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1 Introduction

Towards a theoretical understanding of excitonic
properties of phthalocyanine thin films. I.
Low-temperature exciton absorption spectra

9 Carly R. Wickizer, (2@
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Yu Homma, (2 ° Hadi Afshari, © ¢ Yuezhi Mao,
Sergei Tretiak, &2 *" Lloyd A. Bumm, ¢ Madalina I. Furis

Phthalocyanine (Pc)-based molecular thin films have emerged in recent years as a promising class of
organic semiconductor materials for optoelectronic applications owing to their long exciton coherence
length and fast exciton diffusion. However, the dependence of their exciton properties on the
dimensionality and thermodynamic conditions, presence of metal ions, and effects of chemical
modifications to the PC systems is not yet fully understood. As a first step towards a more
comprehensive theoretical understanding of the excitonic properties of Pc thin films, we model their
low-temperature exciton absorption spectra by employing the Frenkel Hamiltonian. The latter is derived
from quantum-chemical estimates of site energies and exciton—exciton couplings. The predicted exci-
ton absorption spectra of octabutoxy phthalocyanine (H,OBPc) is found to be strongly dependent on
the dimensionality of the model as well as the distance cutoff for including the monomer—monomer
exciton coupling. We also caution that the widely used dipole—dipole approximation could substantially
overestimate the excitonic coupling between different monomers compared to a more accurate evalua-
tion using the respective transition densities.

At the microscopic level, the structural and electronic prop-
erties of these organic materials are primarily controlled by the

Thin films composed of m-conjugated organic molecules are
highly versatile materials, providing a robust platform for both
fundamental photophysical studies and practical device appli-
cations. Their unique optical and electronic properties make
them suitable for a range of optoelectronic technologies,
including organic light-emitting diodes (OLEDs), organic
photovoltaic cells (OPVs), and organic field-effect transistors
(OFETs)."** A key feature that underscores their applications is
their unique ability to support long-distance energy transport
via excitons, in addition to charge transport.'*"'>°
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nature of the intermolecular interactions.>®?° In crystals of
uncharged aromatic organic molecules, these interactions are
predominantly n-n and van der Waals dispersion.>*** In con-
trast, Coulomb interactions between excitons on neighboring
molecules enable exciton delocalization across multiple mole-
cules, giving rise to coherent excitonic states that can diffuse in
three dimensions.?® As such, a combination of structural
adaptability and efficient energy transport underpins the per-
formance of many thin-film-based organic-optoelectronic
devices.>* One example is non-peripheral octabutoxy phthalo-
cyanine (H,OBPc) (Fig. 1(a)) which crystallizes in the P1 triclinic
system. It has a two-molecule basis where the two molecules are
related by inversion symmetry, Fig. 2 (and SI Section S1 for
more details). The molecules are organized into layers of n-n
interacting molecules in the ab plane with the Pc rings tilted
with respect to the plane. The layers then stack along the ¢ axis.
The interaction between the layers is predominantly the van der
Waals interactions between the alkoxy chains.

Despite their remarkable features, organic molecular thin
films remain poorly understood when it comes to the factors
governing their static and dynamic properties. This limited
understanding has hindered their widespread applications as
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Fig. 1 (a) Molecular structure of H,OBPc, R = —O(CH;)sCHs. (b) Cross-
polarized optical microscope image of an H,OBPc crystalline thin film
deposited through the meniscus-guided technique.?® (c) Low-
temperature (T = 4 K) absorbance (black line) recorded from the largest
crystalline grain in (b). Contributions from several excitonic states are
identified through a fitting procedure.?® The contributions of the four
near-bandgap excitonic states are highlighted in color.

optoelectronic materials, where precise control over molecular
packing, exciton dynamics, and charge transport is crucial for
optimal device performance. In the case of oriented mol thin
films—whose crystallinity is illustrated in Fig. 1(b)—recent
experimental advancements in the fabrication of macroscopi-
cally ordered crystalline films have unveiled clear signatures of
delocalized, Wannier-like excitonic states formed at low
temperatures.”>>>” Most notably, these excitonic states are
characterized by low binding energies (~30-50 meV), a blue
shift of excitonic energy with increasing temperature, and very
intense sub-nanosecond radiative recombination at T = 4
K.>**>%7 From a static perspective, it remains unclear how
peripheral functionalization of the organic molecules modu-
lates the crystal lattice structure and, in turn, how such crystal
packing variations affect both the dimensionality and degree of
delocalization of coherent excitonic states. The extent of this
delocalization is often characterized by the exciton coherence
length (L.on), which quantifies the spatial extent of individual
molecular units participating in a coherent exciton state. On
the other hand, it is equally unclear how dynamical properties
[e.g. exciton diffusion coefficient (2), exciton lifetime (z), and
ultimately the exciton diffusion length (o v/Z7)] are impacted
by local (molecular) and global (lattice) thermal fluctuations.
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Fig. 2 Three-dimensional perspective of the molecular arrangement in
the H,OBPc crystal structure given by parallel-view stereo pairs. (A) A view
of a 3 x 3 x 2 tiling of unit cells. The molecules are arranged in layers of
n—7 interacting molecules (ab plane). The layers are stacked in the ¢ axis
interacting by the alkyl chain van der Waals interactions and longer-range
n—m interactions. The unit cell from the literature is shown in green,®
which includes the lower half of the upper layer and the upper half of the
lower layer. Here the a axis is aligned with the Cartesian x axis and the b
axis is in the xy Cartesian plane. The triclinic P1 unit cell contains two
molecules related by inversion symmetry. These two molecules are dis-
tinguished by color. For clarity, the Pc rings are rendered in bold red and
blue. The associated alkoxy chains are magenta and cyan, respectively. The
upper layer is rendered with reduced opacity for clarity. (B) A view of a
single layer in the ab plane tiled 3 x 3 x 1 showing the arrangement of the
Pc rings in the distorted hexagonal lattice. The lower ab face of the unit cell
from (A) is shown. Note that the [110] lattice direction (the short ab face
diagonal) lies in the plane of the Pc rings. The [111] direction (long body
diagonal) is perpendicular to the plane of the Pc rings. The hexagonal
lattice connecting the centers of the Pc rings is shown in thick gray lines.

