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Modulating molecular plasmons in naphthalene
via intermolecular interactions and strong
light—matter couplingf
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We conducted a theoretical investigation on the modulation of plasmon-like resonances in naphthalene
— the so-called molecular plasmons — through intermolecular interactions and strong light—-matter
coupling. The configuration interaction with single excitations (CIS) approach and its quantum electro-
dynamics extension (QED-CIS-1) are used to describe the molecular plasmon states under these
interactions. We detail the effects of changing intermolecular distances of the naphthalene dimer
and incorporating the naphthalene molecule into optical cavities, both allowing for precise control of
naphthalene’s plasmonic responses. Our results show significant shifts of the plasmon peak in the
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absorption spectra of naphthalene, depending on the spatial configuration of the dimer and cavity
parameters such as polarization, frequency, and coupling strength. Further investigation of the naph-
thalene dimer in a cavity reveals a synergistic effect on the plasmon peak when the two types of
interactions are combined. This research provides insights into the plasmonic behavior of simple poly-
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1 Introduction

Defined as quasiparticles arising from the coherent superposi-
tion of individual electron-hole pair transitions, plasmons
represent a collective excitation to the understanding of light-
matter interactions. Due to their ability to strongly manipulate
electromagnetic fields, plasmons have found a myriad of
applications including electronics, spectroscopies, energy har-
vesting, and photocatalysis."” As traditional devices enter the
nanoscale regime, molecular plasmonics, characterized by
plasmon-like features exhibited within individual molecules,
has emerged as a promising avenue for understanding and
utilizing the plasmonic phenomenon in the few-atom limit.>™°
Here, the quantum treatment of electronic excitations becomes
essential, unraveling the intricate interplay between the mole-
cular structure and the plasmonic behavior. Among the candi-
dates for exploring molecular plasmons, naphthalene stands
out as an intriguing subject of investigation. As the simplest
polyacene, naphthalene serves as a building block for more
complex aromatic hydrocarbons. The structural simplicity of
small polyacenes has facilitated theoretical and experimental
manipulation’®'" but also provides insights into the plasmonic
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acenes like naphthalene and opens up possibilities for plasmon modulation in more complex systems.

behavior of larger systems, such as graphene. Previous studies’*

have found that naphthalene exhibits distinctive optical pro-
perties, especially a strong peak called the B-peak in its optical
absorption spectra. This peak arises dominantly from the con-
structive interaction of two single-particle transitions, which is
reminiscent of plasmon-like characteristics. The ability to precisely
control molecular plasmons enables the development of novel
nanoscale devices with enhanced performance.

The modulation of plasmons can be achieved via traditional
techniques such as strain, alloying, and interface engineering
in order to fine-tune the optical and electronic properties of
plasmonic devices.'”2° Intermolecular interactions, which can
be altered by changing the distance between plasmonic entities
due to strain or other methods, have been shown to influence
the characteristics of plasmonic behaviors in graphene.*"?
Recent advancements have further expanded the toolkit for
manipulating matter excitations (electronic and/or vibrational)
using strong light-matter interaction.>*>” This phenomenon,
arising from the coupling between matter and light in nano-
scale or microscale cavities, offers a versatile platform for
controlling the properties of molecular plasmons. In this
manuscript, we showcase the potential of intermolecular inter-
actions and strong light-matter coupling for modulating mole-
cular plasmons in naphthalene using theoretical methods.

First principles investigations play a crucial role in elucidat-
ing the mechanisms that govern molecular plasmons and
their modulation. Among them, configuration interaction (CI)
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methods, particularly the CI with single excitations (CIS)
approach, have been used to describe the electronic excitations
underlying plasmonic phenomena.*®**® By accounting for the
interactions between electronic configurations within single-
particle excitations, CIS provides a simple but valuable framework
for elucidating the nature of plasmonic excited states. Moreover,
the recent development of the cavity quantum electrodynamics
extension of CIS*"** has allowed for investigations into plasmonic
molecules under strong light-matter coupling conditions.

The rest of this manuscript is organized as follows. In
Section 2, we describe the computational methods used in this
study. In Section 3, we discuss the results of our calculations,
including the absorption spectra of the naphthalene monomer,
naphthalene dimer, and naphthalene in optical cavities. Finally,
we summarize in Section 4.

