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Abstract In this work, we present a theoretical investi-
gation on excitation energies of organic molecules
embedded in a periodic monolayer. We use the self-con-
sistent periodic-image-charges embedding approach, which
takes into account all the electrostatic effects, to compute
the perturbation on molecular orbitals and eigenvalues due
to the presence of the surrounding periodic array of polar
molecules. We considered vanadyl naphthalocyanine,
mercaptobiphenyl, and tris-(8-hydroxyquinoline) alumi-
num (AlQs3) at different coverages, and excitation energies
computed using the time-dependent density-functional
theory. We found a significant (0.1-0.2 eV) red- or blue-
shift of the energies for different excited states, due to the
different coupling of the molecule with the polarization
field of the two-dimensional crystal.
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1 Introduction

Spontaneously assembled ordered single layers of polar
organic molecules (SAMs) play an important role in many
research areas [1-4]. In particular, they are largely
employed in molecular (opto)electronics [5] to modify the
effective work function of a surface and achieve a fine
tuning of charge injection barriers and level alignment with
additional organic adsorbates [6].

The work-function shift (A®) induced by a SAM of
polar molecules is given (in atomic units) by the Helmholtz
equation [7]

AD(n) = —4nnp,(n) (1)

where 7 is the number of molecules per unit area, y, is the
z-component of the electronic molecular dipole, and we
assumed the z-axis to be perpendicular to the surface. The

molecular dipole can be further decomposed
as w(n) = 12™"™Mm) + p2°™ where M is the z-compo-

nent of the dipole moment of a molecule in the isolated
SAM (i.e., without any substrate) and 2" is the so called
bond-dipole [8—10]. The latter is determined by the inter-
action of the molecules with the surface and represents
usually a rather small and local effect, quite independent on
the structure of the SAM [8-10]. On the contrary, the
dominating SAM’s dipole depends strongly on the elec-
tronic properties of the molecules constituting the SAM
and from the exact SAM’s structure [7, 11].

Considering a SAM of polar molecules, in first
approximation, as a two-dimensional (2D) infinite periodic
array of point dipoles, 5™ is given by the Topping for-
mula [12-14]
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with 10 the z-component of the dipole moment of the
isolated molecule, o, the zz-component of the electric
polarizability tensor, and f a numerical factor depending on
the lattice periodic structure [12]. The Topping formula
Eq. 2 provides an efficient qualitative tool to study depo-
larization effects in SAMs but, due to its approximations,
suffers for several drawbacks, including the lack local-field
and high-multipole effects, which are especially severe at
high coverages [11].

An improved description of the problem is obtained
performing full quantum simulations of the entire 2D
system (see, e.g., Refs. [8—10]), using density-functional
theory (DFT), with plane wave (PW) basis functions and
periodic boundary conditions, within a supercell approach
using a dipole-correction scheme [15]. Nevertheless, this
approach has a high computational cost for low- and
medium-coverage regimes [16] and, more importantly, is
practically restricted to local or semilocal density func-
tionals. This latter constrain implies several limitations in
the description of the electronic structure of organic mol-
ecules [17-19], for example, the dipole moment and
polarizability of conjugated systems [11, 20-22]. Alterna-
tive computational approaches, possibly including hybrid
[23] and orbital-dependent treatments [24-26], are there-
fore desiderable.

Recently, we proposed an alternative approach to treat
the depolarization in SAMs of polar organic molecules by
introducing the self-consistent periodic-image-charges
embedding (SPICE) method [11]. This is based on local-
ized-orbitals quantum-mechanical calculations within a
periodic-charge embedding scheme and allows to treat at
any level of theory (including, e.g., coupled-cluster meth-
ods) the depolarization effect with good accuracy and high
efficiency. In previous works [11, 22], the SPICE method
was applied only to acquire information on the total
ground-state density and the corresponding work-function
shift. However, it is more general and can be applied also
to excited states, similarly as other embedding methods
[27]. In particular, it can be used to compute the pertur-
bation within a SAM, due to the surrounding molecules, on
the wavefunction and eigenvalues of different molecular
orbitals and thus also modifications of the excitation
energies (see Sect. 3).