Complementary to experimental techniques, such as X-ray
crystallography and ultrafast spectroscopy, the aforementioned
two major challenges have been addressed with theoretical and
computational modeling. The coherent exciton states in
organic molecular thin films are known to be well described
by the Frenkel-Davydov exciton model.>® The effects of
dynamic disorders in such systems have been modeled primar-
ily through the Frenkel-Davydov-Holstein-Peierls model,
which factors in how phonon modes modulate the exciton
energies of individual molecules (Holstein coupling) and the
exciton coupling between neighboring molecules (Peierls
coupling).>*" Alternatively, dynamic disorders have been cap-
tured through atomistic molecular dynamics simulations at
certain thermodynamic conditions.*

Inspired by these theoretical advances, especially (a) the 1D
modeling of H,OBPc thin films by Fornari, Aragd, and Troisi,*®
and (b) recent reports on the significance of model dimension-
ality and longer-range Coulomb interactions on the excitonic
properties of other organic semiconductor systems,’**" here we
undertake a comprehensive re-examination of the excitonic
properties of the H,OBPc thin films through a series of theore-
tical and computational modeling efforts. In the long term, our
goal is to help unravel chemical-composition — crystalline-
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structure — exciton-properties relationships, thereby providing
guidance for the development of phthalocyanine (Pc) analogs
that maximize the exciton coherence length and energy diffu-
sion in organic thin films. As the first step in this direction, this
work focuses on predicting the low-temperature exciton absorp-
tion spectra of H,OBPc thin films with the aim of answering
three simple but fundamental questions: (a) how does the
dimensionality of the modeling (1D vs. 2D vs. 3D) affect the
predicted excitonic properties? (b) does long-range Coulomb
coupling between H,OBPc molecules (beyond nearest neighbor
approximation) contribute substantially to the exciton proper-
ties? and (c) how reliable is the dipole-dipole approximation
for computing the Coulomb coupling compared to a more
accurate approach based on exciton transition densities?

Our paper is organized as follows. In Section 2, we introduce
the Davydov-Frenkel-Holstein-Peierls Hamiltonian, which is
subsequently reduced to the Davydov-Frenkel Hamiltonian,
suitable for modeling low-temperature behavior in the absence
of phonon excitations. Section 3 outlines the computational
framework used to extract interaction parameters via first-
principles time-dependent density functional theory (TD-DFT)
simulations and describes the tight-binding approach for con-
structing the Hamiltonian of molecular aggregates with varying
dimensionalities and distance cutoffs. We also simulate low-
temperature absorption spectra using a Voigt profile. The
experimental procedure for acquiring absorption spectra in
Fig. 1(c), along with the spectral peak fitting, is detailed in
Section 3.4. Results from TD-DFT calculations are summarized
in Section 4. A comparison of simulated and experimental
absorption spectra across different aggregate models is dis-
cussed in Section 5. Finally, Section 6 summarizes our key
findings and suggests possible extensions to incorporate finite-
temperature effects.

2 Theoretical framework: model
Hamiltonian for excitons

We consider a model organic semiconductor consisting of N
sites (molecules), each having K excitonic states and coupled to
a single phonon mode. The excitonic behavior of this system
can be well described by the Frenkel-Davydov-Holstein
Hamiltonian,?®3373%

N K N K N K
= ZZSE/‘CI}L/{C”/‘ + ZZ Z ZJnkmlc,,Ale

n=1 k=1 1=1 k=1 m#n |=1

N 1 N K
+ i, Z <b'bn + 2) + hwoizz
n=1

n=1 k=1

~

nk Crkes

ey

where the first term involves the on-site energy dEy, including
molecular excitation energies and potential gas-to-crystal
shifts. The operators cir and c,; denote excitonic creation
and annihilation operators, respectively, for the k-th exciton
on the n-th site. The second term describes exciton hopping
between sites n and m, with J, ,,; as the coupling constant
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(either Coulomb coupling Jc or dipole-dipole coupling Jp).
The third term accounts for phonon energy with w, as the
frequency, b, and b,, as the phonon creation and annihilation
operators for the n-th site. Finally, the fourth term factors in
exciton-phonon coupling within the Holstein formalism, with
/ as the coupling constant, introducing corrections to the on-
site energy.

This study employs the low-temperature approximation
described in Section 1, where the phonon-related terms are
neglected. As a result, eqn (1) reduces to the Frenkel exciton
Hamiltonian,

N N K N K
H:Z SEkC;kan_FZZZZ

n=l k=1 n=1 k=1 m#n |=1

nk, mlC k¢ml (2)

Here parameters such as excitation energies (3E;) and cou-
pling constants (J,»;) can be directly obtained from first-
principle calculations (Section 4), and subsequently incorpo-
rated into eqn (2). Diagonalization of the Hamiltonian matrix
yields eigenvalues, E;, and eigenvectors, v, ; which are then
used to simulate the exciton absorption spectra.

3 Computational & experimental
methodology

Our computational methodology includes two main steps, (i)
the extraction of excitation energies and other relevant para-
meters from TD-DFT calculations, and (ii) implementation of a
tight-binding formalism to solve the Hamiltonian given in
eqn (2). The following subsections detail each step.

