanine aggregates.[7, 8, 10, 18, 22, 24, 26, 62] Impor-
tantly, the present transition densities emerge directly from the screened many-body
sBSE framework rather than from phenomenological exciton Hamiltonian. Therefore,
the resulting collective exciton structures naturally incorporate dielectric screening,

explicit electron-hole interactions, and packing-dependent electronic structure effects.

Fig. 5 Exciton transition density (left) and screened transition electrostatic potential (right) associ-
ated with the lowest bright z-polarized excitation of (a) H-, (b) I-, and (c) J-like aggregate clusters.
The transition density isosurface values of £0.20 ea;, ® and the potential isosurface values of +10 a.u.
(red) and —10 a.u. (blue) are used for all three systems.

While the transition densities remain highly collective and extend over multiple

chromophores for all three aggregate clusters (Fig. 5 (a)-(c), left), their corresponding

12
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screened transition electrostatic potentials become progressively more compact (Fig. 5
(a)-(c), right), as identical absolute potential isosurface values are used throughout.
Qualitatively, the H-like aggregate exhibits broad positive and negative potential lobes
with a relatively large spatial separation (Fig. 5 (a), right), whereas the /- and J-like
aggregates gradually develop more localized dipolar potential with reduced spatial
extent (Fig. 5 (b) and (c), right).

To quantify the observed electrostatic localization, we analyze the screened tran-
sition electrostatic potentials using a series of common absolute potential thresholds.
Across the entire range of thresholds, the H-like packing consistently exhibits the most
spatially extended screened electrostatic potential, while the J-like cluster remains
the most compact. At the visualization threshold of |®§¢"| = 10 a.u. used in Fig. 5,
the centroid separation between the positive and negative potential decreases from
54.6 A for the H-like aggregate cluster to 41.3 A for the J-like aggregate cluster,
corresponding to an approximately 24% reduction. Simultaneously, the volume of
the high-magnitude potential region decreases from 4,671 to 1,660 AS, representing
nearly a threefold contraction (see the SI for detailed analysis). The packing-dependent
variation of ®5¢*(r) provides a real-space representation of how dielectric screening
redistributes the transition-induced electrostatic potential. Its direct photophysical
consequences are assessed below through the screened Frenkel couplings and excitonic

band structure analysis.

2.6 Real-space validation of the Frenkel exciton picture

A central assumption of the Frenkel exciton model is that an aggregate excitation can
be represented as a coherent superposition of localized monomer excitations.[7, 8, 18,
22, 24, 26, 62, 69, 70] Since sBSE calculations provide the transition densities of both

the isolated monomer and the aggregate clusters, we directly test this assumption in

13
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real space by reconstructing the aggregate transition density from rigidly translated

copies of the monomer ones.[69, 70]

Table 1 Real-space validation of the Frenkel
representation in 4 x 3 H-, I-, and J-like aggregate
clusters. Definitions of the projected overlap, and
equal-weight overlap are provided in the
Computational Methods section and in the SI.

Motif  Projected Overlap  Equal-weight Overlap

H 94.3% 92.0%
I 93.8% 89.7%
J 92.5% 86.4%

As summarized in Table 1 and detailed in the SI, the projected overlap exceeds
92.5% for all three 4 x 3 motifs, demonstrating that the reconstructed transition den-
sities closely reproduce the many-body excitation. By comparison, the equal-weight
overlap ranges from 86.4 — 92.0%, showing that optimizing the Frenkel coefficients
provides a slight improvement over a uniform distribution. Meanwhile, the condi-
tion number in the projected overlap process remains close to unity, confirming
that the mapped monomer transition densities form a stable projection basis. The
remaining 10 — 15% of the transition density lies outside the Frenkel basis and likely
reflects local polarization, subtle transition-density deformation, and effects beyond

the one-excitation-per-monomer picture.