In this paper, we consider this new aspect and we focus
on the modifications of the excitation spectrum of molec-
ular species when these are packed together to form a SAM
extending infinitely in two dimensions. We will consider
the case in which only a single molecule is excited,
whereas all the other molecules are frozen in their ground
state. Such a description is well suited to model optical
experiments in molecular films and crystals in which the
population of excited molecules is very low [28, 29].
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In addition, as the lowest excited states of organic mole-
cules are rather localized and we are interested in the low
coverage regime, the electron-hopping probability among
different molecules is small. In fact, we are not aiming to
model the excitation energies of a molecular crystal or slab,
whose excited states need to described in term of excitonic
and/or charge-transfer bands [30-33]. Our approach is
instead relevant to compute directly the polarization term
of the excitonic band-structure [34, 35], to describe the
excited-state depolarization in thin organic films [29], to
study the dependence of single-molecule excited states on
the coverage [36], and to describe the modifications of the
photoluminescence of single molecule in a molecular
crystal [34, 37].

To this end, we apply the SPICE method to study the
depolarization effect and the single-molecule excitation
spectrum in three typical SAMs with significant dipole
moment and employed in molecular electronic and opto-
electronic applications, namely those of vanadyl napht-
halocyanine (VONCc) [38], mercaptobiphenyl [39, 40], and
tris-(8-hydroxyquinoline) aluminum (AlQ3) [41] (for the
latter both the facial and the meridional configurations
were considered). The geometries and the unit cells of the
all considered systems are reported in Fig. 1.

b
- fa,
e /z
r
h;“u)h" r\y“":‘ f ;
, o r"%"‘ "”'g-
I % N\ v
H\PCH h*) aj 4
:""r'{’.ﬁw’"i. ¥
s Y R

WG W o
"\.\a. B
z u+ YA 0) Yy i1 ‘\”
x YryhgRR Y g(
ﬁ ¥ < .,’-\F /Al
facial meridional

Fig. 1 Investigated systems: a VONc, b Biphenyl, ¢ AlQ; facial and
meridional. The dipole moment u and the lattice unit vectors a; and
a, are also indicated
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VONCc has been largely investigated from an experi-
mental point view [29, 36, 38, 42] due to its large dipole
moment perpendicular to a large macrocyle; mercaptobi-
phenyl has been the subject of many theoretical studies as a
model system of SAM/metal interfaces [10, 16, 39, 40];
AlQ; is a molecule often employed in the realization of
optoelectronic devices [43—47].

2 Method

The ground-state electronic structure of a single, isolated
molecule can be obtained, within the Kohn—Sham DFT or
Hartree—Fock approach, solving

HO[p? (r) = 290 (r), (3)

where H° is the Hamiltonian of a single isolated mole-
cule, po(r) ZN/Z I(,‘b?(r)l2 is the electron density (for
simplicity we consider a closed-shell system with N/2
occupied orbitals), {d)?} are the Kohn—-Sham orbitals, and
the superscript ° denotes the ground-state unperturbed
(isolated) quantities. The Hamiltonian contains the
kinetic, the external potential, and the Coulomb-
exchange-correlation operator. Therefore, it depends on p°
(thus on {qﬁ?}), requiring a self-consistent solution of
Eq. 3.

To include the perturbation due to the 2D monolayer, we
consider the perturbed Hamiltonian of a single unit cell (for
simplicity we consider the case of one molecule per unit
cell)

H[p] = H[p] + Vem[p](r), (4)

where p is now the perturbed molecular density, H°[p] is
the Hamiltonian of a single isolated molecule but computed
at the perturbed density, and V., is the embedding
potential including the interaction of the molecule with the
rest of the monolayer. The perturbed molecular orbitals
(¢;) and eigenvalues (¢;) are then obtained from the
equation

H[p¢;(r) = ei;(x), (5)
with p(r) = M7 1)1,

Within the SPICE method, the embedding potential
Vemp 18 restricted to a Coulomb interaction and is given by

emb Z /d /q ,‘ —jaz) 7 (6)

with g the sum of the (fixed) nuclear and electronic charge
densities. Equation 6 represents the electrostatic potential on
the central molecule (i.e., with i = j = 0) due to all the
surrounding molecules in the monolayer. It can be computed
efficiently, introducing only a small overhead with respect to

a single-molecule calculation, through the fast multipole
method [48] after an expansion of ¢ in localized charges
(e.g., Mulliken charges). The embedding potential can be
also generalized to include kinetic-exchange-correlation
effects [49, 50], but these introduce additional computational
complications and are only relevant for the high coverage
regime. The coverage dependence is implicitly included in
Eq. 6 through the lattice vectors a; and a,.