3.1 Excited state calculations of molecular monomers and
dimers

Excited state calculations for H,OBPc monomer and dimers
were performed using the TD-DFT formalism*®*" within the Q-
Chem software package.’>** Several standard functionals,
including PBE,"* PBE0,">*® LRC-oPBE,"” and ®B97X-D,*® were
employed with the 6-31G(d,p) basis set;**™" however, only the
results from PBEO were presented in the following main text for
the sake of clarity whereas the rest were provided in SI. The
basis set dependence of the on-site energies, transition dipole
moments, and Coulomb couplings were benchmarked with
PBEO and provided in Tables S1 and S2. The transition den-
sities were computed using the libwfa package®” as implemen-
ted in Q-Chem.

To obtain structures of molecular monomer and dimers
used for TD-DFT calculations, we first extracted unit cell
parameters®® and atomic coordinates from a standard crystal-
lographic information file (CIF) of H,OBPc as shown within a
3D representation in Fig. 2 (and SI Section S1 for more details),
including two molecules in a unit cell with inversion symmetry.
The relevant dimers were identified based on inter-monomer
distance (Dq) between the centers of mass of each monomer as
shown in Fig. 3(b). The obtained structures were then subjected
to TD-DFT calculations to evaluate the following key para-
meters: excitation energies for the monomer’s Q, and Q,, states,

Phys. Chem. Chem. Phys.
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Fig. 3 Analysis of the molecular arrangement in the H,OBPc crystal. (a) Top view of a 2D layer of the crystal, which corresponds to the xy-plane in
Fig. 2(b) and shows three cutoff distances. (b) In the distorted hexagonal lattice, there are three types of nearest neighbors: A (7.43 A, magenta line), B
(9.741 A, green line), and C (9.903 A, blue line) within a cutoff distance of 10 A: three types of second-nearest neighbors (shown in black solid lines): %,
(14.013 A), #, (14.309 A), and Z5 (16.936 A), all within a cutoff distance of 17 A. Also shown are nine third-nearest neighbors (gray solid line): 2, (15.873 A),
Q, (18.181 A), Q3 (18.807 A), Q4 (20.131 A), Qs (20.62 A), Qg (23.1 A), Q, (23.323 A), Qg (25.795 A) and Qy (25.98 A) and one fourth-nearest neighbor 1,
(22.703 A, red dotted line) which fall within 26 A. (c) Top, side, and tilted views of two layers of the distorted hexagonal lattice of H,OBPc with the two
shortest interlayer distances: X; (16.907 A, pink line) and X, (14.517 A, red line). For clarity, only the center-of-mass of each molecule is shown. (d)—(g)
Four different 1D models (highlighted with arrows) of H,OBPc: zig-zag orientations of the 1D-AB, 1D-AC, 1D-BC models; 1D-BACA arm-chair model.

representing nearly degenerate excited states oriented along
orthogonal directions within the molecular plane, see Fig. 1(a)
and Fig. 4; the corresponding transition dipole moment
vectors; and excitonic coupling terms for various dimers in
Fig. 3(b). These intermolecular coupling terms could be
calculated using either of the two approaches below. In the
point dipole approximation, the interaction can be modeled
as occurring between two transition dipole moments located
at the centers of mass of each molecule in the dimer. This
method is computationally efficient but assumes a simplified
interaction that may neglect important spatial and electronic
details. Alternatively, a more rigorous approach that involves
evaluating the electrostatic Coulomb interaction between the
transition densities associated with the excited states of each
molecule in the pair can be employed. This method enables a
more accurate and physically realistic assessment of exciton—
exciton interactions, particularly for closely spaced mole-
cules where the point dipole approximation may fail. The
Q-Chem package includes an implementation of this meth-
odology, dubbed as the direct coupling scheme,>® which we
employed in this study. Note that the Coulomb coupling can
be further approximated by representing the transition den-
sities as transition density cubes®® or atomic transition
charges.’?3%¢

Phys. Chem. Chem. Phys.

3.2 Tight-binding formalism for molecular thin films

In the tight-binding Hamiltonian matrix representation of a
system with N H,OBPc molecules, the diagonal elements of the
resulting 2N x 2N matrix correspond to the on-site excitation
energies, where each molecule contributes two excitonic states,
Qx and Q,. The off-diagonal elements capture the excitonic
couplings, J, between pairs of molecules that lie within a
predefined distance cutoff. These quantities were obtained
from TD-DFT calculations and the couplings might correspond
to either approximate dipole-dipole interactions or the more
accurate direct Coulomb couplings. Eqn (3) exemplifies the
structure of the Hamiltonian matrix for a system consisting of 3
or more molecules,

Qx,ll 0 Jxx,lZ ny,l2 0 0
0 Qy,ll Jyx,12 J)')*,IZ 0 0
Jo2t Jopr Oxx 0 Jun Jun
H=| Ju.2a Jyo 0 Oy»m Jwps Iy o |,
0 0 Juxn Jogx O 0
0 0 Jyx32

J,\{v,32 0 Qy.33

(3)

where two pairs of molecules (1,2) and (2,3) lie within the
distance cutoff, while the (1,3) pair does not.

This journal is © the Owner Societies 2026
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Fig. 4 Frontier molecular orbitals (HOMO, LUMO, and LUMO+1) and
transition densities of the Q, and Q, excited states of H,OBPc, obtained
from DFT and TD-DFT calculations, respectively, at the crystal monomer
geometry using the PBEO functional and 6-31G(d,p) basis. The percen-
tages indicate the weights of the dominant single-particle excitations
(HOMO — LUMO or HOMO — LUMO+1) to the Q, and Q, states. The
isosurface values for molecular orbitals and transition densities are set to
0.02 and 0.001, respectively.