2.7 Spatially dependent screening of Frenkel excitons

Having established that the aggregate sBSE transition densities are well represented
within the Frenkel basis, we further assess the consequences of the screened couplings
in the context of excitonic molecular aggregates. Fig. 6 (a) compares .J,, the excitonic
coupling between sites separated by n lattice spacings, in a 1D chain before and after

screening for a given lattice where the screening effect is most dramatic. As expected,

14
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screening has negligible effects on further-separated sites n > 3, showing the near-
field nature of such screening. On the other hand, screening becomes more significant
between near neighbors. In fact, for the current example, the unscreened nearest-
neighbor coupling J; is vanishing while the screened one is significantly nonzero. This
is far from the expectation of a spatially homogeneous screening constant picture. The
packing dependence can be understood in terms of geometry-dependent cancellation
between positive and negative transition-density contributions, which can strongly
modify near-field excitonic couplings and their distance scaling.[71]

This unusual observation of “anti-screening” results from the combination of the
spatially extended transition-charge distribution and range-sensitive screening. In the
bare coupling, contributions from different transition-charge pairs largely cancel one
another, whereas short-range screening acts differently on the individual contributions
and disrupts this cancellation, leaving a strong nonzero cumulative coupling. A detailed

analysis of this effect and its dependence on molecular slip is provided in the SI.
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Fig. 6 (a) Coupling Jnm as a function of inter-site distance |rn, — 7y, | in a 1D chain with a 7.5 A
slip. (b) The excitonic band structures calculated from the unscreened and screened (derived from
the J-like 4 x 1 cluster) couplings for the same 1D aggregate.

We also investigate the screening’s effect on the excitonic band structure in Fig. 6

(b). At this particular slip value (7.5 A), the unscreened interactions lead to a

band-edge J-aggregate where the bright state (k = 0 in the dipole, long-wavelength
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regime) is red-shifted compared to monomers and located at the bottom of the exci-
ton band.[8, 26] This is in contrast to the screened case, where the bright state
is blue-shifted above the band edge, and the lowest-energy exciton state is of high
quasimomentum (|k| = 7/a, where a ~ 25 A is the 1D lattice constant for Cy7-
DiMePh) and dark in nature. This is a direct result of significantly changing the
nearest-neighbor coupling from vanishing to strongly positive, thereby qualitatively
modifying the excitonic band structure. Consequently, spatially dependent screening
can alter not only the magnitude of excitonic coupling but also the energetic ordering
and optical character of the aggregate exciton states.

We note that similar effects apply to 2D aggregates as well, albeit with more
complication, as a variety of selective screening schemes similar to that described in
the above 1D case may act in concert with or against one another depending on the
specific packing condition. It is, however, expected that accounting for such screening
effects is crucial in predicting accurate excitonic coupling and the overall photophysics

of these aggregates.

3 Computational Methods

3.1 Ground-state orbitals and near-gap hybrid reference

We first perform grid-based, norm-conserving pseudopotential, local-density approxi-
mation (LDA) density functional theory calculations to obtain an initial ground-state
reference.[72, 73] A near-gap hybrid (ngH) calculation with the CAM-LDAO range-
separated hybrid functional (o = 0.19,8 = 0.46,y = 0.33 Bohrfl) is then used to
improve the frontier-orbital energetics with explicit hybrid exchange added in.[56, 63]
In the ngH framework, only a subset containing N, occupied and N, unoccupied LDA
molecular orbitals (MOs) is used, with N, = 3N, as a typical choice. See the SI for
more information. Within this orbital basis, non-local exchange is evaluated using a

mixed deterministic-stochastic approach. The range-separated Coulomb interaction is
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partitioned into low- and high-momentum components, with the small low-momentum
space treated deterministically and the much larger high-momentum space compressed

into a sparse stochastic basis.

3.2 Stochastic sampling of the screened interaction

The excited-state calculations are carried out using sBSE, previously denoted as
TDHFQuy .[59, 60, 74] In the static limit, the screened Coulomb interaction entering

the electron-hole kernel is the zero-frequency screened interaction,

W(r,r';w=0)= /eil(r, 5w =0)(r”,r)dr", (1)

where e !(r,r”;w = 0) is the static inverse dielectric matrix and v(r’,r") = |r' —

1

,r,/l|—

1 is the bare Coulomb potential. Direct construction of W = e 'v requires an
explicit dielectric response matrix, which is prohibitive for large aggregates. Instead, we
estimate the action of the screened interaction using stochastic occupied-pair densities.
Several established approaches avoid the explicit construction and inversion of the
dielectric matrix by evaluating the screened interaction or dielectric response through
alternative iterative, linear-response, or time-propagation formulations.[55, 75-78]