2 Methods

The absorption spectra of naphthalene without strong light-
matter coupling are calculated using standard quantum chem-
istry methods. We first investigate the naphthalene monomer
to understand its plasmon-like behaviors. The geometry of the
monomer is optimized using the hybrid B3LYP density
functional®*** and Dunning’s correlation consistent polarized
valence double-zeta (cc-pVDZ) basis set® (see Table S1 of the
ESIT). No further geometry optimization is performed for the
remaining calculations. The naphthalene molecule is placed on
the x-y plane with the long (short) molecular axis parallel to the
x (y) axis; this molecular orientation is adopted for all the
calculations in this work. To study the effects of intermolecular
interactions, we consider a naphthalene dimer system, where
two naphthalene molecules are placed along the x, y, and z
directions (Fig. 1a). We adjust the intermolecular distance
between the geometric centers of two monomers to control
the interaction strength. The shortest dimer distances tested
in this work are 8 A in the x and y directions and 4 A in the z
direction. Even at the shortest distances, we do not observe
significant differences in the dimer absorption spectra with
and without geometry optimization (see Fig. S1 of the ESIY}),
justifying the use of unoptimized geometries in dimer calcu-
lations. The plasmon hybridization model**?” is used as
an intuitive tool to understand the plasmon response to
intermolecular interactions (see schematic illustration in
Fig. 1b and discussions in Section 3.2). The absorption spectra
of both naphthalene monomer and dimer systems are
obtained using CIS/cc-pVDZ. As the simplest wavefunction
method for computing excited states, CIS is only appro-
priate for transitions dominated by single excitations. In fact,
quantum chemists have long known that CIS typically over-
estimates excitation energies by about 1 eV.***° Even though
it may not fully capture electron correlation effects in inter-
molecular interactions, this level of theory should be ade-
quate for our study because we are only interested in a
qualitative analysis of the plasmon behaviors under various
conditions.
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Fig. 1 Schematic representations of the systems involved in this work.
(a) Naphthalene dimer placed along the x (left panel) and y (right panel)
directions with distance d; each molecule’s long (short) axis is parallel to
the x (y) axis. (b) Hybrid plasmon states resulted from naphthalene dimer
interactions along the long (left) and short (right) molecular axes, with a
bright in-phase mode and a dark out-of-phase mode in each situation. (c)
An encapsulated naphthalene in an optical cavity. (d) Upper polariton (LP)
and lower polariton (LP) states resulted from the coupling between the
naphthalene molecule and the cavity, with AE denoting the excitation
energy of naphthalene in the absence of the cavity, wc, the cavity
frequency, and Qg the Rabi frequency.

Strong light-matter coupling for a naphthalene molecule in
an optical cavity is described using quantum electrodynamics
configuration interaction with single excitations (QED-CIS).
Note that QED-CIS methods inherit the limitations of the
standard CIS and may not adequately describe high-order cavity
effects, such as multi-photon excitations. They are, however,
useful in providing a qualitative description for hybrid light-
matter states known as polaritons. Here we adopt explicitly the
QED-CIS-1 method proposed by McTague et al.*"** to provide a
correlated treatment of the electron-photon interaction. In
QED-CIS-1, the wavefunction of the electronic system coupled
to a single-mode cavity is given by

W) = cb|Po) @ [0) + chlPo) @ 1) + Y &, |8¢) @ [0)

ILI

-+§:c|¢“<®u (1)

where |®)) and |@f) are the reference and singly-excited
electronic determinants, respectively. The photon-number
states |0) and |1) correspond respectively to the zero- and
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single-photon states in the cavity mode. The expansion coefti-
cients ¢ are determined by solving a matrix eigenvalue problem
of the Pauli-Fierz (PF) Hamiltonian in the length gauge and
within the dipole and Born-Oppenheimer approximations,

N N oL [Wcav YA A 1 Py
Hpp = H. + wcavbTb o wT““ ' ,Lt) (bT + b) + i(’l ' :u)z’ (2)

where A, denotes the standard electronic Hamiltonian within
the Born-Oppenheimer approximation, .,y is the frequency of
the cavity mode, h'(h) is the photonic creation (annihilation)
operator, A is the coupling strength, and f is the dipole
operator. Besides the bare electronic Hamiltonian (the first
term), Hpr contains the Hamiltonian for the bare cavity mode
(the second term) and two terms that arise from the light-
matter interactions, ie. the bilinear coupling term (the third
term) and the dipole self-energy term (the last term). Given the
wavefunction for excited state I, the polarization-averaged
oscillator strength in the length gauge is calculated as

4
=500 3 (Wil P 3)