The tight-binding models were further constructed to
explore different dimensionalities (1D, 2D, and 3D) by applying
three distance cutoffs, rec = 10, 17, 26 A, labeled as “1NN-10 A”,
“2NN-17 A”, and “3NN-26 A”, respectively. In Fig. 3(b), all
nearest neighbors (dimers A, B, and C) were located within a
center-to-center distance of 10 A. The 17 A cutoff extended the
interaction range to include all second-nearest neighbors
(Z1, Z,, Z5) as well as one third-nearest neighbor ().
Expanding the cutoff further to 26 A incorporated additional
third-nearest neighbor interactions (2, through Q) and one
fourth-nearest neighbor coupling #;. This hierarchical inclu-
sion of longer-range interactions enables a more complete
modeling of exciton delocalization and collective optical
response across increasing dimensionality and coupling pat-
terns within the molecular crystal.

In the 1D models, molecules are aligned in a chain-like
structure highlighted as arrows in Fig. 3(d)—(g). For example,
the 1D-AB model in Fig. 3(d) incorporates only the nearest
neighbor interactions for A and B dimers with the “1NN-10 A”
cutoff, while the second-nearest neighbor interactions for %,
dimers are added to the “2NN-17 A” cutoff, and the “3NN-26 A”
cutoff includes dimers Q5 and €,. Similarly, the “2NN-17 A»
cutoff adds Z; dimers to the 1D-AC model (Fig. 3(e)), <3
dimers to the 1D-BC model (Fig. 3(f)), and Z,, Z,, and Q,
dimers to the 1D-BACA model (Fig. 3(g)), in addition to the
corresponding nearest neighbors.

In 2D systems, molecules are arranged in a planar grid
within a single layer, with intermolecular distances defined in
Fig. 3(b). This planar layout supports strong in-plane excitonic
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interactions, capturing the characteristics of two-dimensional
molecular aggregates. In contrast, 3D systems incorporate
multiple layers, which are stacked on top of each other as
shown in Fig. 3(c). This stacking results in a three-dimensional
arrangement, where interactions occur both within individual
layers and between adjacent layers (through the X;- and X,-
dimer interactions illustrated in Fig. 3(c)), offering a compre-
hensive representation of the bulk molecular systems.

3.3 Simulation of absorption spectra

Our modeling of the absorption spectra relies on the computa-
tion of the spectral weight A(2) as a function of wavelength A. To
capture realistic spectral features, the absorption lines are
broadened using a Voigt profile, representing a convolution
of two broadening mechanisms, namely a Gaussian component
typically associated with Doppler broadening due to thermal
fluctuations or other inhomogeneous effects, as well as a
Lorentzian component accounting for finite excited state life-
times. The Voigt profile of a center A; is computed using the
Faddeeva function w(z) = e 7 erfe(—iz), given as

_ Refw(z;)]

I/I(A‘) G\/2_TE )

4)

with z; = [(A — 4) + Im(y,«)]/m/i, where 7y; corresponds to the
width in Lorentzian function Z,(4) oc y/n[(Z — 2)* + 7], and
¢ comes from the Gaussian distribution %,(7) oc exp(—(A — 4;)*/
2¢°) that captures inhomogeneous effects.

It is well established that TD-DFT simulations based on
different density functional approximations can exhibit sys-
tematic errors in excitation energies, often underestimating
or overestimating absolute values depending on the choice of
functional. Consequently, we introduce an energy shift correc-
tion A Egpig, in order to align the computational results with the
experimental peak positions and spectral tails more accurately.
Accordingly, the transition wavelength of i-th excitonic state is
modified as,

he

S 5
E; — AEgin 5)

Ai

where E; is the obtained eigenstate energy, 4 is the Planck’s
constant in eV s, and c is the speed of light in m s™".

We also use the oscillator strength f; to weigh the Voigt
profile that scales the contribution of each electronic transition

to the overall absorption spectrum, which is calculated as,

2
2 S o 2
Ji= gEz‘ Z Vuk,iVimt,i Tie - Ty = gEi ; (6)

nk,ml

E Vike,i Tk
nk

where v,;; are components of the eigenvector of the Frenkel
Hamiltonian in eqn (2) corresponding to the i-th eigenvalue,
and Ty and T, represent the transition dipole moment vector of
the k- and [-th excited state of each monomer, respectively.
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Finally, we sum over all transitions to get the total absorp-
tion spectra,

A() =Y _fiVi(2)- Y]

3.4 Absorption measurement and spectral fitting

The simulated absorption spectra were compared with the
experimental absorption measurements performed at 7 = 4 K
of H,OBPc crystalline thin film fabricated using a meniscus-
guided, solution processing deposition technique known as
pen-writing.””®° Briefly, a glass capillary, loaded with a 0.5%
H,OBPc solution in toluene, is translated at a speed of 20 pm
s ' onto a dielectric substrate (e.g. glass, indium tin oxide
(ITO), or sapphire). At this speed, nucleation takes place
exclusively at the line of contact between the solution meniscus
and the substrate, resulting in a film morphology that features
long macroscopic crystalline grains, as evidenced by the cross-
polarized optical microscope image in Fig. 1(b). The contrast
between grains observed in this figure originates from the
different orientation of crystalline axes and excitonic dipoles
in neighboring grains. Extensive grazing incidence X-ray dif-
fraction, absorbance, and linear dichroism studies established
that the films are crystalline with the c-axis oriented out of the
plane of the substrate.>*>>*’

Low temperature absorbance is measured at normal inci-
dence using a quasi-monochromatic tunable light source
composed of a tungsten halogen lamp and a grating mono-
chromator. Light is focused onto the sample to a diameter less
than 100 pm using a short focal length achromat lens, and
positioned inside the largest grain using an in situ sample
viewing telescope. For low-temperature measurements the
sample is placed inside a closed cycle refrigerator. The trans-
mitted light is detected using an amplified Si detector coupled
with a locking amplifier. A typical 4 K absorption spectrum is
presented in Fig. 1(c) (black line).