Equations 4, 5, and 6 define the SPICE method and are
solved in a double self-consistent loop requiring typically
3-5 steps for convergence.

It is worth to underline that (i) in the SPICE method, the
full periodic structure of the monolayer is taken into
account, and thus, it is different from other approaches that
employ a finite cluster of molecules to model the envi-
ronment [28, 51, 52] and are limited by the slow conver-
gence of the electronic properties with system size; (ii) the
SPICE method does not need any external parametrization,
as it is required instead to model the QM/MM interaction
with a solvent, nor the computation of the atom-atom
polarizabilities [53] because the QM molecule is interact-
ing with images of itself, which are computed at the same
QM level of theory, and thus with the exact QM density
and polarization.

The perturbed molecular orbitals (¢;) and eigenvalues
(¢;) resulting from the solution of Eq. 5 differ from the
ones of the isolated molecule (¢?,€?) due to the electro-
static interaction with the surrounding molecules. They can
be used to evaluate the ground-state electronic properties of
the monolayer directly or through their use in post-Har-
tree—Fock wavefunction methods (e.g., CC2). In addition,
excitation energies can then be evaluated via the linear
response time-dependent DFT (TD-DFT) [54] formalism,
using the perturbed orbitals and eigenvalues, or applying
correlated wavefunction methods.

Note that in the present approach, no response of the
environment to the excitation is included in the TD-DFT
kernel. Therefore, we only model single-molecule excita-
tions in a static embedding environment (analogous with
static solvation models or biological environment). How-
ever, as discussed in the introduction, we are not aiming at
describing excitonic splittings and long-range dielectric
effects are expected to be quite small in a thin monolayer.
Nevertheless, dynamic embedding effects can be possibly
incorporated by considering the TD-DFT extension of the
FDE theory [55-57].

3 Computational details
For all molecules, the gas-phase equilibrium geometry

optimized at the APBE/def2-TZVP [58-60] level was
considered. This is expected to be a fair choice for the
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relatively low coverages studied in this work. The APBE
functional was chosen because of its ability to yield rea-
sonably accurate geometries for both conjugated and
metal-organic molecules [58].

The VONc monolayer was constructed considering
high-resolution STM studies of Fe-phthalocyanine on an
Au (111) surface [61], using a monoclinic cell with an
angle of 81.8° between the primitive vectors (see Fig. 1a)
and lattice constants varying from 18 A (full coverage)
to 53 A. The use of experimental data referring to a
Fe-phthalocyanine SAM was motivated by the lack of
information in literature about the structure of SAMs of
VONCc molecules. This choice is expected anyway to have
a negligible impact on the results of the present study.

For mercaptobiphenyl, a simple square cell was con-
sidered (see Fig. 1b). The molecule was assumed to be
tilted with respect to the 2D plane by 10°, in agreement
with PW-DFT calculations [40]. The cell-side dimensions
were varied from 7.4 to 53 A.

Finally, for both AlQ; configurations, we considered a
monoclinic cell with an angle of 60° between the lattice
vectors (see Fig. 1c). This was deduced from previous
theoretical works considering the absorption of AlQ;z on an
aluminum (111) surface [41]. The dimensions of the cell
were ranging from 11.6 to 53 A.

All calculations were performed using the TURBO-
MOLE program package [62]. The APBE [58], BLYP [63,
64], B3LYP [23, 64], BHLYP [65], and PBEO [66] func-
tionals were considered, and the def2-TZVP basis set [59,
60] was used in all cases. In addition, approximate single
and double coupled-cluster (CC2) [67, 68] calculations
were performed for benchmark purposes using the
cc-pVTZ [69] basis set.

4 Results
4.1 VONc

In this molecule, a large dipole moment is present due to
the V-O group (see Fig. 1a). In Fig. 2, we report the work-
function shift (computed with the SPICE method using
Eq. 1) as a function of the VONc coverage and compare it
with experimental data for VONc on highly oriented
pyrolytic graphite [38].