E=(x:2)

where wy; is the frequency of the I-th excited state, and y; is the
dipole operator in the ¢ direction. We then obtain absorption
spectra by convoluting the oscillator strengths with Gaussians
with a full width at half maximum (FWHM) of 0.1 eV. For
certain light-matter coupling strengths, we also calculate the
electronic weights, which provide insights into the nature of
the hybrid excited states. The electronic weight for a state is
defined as the norm of the electronic part of the QED-CIS-1
expansion vector c,

In cavity calculations, we place the naphthalene molecule on
the x-y plane, while polarizing the cavity in the x, y, and
z directions (Fig. 1c). The cavity frequency (wc,y) is scanned
from 0 to 30 eV to cover the main absorption peaks of
naphthalene. The coupling strength (1) is tuned from 0.01 to
0.05 atomic unit (a.u.), which is an accessible range in current
experiments.”! These cavity parameters are manipulated to
study the influence of strong light-matter coupling on mole-
cular plasmons. A schematic representation of the coupling
between naphthalene’s plasmonic state and the cavity mode is
shown in Fig. 1d, where the cavity frequency is near-resonant
with the molecular excitation energy (AE). With an appropriate
cavity polarization and coupling strength, this leads to the
formation of two hybrid light-matter states, i.e. upper polariton
(UP) and lower polariton (LP) states, separated by the Rabi
splitting energy (AQg).

Besides investigating the separate effects of intermolecular
interactions and strong light-matter coupling on molecular
plasmons, we also combine the two types of interactions to
study their joint influence. The absorption spectra of the naph-
thalene dimer in a cavity are calculated using QED-CIS-1.
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Given the relatively high computational cost, we use the STO-
3G minimal basis set*” to demonstrate such joint effects for a
specific configuration, i.e. the naphthalene dimer placed along
the x direction (end-to-end) in the x-polarized cavity. The dimer
distance is set to 8 A, and the cavity frequency is tuned to 8.6 eV
to be near resonant with the plasmon peak of the naphthalene
dimer. We vary the coupling strength from 0.01 to 0.05 a.u. to
further explore the tunability of the plasmon peak under the
combined interactions. To ensure a fair comparison to the non-
cavity results, we recalculated the absorption spectra for the
naphthalene dimer in the absence of the cavity at the CIS/STO-
3G level of theory.

All non-cavity calculations (without strong light-matter cou-
pling) are performed using the ORCA quantum chemistry
package.*® The calculations in cavities are performed using a
developer version of the PySCF program,**** where QED-CIS-1
is implemented based on ref. 32. Molecular orbitals and
transition densities are visualized with VESTA.*®

3 Results and discussion
3.1 Naphthalene monomer

The absorption spectrum of naphthalene (no cavity) is shown in
Fig. 2a. As the most distinguished feature, the peak located at
7.33 €V is more than twenty times stronger than other peaks.
The corresponding excited state arises from the constructive
interaction of two single-particle transitions, i.e. HOMO—1 to
LUMO and HOMO to LUMO+1, with equal weights of 0.47
(see Fig. 2b for the molecular orbitals). This peak is thus
identified as the molecular plasmon peak due to its plasmon-
like character. The peak intensity is dominated by its
x-polarized component. This is because the transition density
of the molecular plasmon state is polarized in the longitudinal
molecular axis (x axis), shown in Fig. 2c.

We also note two other weak peaks called p-band peaks,
including the lowest peak at 5.21 eV that corresponds to
the HOMO to LUMO transition (weight = 0.75) and the peak at
7.49 eV (at the right shoulder of the plasmon peak) that corre-
sponds to the HOMO—1 to LUMO+1 transition (weight = 0.70).
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Fig. 2 (a) Polarization-averaged (black curve) absorption spectrum of
naphthalene with polarized contributions in x (red curve), y (green curve),
and z (blue curve) directions. Intensities are shown in arbitrary units.
(b) Molecular orbitals involved in the largest two single-particle transitions
that contribute to the plasmon peak. (c) Transition density of the plasmon
peak.
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Both peaks feature a transition density polarized in the y direction
and thus have intensities dominated by the y-polarized compo-
nents. Our calculations of the naphthalene monomer agree
qualitatively well with the literature results.'>'®

3.2 Naphthalene dimer

The plasmon response to dimer interactions can be described
by the so-called plasmon hybridization model.>***” Coupling
between the plasmons of the dimer will lead to a bright in-
phase mode and a dark out-of-phase mode under linearly
polarized light (Fig. 1b). The dark state refers to a forbidden
transition under the selection rules, and therefore cannot be
detected through optical absorption. Plasmon absorption
peaks with a transition dipole perpendicular to the interaction
axis will blue-shift as the dimer moves closer (side-by-side
orientation, see the right panel of Fig. 1b), while those with a
transition dipole parallel to the interaction axis will red-shift
(end-to-end orientation, see the left panel of Fig. 1b). Next we
examine absorption spectra of the naphthalene dimer with
different intermolecular distances in the x, y, and z directions,
shown in Fig. 3.