A peak-fitting procedure following the protocol reported by
Liang et al. in ref. 27 reveals eight distinct contributions to the
absorption, among which four near-bandgap excitations origi-
nate from the Q, and Q, molecular excitations involving HOMO
— LUMO and HOMO — LUMO+1 transitions. The remaining
four higher-energy excitonic states are associated with HOMO
— LUMO+n (n > 1) transitions. The present work exclusively
focuses on the former four excitonic states, highlighted in color
in Fig. 1(c). Previous study®” has isolated the contributions of
the bandgap excitons using low-temperature magnetic circular
dichroism (MCD) and linear dichroism (LD) measurements
(see SI of ref. 27 for more details). The same work has also
reported that all four transition excitonic dipoles are linearly
polarized in the plane of the substrate. Our peak fitting routine
considers the same energies for the near-bandgap excitons as
those reported in ref. 27. Among the four states in question, the
lowest-energy excitonic transition is of particular interest due to
its distinct evolution with increasing temperature, associated
with the formation of a delocalized state.
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4 Electronic structure of H,OBPc
monomer and dimers

In this section, we analyze the TD-DFT results of H,OBPc
monomer and dimers, which provided the on-site excitation
energies and the exciton-exciton couplings necessary for con-
structing the model Hamiltonian in eqn (3) for systems of
varying dimensionalities.

4.1 Molecular orbitals and transition densities

There is a critical interplay between orbital symmetries and
electronic excitations, which defines the optoelectronic proper-
ties of the H,OBPc system. Fig. 4 displays the frontier molecular
orbitals (MOs) and transition densities of the near-degenerate
Q. and Q, states (from PBEO functional as a representative with
an energy difference of 73 meV). Across all the four functionals
examined (Fig. S2), several consistent trends emerge: (i) the
HOMO shows delocalized n-electron character over the central
macrocycle and serves as the primary donor orbital in the two
low-lying electronic excitations; (ii) the LUMO and LUMO+1
orbitals display complementary delocalization patterns and
their symmetries (B, and Bjg if the monomer had a perfect
D,;, symmetry) differ from that of the HOMO (4,)), thus making
them orthogonal to the HOMO; (iii) transition density for the
Q, state (i.e. the first excited state) is dominated by the HOMO
— LUMO transition and is mostly localized on the central
macrocycle and extended to the periphery in one direction; and
(iv) transition density for the Q, state (i.e. the second excited
state) involves the main contribution from the HOMO —
LUMO+1 transition with its electronic density distribution
extending to the peripheral substituents in another direction.
These orbital trends are in agreement with Gouterman’s four-
orbital model,*"°* which predicts the perpendicular transition
dipole moments and near degenerate LUMO and LUMO+1
orbitals. While the LRC-oPBE functional yields similar fron-
tier orbital shapes as shown in Fig. S2(d), the resulting Q, and
Q, states are less dominated by a single orbital pair excitation
and the leading contributions are reversed. Furthermore,
functional dependence of the excitation energies of Q, and
Q, states of H,OBPc and the transition dipole moments
(Ty, Ty) are shown in Fig. S3, where the Q, and Q, states
display the largest differences in the excitation energies with
the PBE functional, a smaller difference with the PBEO func-
tional, and become nearly degenerate with the ®B97X-D and
LRC-0PBE functionals.

As far as the basis set dependence is concerned, Table S1
shows slightly lower on-site Q, and Q) excitation energies (up to
40 meV) with larger basis sets and the same functional (PBEO).
However, the energy difference between these two states and
their transition dipole moments (Table S1) and Coulomb
couplings (Table S2) are all insensitive to the choice of basis set.

4.2 Exciton couplings from TD-DFT calculations at varying
inter-molecular distances

In this section, we will focus on the key Frenkel Hamiltonian
parameters, the excitonic coupling evaluated using two distinct
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Fig. 5 Absolute values of calculated Coulomb couplings, Jc xx Jc xy. Jcyx and Jc . at various distances between the molecular pairs (Dg) using the TD-
DFT transition densities of Q, and Q,, states within PBE0/6-31G(d,p) level of theory at the dimer structures extracted from crystal geometry. The plotted
values correspond to the first-nearest neighbor (1NN, denoted by A, B, C), second-nearest neighbor (2NN, denoted by Z's) and third-nearest neighbor
(3NN, denoted by Q's) interactions, with 5, being the sole fourth-nearest neighbor interaction within distance <26 A. Two of the shortest interlayer
interactions are shown as X, and X;. The remaining unlabeled dimer distances correspond to other interlayer interactions.

approaches described above, namely, Coulomb coupling /- and
point-dipole approximation jp. The results presented here use
the PBE0/6-31G(d,p) level of theory for various dimer distances
Dy. Additional results based on other density functionals are
compiled in Fig. S5 of the SI

Fig. 5 summarizes the computed Coulomb coupling con-
stants between the two local excited-states in dimers, Jc,xx, Jc,xy»
Jcyx and Jgy, at varying dimer distances (Dg). For the A-dimer,
the Jc .« and Jc,, values (about 26 meV) are much stronger than
Jc,y and Joy, (less than 9 meV). For dimers B and C, on the
other hand, the four couplings are more comparable in the
range of 13-19 meV. As such, B- and C-dimers display weaker
Jecxx and Jc, couplings compared to the A-dimer but stronger
Jc,xy and Jc x couplings. Considering that B- and C-dimers have
slightly longer monomer-monomer distances compared to that
in the A-dimer (9.74/9.90 A vs. 7.44 A), this reflects that the
coupling strengths depend not only on the inter-monomer
distances but also on the relative orientation of the monomer
transition dipole moments.