The computed data agree well with experimental ones
up to a coverage of 0.6 monolayers (ML) for all methods
considered. The workfunction shift increases with the
fraction of exact exchange in the series BLYP, B3LYP,
BHLYP. APBE (not shown) almost coincides with BLYP.
The increase of the work-function shift is directly related to
the increase of the module of the V-O dipole moment that
1s 0.99 a.u., 1.05 a.u., and 1.15 a.u. at the BYLP, B3LYP,
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Fig. 2 Work-function shift for the VONc monolayer as a function of
coverage, from SPICE calculations with different exchange-correla-
tion functionals. Experimental data are taken from Ref. [38]

and BHLYP level, respectively. The comparison between
the theoretical and experimental results seems to indicate,
surprisingly, a better agreement for the BLYP functional.
However, two main issues need to be considered: (i) The
experimental data are expressed as a function of the
monolayer (ML) fraction, while the theoretical results are
obtained as a function of the number of molecules per unit
surface. Since no information is available about the exact
molecular density at 1 ML experimental conditions, the
comparison is necessarily approximate. In plotting Fig. 2,
we assumed for the full coverage limit a unit cell with a
size of 18 A. This is, however, a lower limit for the cell
dimension, dictated by the steric repulsion between
neighboring molecules, while the true cell dimension might
be expected to be slightly larger. Increasing slightly the
minimum cell dimension (i.e., expanding the x-axis of
Fig. 2 for the theoretical data) causes the experimental
curve to approach more the BHLYP one, thus making
hybrid functionals in better agreement with the experiment.
We recall in addition that in the present work, the mono-
layer was constructed using the experimental data for Fe-
phthalocyanine rather than VONc. While this is not a
problem at low coverages, where the exact structure of the
SAM plays a minor role, it can lead to some small dis-
crepancies at particularly high coverages where, due to
different inter-molecular interactions, the arrangement of
the molecules in the SAM might be different also for
similar species.

(i1) The experimental measurements were performed for
VONCc on a pyrolytic graphite surface, while simulations
considered an isolated monolayer. Although the interaction
of VONCc with the graphite surface is small (certainly much
smaller than, e.g., with metal substrates), an interfacial
bond-dipole (1°°"%) cannot be excluded [70]. The latter,
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being in opposite direction to the V-O dipole, will reduce
the computed work-function shift, making again BHLYP in
better agreement with experiment.

At higher coverage, on the other hand, all functionals
overestimate the experimental results, which show a clear
reduction of the steepness of the curve. In addition to the
above two points, we cannot rule out that other effects
(e.g., kinetic-exchange-correlation) play a relevant role at
the highest coverage, because these effects are not included
in SPICE simulations. Moreover, at short intramolecular
distances, the expansion of the molecular electron density
in localized Mulliken charges is inappropriate to represent
correctly the high-multipole moments and the strong local-
field effects that contribute at these coverages. Despite all
the above considerations, Fig. 2 clearly shows that up to
0.8 ML the SPICE method can describe very well the
electronic properties of the VONc monolayer.

Concerning the variation of the excitation energy with
the coverage (not reported), it is found to be negligible
(smaller than 0.01 eV). This traces back to the fact that the
VONCc has its aromatic © system perpendicular to the
molecular dipole and the latter is well localized on the V-O
bond. Thus, the electrostatic field produced by the mole-
cules in the monolayer is small and roughly uniform in the
plane of the molecule. In fact, we found that all molecular
orbitals display a similar shift in energy, and thus, the
energy-gap and the excitation energies are not modified
with the coverage: for example, the HOMO shifts by
0.17 eV (from isolated molecule to the coverage 0.9 ML)
while LUMO shifts by 0.18 eV giving, an energy-gap
difference of only 0.01 eV.

4.2 Mercaptobiphenyl

Larger shifts in excitation energies can be obtained when
the dipole is parallel to the highly polarizable n-electron
system: this is the case for mercaptobiphenyl. In this
molecule, the depolarization is caused by the interaction of
the dipole localized on the thiol group with the polarizable
n-conjugated molecular backbone (see Fig. 1b). Because
the dipole moment is directed in the same direction as the
conjugated molecular backbone, and the m-electron density
is highly polarizable in this direction, the depolarization is
particularly relevant for this system and significantly larger
than for the VONc molecule, where the dipole moment is
pointing perpendicular to the m-plane.