The change in the absorption spectrum as the naphthalene
dimer approaches in the x direction is shown in Fig. 3 (top
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Fig. 3 Absorption spectra (in arbitrary units) of the naphthalene dimer
with the inter-molecule distance ranging from 15 to 8 A along the x (top),
y (middle), and z (bottom) directions.
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panel). Since the plasmon state of naphthalene features a
transition dipole along the long molecular axis (x axis), we
indeed observe a red-shift of the plasmon peak as the inter-
molecular distance decreases, consistent with the prediction of
the plasmon hybridization model. The plasmonic coupling
shifts the peak position from 7.29 to 6.94 eV when the dimer
distance changes from 15 to 8 A. A small red-shift of 0.04 eV at
15 A compared to the monomer peak position (7.33 €V)
indicates that plasmonic coupling is negligible beyond this
distance. We therefore only consider dimer interaction within
15 A. On the other hand, the p-band peak located at the
shoulder of the plasmon peak barely changed under dimer
interactions along the x axis; the peak only blue-shifts from 7.50
€V to 7.54 eV. The opposite shift of the plasmon peak and the
nearby p-band peak leads to the separation of the two peaks.
Such separation can be useful for distinguishing plasmon-like
peaks from other absorption peaks in more complex systems.

When the naphthalene dimer approaches in y and z direc-
tions, shown respectively in Fig. 3 middle and bottom panels,
the plasmon peak undergoes a weak blue-shift with a similar
magnitude (from 7.34 eV to 7.42 eV for the y direction and from
7.34 eV to 7.41 eV for the z direction). This is again consistent
with the plasmon hybridization model, as the plasmonic
transition dipole is perpendicular to the interaction axis (the
right panel of Fig. 1b). Interestingly, the plasmon peak and the
nearby p-band peak do not separate for y- and z-axis inter-
actions, indicating a similar coupling effect for both peaks in
these directions.

Comparing the extent of the shift in the plasmon peak for
the x, y, and z directions, we see that the red-shift in the
x direction (0.4 eV) is more pronounced than the blue-shift in
the y and z directions (< 0.1 eV). This is due to the fact that the
plasmon state is polarized in the x direction, leading to a
stronger coupling effect. Although tuning the dimer distance
in the y and z directions (perpendicular to plasmon polariza-
tion) results in a smaller effect, the planar geometry of naphtha-
lene offers a greater tunability in the z distance as close as 3-4 A
(the typical inter-layer distance in bilayer graphene®”*®).
In contrast, the dimer distance in the x direction cannot be
lower than 8 A due to steric hindrance. Fig. 4 shows the
absorption spectra of the naphthalene dimer with a short
intermolecular distance in the z direction. The plasmon peak
is further blue-shifted from 7.42 eV to 7.68 eV as the distance
decreases from 8 to 4 A. The total shift in the z direction (from
15 A to 4 A) is in a similar magnitude as that in the x direction
(from 15 A to 8 A). Overall, our findings show that tuning the
intermolecular distance can effectively modulate the plasmonic
response of naphthalene.

3.3 Naphthalene in optical cavities

Alternative to using intermolecular interactions as a modulator,
the interaction between molecules and cavity photons offers
another flexible platform to modulate molecular plasmons.
As mentioned above, steric effects need to be considered when
tuning the intermolecular distance. On the other hand, tuning
the plasmonic response to strong light-matter interactions via

Phys. Chem. Chem. Phys., 2024, 26, 23646-23653 | 23649
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Fig. 4 Absorption spectra (in arbitrary units) of the naphthalene dimer

with a short intermolecular distance ranging from 8 to 4 A in the z
direction.

cavity parameters (such as cavity polarization, cavity frequency,
and coupling strength) could potentially circumvent some of
the challenges and achieve greater plasmon modulation.