In general, the coupling values shown in Fig. 5 for the
second-nearest neighbors (dimers %4, ,, and Z;) are weaker
than those for the nearest neighbors (A, B, and C), reflecting an
expected decay of electrostatic interactions as the intermolecu-
lar distance increases. However, a simple d > decay is not
observed. Specifically, Jc .. coupling of Z,-dimer is approxi-
mately 50% of those for the B- and C-dimers. For J¢ , and /g,
both Z; and Z;-dimers display rather strong couplings. For
Joyx Z5-dimer coupling appears to be strong as well. The Q;-
dimer, the only third-nearest neighbor within a 17 A distance
cutoff, shows a notably strong /c,, value. Between the layers,
the X,-dimer exhibits large Jc ., and Jc , values (~12 meV) that
are actually comparable to J-values of the A-, B-, and C-dimers.
The X;-dimer also shows a strong /¢, coupling value while its
other three couplings remain weak. These observations
strongly suggest that the second-nearest neighbor and inter-
layer interactions might substantially affect the excitonic prop-
erties of H,OBPc. In addition, many couplings of the third-
neighboring dimers (2’s) are non-negligible in the 17-26 A
inter-molecular distance; for example, dimers Q, and Q; come
with some coupling values close to 10 meV.

Regarding the functional dependence, the couplings gener-
ally follow the trend: PBE < PBE0 < ©wB97X-D < LRC-0PBE, as
shown in Fig. S5 in SI. This can be attributed to an increased

This journal is © the Owner Societies 2026

fraction of the Hartree-Fock exchange along the functional
sequence, which typically enhances the magnitudes of the
transition dipoles (Fig. S3(b)). However, there are noticeable
deviations, especially with the LRC-oPBE functional, which
produces relatively small off-diagonal coupling values for the
A-dimer, a smaller J¢ ., for the 2';- and X,-dimers, smaller Jc ;.
value for the X,-dimer, and smaller jc,, for the Z;- and
2;-dimers. On the other hand, this functional also results in
larger values for J¢ . for the Z;-dimer, J¢ ., for the 2;-dimer,
Jcyx for the Z5- and 2-dimers, and /¢y, for the X,-dimer. Jc ,x
for the Z,- and X;-dimers, and a small ¢, value for the
X,-dimer.

5 Exciton absorption spectra
simulated across different
dimensionalities

The aforementioned TD-DFT-derived parameters for various
dimers were adopted into the Frenkel exciton Hamiltonian
with eqn (3) to calculate the low-temperature absorption spec-
tra following the steps outlined in Section 2. Specifically, we
modeled exciton absorption spectra for multiple cases includ-
ing the monomer and the three first-nearest neighboring
dimers (shown in Fig. S7 and S8 with Coulomb couplings and
dipole-dipole approximation, respectively), as well as 1D, 2D,
and 3D models of the H,OBPc thin film (in Fig. 6, 7, S9-512,
S14, and S15). To benchmark the various assumptions in our
calculations, we compared our simulated spectra with experi-
mental absorption spectra for polycrystalline, pen-written thin
films of H,OBPc from ref. 27. In our comparison of simulated
and experimental spectra, an additional energy shift (AEgp;s)
wads employed to better mimic the experimental results. The
physical origin of AEg;s could be related to the gas-to-crystal
shifts, effects of vinyl stretching mode w,**”*” (see eqn (1)), as
well as systematic errors in the TD-DFT methods used for
excited state description.®® We optimized the energy shift
parameter AEgir to minimize the difference between theore-
tical and experimental spectral areas. While an objective func-
tion optimization would be ideal, the shift A Egis was manually
adjusted here, which should not introduce any qualitative
difference.
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second-nearest-neighbor interactions (%1, %5, and %); and the 26 A cutoff captures all third-nearest-neighbor couplings, along with one fourth-

nearest-neighbor interaction, as illustrated in Fig. 3(b).

5.1 Exciton absorption spectra for molecular aggregates
arranged in 1-dimension

The absorption spectra for four different 1D models—1D-AB,
1D-AC, 1D-BC, and 1D-BACA introduced in Fig. 3(d)-(g)—are
shown in Fig. 6 and compared to the experimental spectra of
the H,OBPc thin film at 4 K.>” For a comparison of absorption
spectra across different functionals, see Section S8 and Fig. S9.

When only the nearest-neighbor interactions are considered
(1INN-10 A), the 1D-AB, 1D-AC and 1D-BACA models produce
similar absorption spectra, while the 1D-BC arrangement
results in a noticeably different absorption spectra, see
Fig. 6(a). This difference arises because the B- and C-dimers
share similar dimer distances (9.74 and 9.90 A, respectively) and
are both comprised of monomers with inverted symmetries. This
is confirmed by the dimer spectra in Fig. S7 or S8, in which the B-
and C-dimers give nearly identical absorption profiles with PBEO,
®B97X-D, and LRC-oPBE functionals. Given these similarities, if

Phys. Chem. Chem. Phys.

one approximates the B-dimer to be equivalent to the C-dimer,
then 1D-AC and 1D-BACA are reduced to 1D-AB, and the three
models would yield similar absorption spectra. Conversely, since
1D-BC does not contain an A-dimer, the 1D-BC adsorption
spectra is expected to differ from that of 1D-AB. Nevertheless,
these 1D models all generate single-peak spectra, contradicting
to the experimentally two absorption peaks.