Previous studies showed that an accurate description of
the work-function shift can be achieved using hybrid or
orbital-dependent functionals (see Fig. 2 of Ref. [11] and
Fig. 4 of Ref. [22]). Local and semilocal functionals give
instead a significant overestimation of both the dipole
moment and the polarizability [22]. As a consequence, they
yield a poor description of the depolarization at low- and

medium-coverage, while they rely on an error cancelation
at the highest coverages [11, 22].

In this paper, we use the mercaptobiphenyl as a model
system to study the coverage dependence of singlet exci-
tations in self-assembled monolayer. In Fig. 3, we report
the lowest singlet excitations energies as a function of the
number of molecules per unit area in the monolayer (the S,
state lays much lower in energy and it shows the same
behavior as the S, and S5 states: it is not reported to keep
the readability of Fig. 3). The calculations were performed
at the PBEO level, because this functional provides a good
description of the depolarization effect and it includes
nonlocality in the kernel.

Inspection of Fig. 3 shows that different excitations
display different behaviors with the coverage. In particular,
the lowest excited states show increasing energies with
increasing coverage. On the contrary, the two highest
singlets display a decrease of the excitation energy as the
coverage increases. Interestingly, it is also possible to have
different slopes for the lines so that two excited states can
cross. This is the case of the S, (dark) and S5 (with the
highest oscillator strength) excited states that display an
avoided crossing at a molecular density of about
0.004 Bohr—2. This finding can open a new route in the
design of optoelectronic devices. In fact, it can allow, for
example, to control the radiative/nonradiative decay rates
of the molecule inside the monolayer, as a function of the
coverage.

To rationalize these results, it is useful to keep in mind
the single-particle character of the excitations and look
closer to the coverage dependence of the energies of the
molecular orbitals involved in these excitations. They are
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Fig. 3 TD-PBEO singlet excitation energies of the mercaptobiphenyl
as functions of the monolayer molecular density. The oscillator
strength f of each state is also reported. S; (not shown) has a very low
energy and f & 0. The single-particle character of the excitations is
indicated on the right side (H HOMO, L LUMO)
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Fig. 4 Orbital energies (H HOMO, L LUMO) as a function of the
molecular density for mercaptobiphenyl. Virtual orbitals are denoted
with dashed lines

reported in Fig. 4. Orbitals with a significant localization
on the thiol group (e.g., HOMO-2) increase their energy
with increasing coverage, while those which are mainly
localized on the biphenyl (e.g., H-4) lower their energy
when the coverage increases. Thus, excitations that cause
an increase of electron density on the thiol part and/or a
reduction on the biphenyl (e.g., S;) will increase their
energy with increasing coverage, while the opposite will
happen for excitations increasing the electron density on
the molecular backbone and/or reducing it on the sulfur
(e.g., S7). A simple rationalization of the trend observed for
the orbital energies is given by the observation that the field
produced by the molecular dipole moments in the mono-
layer leads to a depolarization; hence, it tends to remove
electron charge from the sulfur atom and to place it on the
biphenyl. Therefore, the orbitals with some localization on
the sulfur are increasingly destabilized when the coverage
(i.e., the dipolar field) increases. For the same reason, the
orbitals localized on the biphenyl are stabilized at higher
coverages.

4.3 AlQs

The AlQ; molecule is an interesting case study in the
present work because of its very high dipole moment in a
different orientation than the previous two systems. This
dipole originates mainly from the charge polarization
around the central Al atom, due to the different electron
affinities of the nitrogen and oxygen atoms interacting with
the central metal (see Fig. 1c). AlQs presents two main
isomers, the meridional-AlQ5; (mer-AlQs) and the facial-
AlQ; (fac-AlQs), which differ for the position of oxygen
and nitrogen atoms around the central metal Al atom. In
fac-AlQs in the central distorted octahedral coordinated
site each oxygen atom faces a nitrogen so that three
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polarized O-Al-N linear bonds are formed, while in mer-
AlQj; only one O-AI-N linear bond is observed and the
dipole moment of fac-AlQ; is significantly larger than
the one of mer-AlQs;. Moreover, since for fac-AlQs, the
molecular dipole moment is oriented perpendicular to the
monolayer plane, while for mer-AlQj it is tilted, very large
differences in the magnitude of p, are observed. Both
isomers present instead a very similar polarizability, thus a
similar depolarization effect can be expected.