The QED-CIS-1 absorption spectra of naphthalene with a
coupling strength of 0.01 a.u. and different cavity polarization
directions are shown in Fig. 5. Like in naphthalene absorption
spectra without cavities, the plasmon peak located at around
7.3 eV is still the main feature within the plotted energy
window. Rabi splitting is clearly observed when the cavity
frequency approaches the plasmon peak in the x-polarized
cavity, but not in the y- and z-polarized cavities. This is again
due to the fact that the plasmon peak is polarized in the x
direction, as shown in Fig. 2c. A gap of 0.7 eV between
the upper polariton (UP) and the lower polariton (LP) is created
when the x-polarized cavity frequency is 7.33 e€V. The y-polarized
cavity couples to the y-polarized p-band peak at 7.49 eV, leading to
the splitting of this weak peak (see the inset of Fig. 5 middle
panel). The other p-band peak at 5.21 eV is too weak to be
observed. The z-polarized cavity does not show any splitting of
the plasmon or p-band peaks.

When we increase the coupling strength from 0.01 a.u. to a
stronger regime of 0.03 and 0.05 a.u., the Rabi splitting for the
plasmon peak increases significantly, as shown in Fig. 6 (upper
panels). The gap between UP and LP changes from 0.7 eV to
2.1 eV and 3.1 eV, respectively. This is qualitatively consistent
with the strong coupling regime where the energy splitting
between the polaritons is proportional to the coupling
strength.”® The electronic weights of naphthalene with
x-polarized cavity strength = 0.03 a.u. and 0.05 a.u. are also
studied. As shown in Fig. 6 (lower panels), the plasmon peak is
specifically hybridized with the photonic state to form upper
and lower polaritons. Taking the LP of the plasmon state (the
curved line between 6.5 and 7.5 eV) as an example, this state
gains more electronic weight as the coupling strength increases
from 0.03 to 0.05 a.u. However, without optical selection rules,
the plasmon state is difficult to identify among other excited
states in these plots, emphasizing the importance of optical
absorption spectra in the study of molecular plasmons.
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Fig. 5 Absorption spectra (in arbitrary units) of naphthalene in optical
cavities polarized in the x (top), y (middle), and z (bottom) directions with a
coupling strength of 0.01 a.u. The inset in the middle panel shows the
splitting of the p-band peak at 7.49 eV in the y-polarized cavity, with the
plasmon peak removed to reveal this subtle spectral feature.

When symmetry is allowed, one can expect that two con-
secutive bright states will quench within the polariton branch
that connects them. In other words, under strong light-matter
coupling at a certain cavity frequency, the absorption peaks of
two consecutive bright states will meet and vanish completely.
This is due to the destructive interference between the optical
transition amplitudes from the two states connected by the
polariton branch. The quenching phenomenon has been
reported in a QED Bethe-Salpeter equation (QED-BSE) study
of MoS, in an optical cavity.”” This peculiar behavior of
polariton dispersion is also observed in our calculations.
Within our settings, it is easier to identify the quenching
phenomenon in the y-polarized cavity because there are more
closely lying y-polarized (bright) states. When the cavity is
polarized in the y direction, the absorption peaks at 10.19 eV
and 13.97 eV (both are y-polarized) will split as shown in Fig. 7.
The UP of the 10.19 eV peak blue-shifts while the LP of the
13.97 eV peak red-shifts as the cavity frequency changes
towards their average. At the cavity frequency near 12 eV,
the two polaritons meet, resulting in quenching of the two
consecutive bright states in the absorption spectrum.
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Fig. 7 Quenching of two consecutive bright states (highlighted with a
circle) in the absorption spectrum (in arbitrary units) of naphthalene in the
y-polarized cavity with a coupling strength of 0.05 a.u.

It is interesting to note the connections between intermole-
cular interactions and strong light-matter coupling as two
types of modulation methods for molecular plasmons. Both
methods yield two hybrid states with split energy levels analo-
gously for the given molecular plasmon. For intermolecular
interactions, the plasmonic states of the naphthalene dimer
couple and result in plasmon-plasmon hybrid states (an
in-phase mode and an out-of-phase mode, Fig. 1b). For strong
light-matter coupling, the plasmonic state of naphthalene
couples to the cavity mode and forms plasmon-light hybrid
states (UP and LP, Fig. 1d). When absorption spectra are
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measured under linearly polarized light, an intriguing differ-
ence between the two modulation methods becomes apparent.
Intermolecular interactions cause a shift of the plasmon peak
position. Depending on whether the dimer is oriented end-to-
end or side-by-side, one may observe red-shift or blue-shift (as
elaborated in Section 3.2) since only the in-phase hybridization
corresponds to an optically allowed transition. The same argu-
ment holds for the well-studied spectral shifts in molecular
excitonic dimers (J- and H-aggregates).’*°*> On the other hand,
strong light-matter coupling causes the plasmon peak to split
into two peaks separated by the Rabi splitting energy (as
discussed above), where both the UP and LP hybrid states are
optically allowed.