A stochastic occupied-pair density, 5(r), is constructed from products of inde-
pendent stochastic occupied orbitals such that statistical averaging recovers the full
occupied-pair space. For each 3, the electrostatic potential produced from the random
charge distribution acts as an impulsive perturbation on the Fermi sea of elec-
trons. The induced density response is then obtained from short-time linear-response
time-dependent Hartree propagation.[58] Rather than explicitly constructing the full
two-point W (r,r’;w = 0), we evaluate its action on each stochastic density, Wz(r),
and use this ensemble to construct a translationally invariant effective screening kernel,

vw (r —7'), or equivalently vy (k) in reciprocal space. Full definitions and derivations

are provided in Refs. [58, 60, 61, 74] and the SI.
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3.3 Polynomial-Gaussian parameterization of vy

First, we define g(k) = e !(k) — 1, so that e (k) = 1 + g(k) and vy (k) = v(k)g(k).
Here, v(k) = 4w /k? is the bare Coulomb interaction. We expand g(k) in a finite
polynomial-Gaussian basis,

Nbasis

g (k) = Y O fm(k), (2)

m=1
where {0,,} are parameterization coefficients and {f,,(k)} are predefined basis
functions. The basis contains isotropic Gaussian terms together with anisotropic
polynomial-Gaussian functions that capture directional screening along the molecular
and stacking directions. See the SI for more details.

For each basis function, f,(k), we define the corresponding interaction kernel,

4
0 (k) = T o). Q
The action of this kernel on a stochastic occupied-pair density, B, (), is (vmfBr)(r)
i.e., a convolution of v, (r — ') with 8, ('), or equivalently, v,,,(k)B3, (k) in reciprocal

space. For f3,,(r), the parameterized screened response is written as

Nyasis
BTG = S OB (4)
m=1

The coefficients are obtained from a least-squares minimization over all stochastic

samples, i.e.,

2

Je)=>" : (5)

n

W/Bn - Z emvmﬂn

which reduces to a simple linear system, > Apn0y, = byp.
It is possible that the finite polynomial-Gaussian expansion introduces small fitting
artifacts, leading to local deviations of the parameterized inverse dielectric response

outside the target range of 0 < ¢~!(k) < 1. These excursions are smoothly suppressed
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using an error-function filter, as detailed in the SI. The final parameterized ¢~ *(k)
is easily converted to vy (k) and used in all production sBSE calculations reported
in this work. The polynomial-Gaussian parameterized vy, captures ~ 82% — 88% of
the static W, similar to the previously reported all-k fit. However, this parameterized

kernel is transferable and grid-independent, with only 16 parameters.[58, 60, 61]

3.4 sBSE spectra and excited-state information

Excited-state calculations are performed using the full resonant-antiresonant sBSE
Liouvillian, with screened exchange represented by the polynomial-Gaussian vy kernel
described above. Optical spectra are evaluated without explicit diagonalization using
a Chebyshev expansion of the spectral projector, with polarization-resolved dipole
excitation vectors constructed along the x, y, and z directions.[58, 74, 79, 80] Detailed
expressions for the Liouvillian superoperator, dipole vectors, absorption cross section,
and Chebyshev recursion are provided in the SI.

Energy-filtered exciton amplitudes extracted from the Chebyshev representation
are used to characterize the composition and spatial extent of the excited states.
Exciton delocalization is quantified through the participation ratio, while the cor-
responding real-space transition density, n,(r;w), is reconstructed from the filtered
occupied-virtual amplitudes.[61] This transition density is then used to construct both
the bare transition electrostatic potential and its screened counterpart using the same
nonlocal dielectric response employed in the sBSE Hamiltonian.[61] Full definitions
and equations for the participation ratio, transition density, and bare and screened

transition electrostatic potentials are given in the SI.