When the second- and third-nearest neighbor couplings are
added (2NN-17 A and 3NN-26 A), shown in Fig. 6(b) and (c), the
absorption spectra from the 1D models have no significant
differences, except for 1D-BC (dashed black lines). In particular,
the spectra of 1D-BC model show two distinct peaks and
become closer to the experimental curves and a clear double-
peaked profile is produced after all the third-neighbor interac-
tions are included in panel (c). This clearly indicates the
importance of including longer-range couplings in the exciton
modeling.
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5.2 Exciton absorption spectra across different
dimensionalities simulated using direct Coulomb coupling

Adopting the formalism given in Section 3.2 and calculated
Frenkel exciton Hamiltonian parameters (i.e., Jc constants)
analyzed in Section 4.2, we next explore the effect of dimen-
sionality on the absorption spectra across different models
(1D-AB, 2D, and 3D) encompassing aggregates of 600 H,OBPc
molecules. Among of the 1D arrangements studied, we focus on
the 1D-AB model, at it was previously employed in an earlier
study by Troisi and coworkers.>® For the 3D model, the 600
molecules fall into two layers, each with 300 molecules. As
shown in Fig. S14, the simulated adsorption spectra do not
change substantially with more molecules for all three models
and more layers for the 3D model (see panels (j)—(1) of Fig. S14).
From the predicted absorption spectra in Fig. 7 and S10, several
key observations can be made regarding the effect of dimen-
sionality, density functional choice, and cutoff distance.

(i) Dimensionality: 1D aggregates (red curves in Fig. 7)
consistently exhibit narrow spectral shape with 1NN-10 A,
2NN-17 A, and 3NN-26 A models, as the excitonic couplings
are confined to a single 1D chain of molecules. As the dimen-
sionality increases from 1D to 2D (yellow curves), the spectra
with PBEO functional broaden substantially with 2NN-17 A and
3NN-26 A models, indicating the effect of including exciton
couplings across the 2D plane. When the dimensionality
increases further to 3D (green), there is a noticeable but much
smaller change in the absorption spectra with the 1NN-10 A
and 2NN-17 A models. This suggests that interlayer exciton
couplings through 2; and X, dimers play a relatively marginal
role in the context of predicting low-temperature absorption
spectra with these cutoff distances. For the 3NN-26 A model,
however, the 3D absorption spectra are appreciably different
from the 2D case.

(ii) Functional dependence: while PBE and PBEO calcula-
tions often lead to qualitatively similar spectral shapes (Fig. S10
and Fig. 7), PBE produces more pronounced spectral peaks
compared to PBEO. This is attributed to differences in the
excitation energies and transition dipole moments T, between
the PBE and PBEO approximations as seen in Fig. S3. On the
other hand, the predicted absorption spectra of the 2D or 3D
models with 17 and 26 A distance cutoffs also look similar
between the two long-range-corrected functionals (LRC-oPBE
and ©B97X-D) as shown in Fig. S10.

(iii) Cutoff radius: when the cutoff radius is increased from
10 to 17 A, second-nearest neighbors are also considered for the
exciton coupling. With the PBEO functional, there is a notice-
able broadening of the overall absorption spectra and, where
visible, a larger splitting of the two predicted absorption peaks.
This is expected and attributable to the inclusion of longer-
range interactions. For other functionals, the dependence of
absorption spectra on the cutoff radius is shown in Fig. S10.

(iv) Polarization-dependent absorption spectra: polarization
dependence for the lowest absorption peaks for the 1D-AB, 2D,
and 3D models using the Coulomb coupling considering dif-
ferent components of the transition dipole moment vector T,

This journal is © the Owner Societies 2026
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viz. x, y, or z are shown in Fig. S15. Appreciable changes in the
spectra are observed for the different components of the
transition dipole moments in the case of the 2D, 3NN-26
A model.

(v) Comparison with experimental observation: at first
glance, our results show the experimental double peak spec-
trum is better reproduced by the 1D-BC and 2D simulations
(Fig. 6(c) and 7(c)), if longer-range interactions (3NN-26 A) are
included in the model and if using broadening parameters of
¢ =25 nm and y = 20 nm. It is, however, premature for us to
state which combination of model dimensionality and density
functional performs the best, as all predicted absorption spec-
tra are subjected to energy shifts and line broadening empirical
parameters. Fig. S16, for instance, illustrates the effects of
Gaussian (¢) and Lorentzian (y) broadening across all dimen-
sionalities, including the 1D-AB, 1D-BC, 2D, and 3D models.
Across these spectra, ¢ and y tune two complementary broad-
ening mechanisms with distinct visual signatures. Increasing y
(10-30 nm) enhances Lorentzian broadening, causing indivi-
dual features to become wider and smoother and closely spaced
peaks to merge. Increasing ¢ (5-25 nm) strengthens Gaussian
broadening, leading to an overall spreading of the spectrum in
which sharp differences between peaks are progressively
reduced, while asymmetry and shoulder-like features persist
and evolve. In addition to the aforementioned 1D-BC and 2D
models, two distinct peaks also arise in Fig. S16(a)-(c) from 3D
models with smaller ¢ and/or y broadening values.

Intensity-wise, the experimental absorption spectrum shows
peaks at 849 and 891 nm, where the latter is slightly higher in
its intensity. In benchmarking studies,®® the predicted peak
intensities (including the relative strength between different
peaks) were reported to be strongly dependent on the choice of
the density functional. While such a functional dependence
was indeed observed in our study, we found the predicted
spectral shape to be also dependent on the dimensionality of
the model and the broadening parameters. With our default
choice of Gaussian (¢ = 25 nm) and Lorentzian (y = 20 nm)
broadening, the absorption profiles from both 1D-BC model in
Fig. 6(c) and 2D model in Fig. 7(c) show two peaks of nearly
equal intensity with PBEO functional and at 26 A distance
cutoff. An equal peak intensity can also be found in Fig. S16
with other broadenings, except for panel f (¢ = 15 nm and
y = 30 nm) where the shorter-wavefunction peak has a notice-
ably lower intensity in the spectrum of 1D-BC model. The 3D
modeling spectra with PBEO functional in panels (a) and (b) of
Fig. S16, on the other hand, do show the shorter-wavelength
peak with a lower intensity. In Fig. S10(a)-(c), the 3D-model also
leads to two peaks with the use of PBE functional, but the
longer-wavelength peak has substantially lower intensity.