Given the potential of intermolecular interactions and
strong light-matter coupling to separately modulate molecular
plasmons, it is natural to consider the combined effects of
these two methods. In Fig. 8, we show the QED-CIS-1/STO-3G
absorption spectra of the naphthalene dimer in an optical
cavity with coupling strengths of 0.01, 0.03, and 0.05 a.u. (see
more computational details in Section 2). The CIS/STO-3G
absorption spectra of the dimer separated by 8 A and 50 A
without the cavity are also shown for comparison. The use of
STO-3G is justified as the spectra of the dimer without the
cavity (black dashed and solid curves) qualitatively capture the
main features compared to the cc-pVDZ results (Fig. 2a and
Fig. 3 top panel). Here, the dimer with a 50 A distance is used to
represent the monomer spectrum as dimer interaction is
negligible at this distance.

In the absence of the cavity, the plasmon peak of the dimer
shifts from 9.0 eV to 8.7 eV as the distance reduces from 50 A to
8 A. This red-shift of 0.3 eV is consistent with the results shown
in Fig. 3 (top panel). When the cavity is introduced with the
dimer distance fixed at 8 A, the plasmon peak (black solid
curve) splits into two peaks (blue, orange, and green curves);
Rabi splitting is 1.2 eV for 4 = 0.01 a.u. (blue curve), 3.2 eV
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Fig. 8 Absorption spectra of the naphthalene dimer (placed along the x
direction with a distance of 8 A) in an x-polarized optical cavity with a
cavity strength of 0.01 (blue curve), 0.03 (orange curve) and 0.05 (green
curve). Absorption spectra of the naphthalene dimer in the absence of the
cavity with a dimer distance of 8 A (black solid curve) and 50 A (black
dashed curve) are also shown for comparison.
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for 2 = 0.03 a.u. (orange curve), and 4.7 eV for 1 = 0.05 a.u.
(green curve). Note that the p-band peak at 9.4 eV is not affected
in any circumstances. The combined effects of dimer inter-
action and cavity coupling produce more pronounced plasmon
peak shifts than either mechanism acting alone. For instance,
at 4 = 0.05 a.u., the LP state of the dimer plasmon in the cavity
(6.4 eV) is 2.6 eV lower than the monomer plasmon peak
without the cavity (9.0 eV); this red-shift is larger than the
0.3 eV shift due to dimer interaction and the 2.3 eV shift due to
cavity coupling. Our results suggest that strong light-matter
coupling provides an extra knob for tuning molecular plasmons
and can work synergistically with intermolecular interactions.

4 Conclusions

In this study, we have successfully demonstrated the modula-
tion of molecular plasmons in naphthalene through both
intermolecular interactions and strong light-matter coupling
using first principles calculations. With the CIS method, our
results reveal that varying the intermolecular distance in the
naphthalene dimer can significantly affect their plasmonic
response. Specifically, the absorption spectra exhibit shifts in
peak positions, which are dependent on the orientation and
proximity of the interacting molecules. These shifts show the
sensitivity of plasmonic properties to the spatial configuration
of molecular systems and suggest potential avenues for tuning
these properties in more complex aromatic hydrocarbons.
Furthermore, we have explored the strong light-matter
coupling as a way to tune molecular plasmons by incorporating
the naphthalene molecule into optical cavities. Using the QED-
CIS-1 approach, we have shown that the plasmon peak of
naphthalene can be effectively modulated via the phenomenon
of Rabi splitting. The extent of this splitting was shown to be
controllable by adjusting cavity parameters such as the polari-
zation direction, cavity frequency, and coupling strength.
By studying the absorption spectra of the naphthalene dimer
embedded in a cavity, we have further demonstrated the
combined effects of intermolecular interactions and strong
light-matter coupling. Our results show that the two modula-
tion methods can work synergistically to produce more pro-
nounced plasmon peak shifts. This control provides a versatile
platform for modulating molecular plasmons, extending
beyond the capabilities of traditional chemical modifications
or physical structuring alone. Moving forward, further investi-
gations could focus on extending these modulation techniques
to other plasmonic materials and exploring the potential
synergistic effects of combining multiple techniques.
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