3.5 Real-space mapping of the Frenkel exciton picture

To directly assess the Frenkel exciton picture in real space, the bright-state transition

density defined above is calculated for both the isolated monomer and the aggregate.
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The monomer transition density, n{i°"°(r), is rigidly mapped onto each molecular site

of the aggregate using the corresponding rotation, R;, and translation, ¢,

e (r) = nieme (R (r — )] . (6)

The aggregate sBSE transition density is then projected onto this localized
monomer transition-density basis to obtain the Frenkel coefficients and the corre-
sponding reconstructed transition density. The quality of the Frenkel representation
for the bright state considered here is quantified by its normalized overlap with the full
aggregate transition density.[69, 70] For comparison, we also evaluate an equal-weight
Frenkel reconstruction in which all monomers contribute with identical amplitude.
Detailed expressions for the least-squares projection, normalization, projected overlap,

and equal-weight overlap are provided in the SI.

3.6 1D Frenkel exciton model with screened couplings

To further assess the consequences of spatially dependent screening, we consider a 1D
molecular aggregate within the one-exciton Frenkel manifold, where the basis state |n)
represents the n-th site in the excited state while all other sites remain in the ground

state. The exciton Hamiltonian is

Hex =Y enln)(nl+ Y Jumn)(ml, (7)

n#m

where €,, is the transition energy of the n-th site and .J,,,, is the excitonic coupling
between the sites n and m. To account for near-field effects, the coupling is evaluated

using a transition-monopole representation,
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where €1 (ry;) is the real-space inverse dielectric screening factor, q;" is the transition
charge on atom k of molecule m, and rg; and ry; = |ry;| denote the separation vector

and distance, respectively, between atoms k and .

4 Conclusion

We have applied an ab initio sBSE approach to Cy7-DiMePh molecular aggregates
containing up to 2,856 valence electrons. By replacing the explicit screened Coulomb
interaction with a transferable, polynomial-Gaussian parameterized screened kernel,
we obtained BSE-level excited-state information for aggregate sizes that are beyond
the reach of conventional BSE calculations.

The central result is that aggregation changes not only the exciton coupling but
also the dielectric screening itself. The optical spectra follow the expected aggregate
ordering, with H-like packing producing a small blueshift, I-like cluster showing a
gradual redshift, and J-like packing producing a large redshift into the SWIR range.
PRs and transition densities show that aggregation converts the monomer excitation
into collective excitons distributed over many occupied-virtual transitions and multiple
chromophores. Beyond the transition densities, the corresponding screened transi-
tion electrostatic potentials provide an intuitive real-space picture of the excitonic
screening. As the packing evolves from H- to J-like configurations, the screened transi-
tion potential becomes progressively more compact, exhibiting reduced high-potential
volume and smaller positive-negative lobe separation. This electrostatic localization
accompanies the exciton redshift and establishes a direct connection between molecu-
lar packing, dielectric screening, and real-space organization. Unlike transition-dipole
models,[7, 8, 10, 18, 22, 24, 26, 62, 69, 70] the present approach makes no assumptions
regarding site energies or pairwise couplings. Instead, both the screened electron-
hole interaction and the resulting transition electrostatic potentials emerge directly

from the many-body electronic response of the aggregate. Remarkably, the resulting
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sBSE transition density is accurately represented by a coherent superposition of local-
ized monomer transition densities, demonstrating that the Frenkel picture naturally
emerges from the many-body solution. Within this representation, spatially dependent
screening selectively modifies short-range excitonic couplings and can qualitatively
alter the resulting band structure and bright-state ordering.

Several directions follow naturally from this work. First, the same framework can
be applied to tubular cyanine aggregates, where curvature and helical packing produce
screening patterns not present in planar systems.[9, 10, 35] Second, aggregate disorder
and solvent environments can be incorporated to connect more directly with experi-
mental spectra.[22, 26, 27, 32, 62] Finally, extending the method to periodic boundary

conditions would enable direct treatment of extended molecular crystals.

Supplementary Information. A Supplementary Information (SI) file is available
for this article. The SI includes monomer validation, aggregate construction proce-
dures, computational details, derivation of the parameterized screened interaction,
details of the sSBSE formalism and spectral evaluation, validation of the parameterized
vy representation against the form-free screened interaction, vy, parameters for repre-
sentative systems, screened transition electrostatic potential analysis, Frenkel exciton

analysis, and additional spectra illustrating aggregate-size evolution.
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