5.3 Exciton absorption spectra across different
dimensionalities using dipole-dipole coupling

Fig. S12 shows the absorption spectra across different dimen-
sionalities, functionals, and distance cutoffs, albeit simulated
using the dipole-dipole coupling parameters Jp summarized in
Fig. S6.
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Overall, J, values are larger compared to their more accurate
counterparts, Jc. As such, stronger Ji, couplings lead to spectra
with more pronounced peaks across all functionals, highlight-
ing the long-range nature of dipole-dipole interactions, as
shown in Fig. S5 and S6. Dimensional differences (1D-AB vs.
2D vs. 3D) are also more pronounced with Jp. In general, when
the PBE functional is used, our absorption spectra in Fig. S12
modeled with the dipole-dipole couplings tend to overestimate
the peak splittings relative to the experimental observations. [In
addition, a subtle issue with the dipole-dipole approximation
is that it wrongly predicts symmetric excited-state couplings
/o,y = Jpyx) between the same molecules from different unit
cells, whose transition densities should couple in a nonsym-
metric way (Jc xy # Jcyx)-] Thus, the point-dipole approximation
for computing excitonic couplings may not be reliable for
modeling absorption spectra in these thin films, especially
when employing 2D and 3D models.

6 Discussion & outlook

In this work, we implemented a tight-binding Frenkel exciton
Hamiltonian with on-site energies and exciton coupling para-
meters obtained from TD-DFT calculations to model the low-
temperature exciton absorption spectra of organic molecular
thin films of H,OBPc molecules. Our model allows us to
systematically investigate the effect of different dimensional-
ities and exciton coupling at varied cutoff distances, thus
providing a robust benchmark in the computational study of
organic thin films.

A key advancement of our work lies in adapting and extend-
ing the theoretical formalism beyond the commonly explored
1D models,>*® which typically include one or two electronic
states per molecule,®” to handle 2D and 3D representations of
the thin films. For our system, H,OBPc crystalline thin films
with a triclinic unit cell,*® the molecules are found to form
distorted hexagonal layers. Molecular thin films in two dimen-
sions, most notably pentacene,’®®” have been extensively char-
acterized for their charge-transport properties, whereas
theoretical treatments of the charge and exciton properties
and their dynamics in phthalocyanine, remain scarce. As such,
our framework opens new avenues for probing exciton
dynamics and charge conduction in layered organic materials.

While 1D nearest neighbor models of H,OBPc feature sharp
absorption peaks, the extension to 2D/3D models and an
incorporation of exciton couplings beyond the nearest neigh-
bors lead to a broadening of the predicted spectra (especially
when PBEO functional is used to acquire Frenkel Hamiltonian
elements) and a substantially larger splitting between the two
main absorption peaks with the PBE0/3NN-26 A model, which
is in better agreement with experimental data. Our findings
thus show the importance of adopting the proper dimension-
ality and including longer-range exciton coupling in modeling
the spectral features of molecular aggregates. We also found
that the point-dipole approximation for evaluating couplings
between monomeric excitons generally exaggerates their
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interactions and leads to overestimated peak splitting with
pure functionals (such as PBE), thus this approximation should
be used with caution.

Going beyond the Coulomb coupling, our direct coupling
calculations®® also produced Dexter exchange integrals between
the transition density matrices, which were found for dimers A,
B and C to be at least 100 times smaller than Coulomb
coupling. So the Dexter contributions to the exciton absorption
spectra are expected to be not substantial. As for charge transfer
excitations, these excitations can occur between any pairs of
molecules in a molecular crystal. Within the ALMO-TDA
model,®®*7® we found that these charge transfer excitations
have nearly zero oscillator strength even for A-, B- and C-
dimers due to non-overlapping electron and hole densities on
the two monomers. Furthermore, TD-DFT calculations on these
dimers show that the charge transfer excitations do not mix
with the local excitations considered so far in our work within
the Frenkel-Davydov exciton model. Therefore, these excita-
tions do not contribute to the exciton absorption spectra,
either.

So far, our investigations have focused on the low-
temperature regime. Work is underway to extend the theore-
tical models developed here to finite-temperature regimes.
This will enable treatment exciton-phonon couplings, includ-
ing effects of both local/static (Holstein)*>”" and non-local/
dynamic (Peierls) disorders®®**7> on the coherent exciton
transport. This development is expected to provide critical
insights into the energy-transfer mechanisms that control
exciton transport in this class of organic materials.’”*%73778
For instance, while the simulated adsorption spectra do not
change substantially upon the adding of more layers to the 3D
model (see Fig. S14(j)-(1)), the exciton transport properties
could be much more sensitive.

The H,OBPc crystal is treated in this work using 1D, 2D, and
3D cluster models, where the on-site energies and exciton
couplings are computed from TDDFT calculations on isolated
molecules and direct coupling calculations on molecular
dimers, respectively. Work is underway to use high-level wave-
function methods, such as complete active state self-consistent
field (CASSCF) theory”® and complete active space second-order
perturbation theory (CASPT2),%%' to check the accuracy of
these on-site energies, transition densities, as well as Coulomb
couplings.?” We also note that the absorption spectra and other
properties of molecular crystals have also been modeled with
electrostatic embedding under the periodic boundary condition
(PBC).** A future systematic comparison of the cluster and PBC
approaches would be desirable.
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