In the upper part of Fig. 5, we report the dipole moments
of fac-AlQs; and mer-AlQ; as a function of the molecular
density, calculated with the GGA PBE functional and the
hybrid PBEO functional. CC2 results are also shown for
reference. For both isomers, a similar trend with the
molecular density is found, as expected. The depolarization
effect is described also rather similarly by both DFT
methods. This relates well with the fact that the computed
zz-polarizability are similar: 345.6 a.u. (366.9 a.u.) and
337.1 au. (358.0 a.u.) from PBE and PBEO, for fac-
AlQjz(mer-AlQj). Larger differences are found instead
between PBE and PBEO for what concerns the absolute
value of the dipole moment. For the isolated fac-AlQs,
PBEO yields u, = 3.01 a.u. while PBE gives a dipole
moment of 2.74 a.u.. Similarly, for the mer-AlQs;, dipole
moments of 1.10 and 1.01 a.u. are obtained with PBEO and
PBE, respectively. A comparison with the CC2 calcula-
tions (u, = 2.90 a.u. for fac-AlQs; and p, = 1.06 a.u. for
mer-AlQ;) indicates that relatively accurate results are
produced by DFT calculations employing the hybrid PBEO
functional, despite the polarizability (hence the depolar-
ization) is overestimated at this level of theory. Poorer
results are found with the PBE GGA functional, which
yields a clear underestimation of the dipole moment.

Turning to excitation energies, we note preliminarily that
a reasonably good description of the lowest singlet excited
states can be obtained from TD-DFT calculations using the
PBEO functional. The calculations yield in fact a lower
absorption band around 3 eV and a second band between 4
and 5 eV (not shown). These results compare well with those
obtained in optical absorption measurements on amorphous
AlQ; thin films (see Fig. 5 of Ref. [71]), except for a small
underestimation of the excitation energies.

The evolution of excitation energies with the molecular
density in the monolayer was simulated with the SPICE
method at the TD-PBEO level. Inspection of the bottom
panels of Fig. 5 reveals two distinct behaviors. For fac-
AlQ;. all the examined excited states show decreasing
energy with increasing coverage. For mer-AlQs, on the
other hand, some excitation energies (S;, S4, Ss, Sg)
increase with the coverage, while some of them (S,, S3, S7,
Sg, S¢) decrease. This makes the mer-AlQ; more interest-
ing from the photophysical point of view because it offers
the possibility of tuning the device performance through a
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modification of the excited-state energy gaps by varying
the coverage. On the other hand, fac-AlQs retains the
isolated molecule properties.

The behavior of the different excitation energies can be
rationalized in a similar way as for the biphenyl case,
although here a more complex situation is faced due to the
complicated structure of the AIQ; molecule. In general,
molecular orbitals that present a stronger localization are
more destabilized at high coverages than those that are
rather delocalized. The latter can in fact relax more easily
to respond to the external perturbation induced by the
interaction in the monolayer.

5 Conclusions

The SPICE method is an efficient and powerful tool to per-
form theoretical investigations on periodic organic mono-
layers at low- and medium-coverages. It was in fact already
successfully employed to study the depolarization effect and
work-function shift in several systems as well as to assess the
limitations of conventional DFT approaches [11].

In this work, the SPICE method has been extended to
the calculation of the coverage dependence of excited
states: single-molecule excitation spectra of VONc, mer-
captobiphenyl, and AlQ; monolayers at different coverages
were investigated.

0.002

We found that for molecules possessing a large dipole
perpendicular to the monolayer plane and low-lying exci-
tations characterized by single-particle transitions between
orbitals with different characters (e.g., n — 7* transitions),
large variations in the excitations energies are observed.
This is the case for the example of mercaptobiphenyl and
AlQjs. The evolution of the excitation energies with the
coverage was rationalized in terms of the increased sta-
bility of molecular orbitals with a large polarizability in the
direction of the monolayer dipole. The opposite occurs for
orbitals that cannot properly respond to the monolayer
perturbing field, as in the case of rather localized orbitals.

The possibility of tuning the excitation-energy gaps by
varying the coverage opens new ways to design and
engineer molecular (opto)electronic devices with higher
efficiency. The present work brings a fundamental contri-
bution in this context by providing a rationale for the basic
understanding of the phenomenon at the molecular level.
Moreover, it proposes the SPICE method as an efficient
tool for the simulation of single-molecule excitations in
organic monolayers.
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