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Relationship of plasmonic properties of multiple clusters to molecular interactions and properties of a single cluster
or molecule have become increasingly important due to the continuous emergence of molecular and cluster devices or sys-
tems. A hybrid phenomenon similar to plasmonic nanoparticle hybridization exists between two molecules with plasmon
excitation modes. We use linear-response time-dependent density functional theory, real-time propagation time-dependent
density functional theory, the plasmonicity index, and transition contribution maps (TCMs) to identify the plasmon excita-
tion modes for the linear polyenes octatetraene with —OH and —-NH, groups and analyze the hybridization characteristics
using charge transitions. The results show that molecular plasmon hybridization exists when the two molecules are coupled.
The TCM analysis shows that the plasmon modes and hybridization result from collective and single-particle excitation.
The plasmon mode is stronger, and the individual properties of the molecules are maintained after coupling when there is
extra charge depose in the molecules because the electrons are moving in the molecules. This study provides new insights
into the molecular plasmon hybridization of coupled molecules.
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1. Introduction

Plasmons arise from the long-range Coulomb interaction
between electrons. It can be regarded as a quantized charge
density wave and exhibits collective electronic oscillations on
metal nanostructures, providing an effective mechanism for
sub-wavelength light confinement and manipulation.!! In re-
cent years, plasmon excitation in molecular-level systems has
been widely investigated, such as plasmon catalysis, > quan-
tum plasmons, > and strong plasmon-molecule coupling.”!
The classical electromagnetic theory cannot adequately de-
scribe the properties of plasmons because of the size limita-
tion; instead, quantum mechanics (QM) is required. The con-
cept of molecular plasmon excitation is analogous to plasmon
oscillation in metal structures, which recognizes the collec-
tive electronic excitation behavior similar to plasmon char-
acteristics as molecular plasmon excitation.®! Research of
molecular plasmons will extend the unique properties of plas-
mons at the microscopic scale.!'%!!] Obvious plasmon excita-
tion modes have been observed in sodium,!"?! gold and silver
chains and clusters,[!%11:13:14] octatetraene chains,[!>-161 poly-
cyclic aromatic hydrocarbons (PAHs),[!417-201 graphene, [>!]

and other compounds. Properties of molecular plasmons

have implications in many fields, including sensing,[?>-26]
optoelectronics,[!®1%27-21 and optical nanocircuits.*"1 It is
expected that the optical resolution will reach the molecular
scale.

Due to the continuous emergence of molecular and
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cluster devices and systems, investigating molecular plas-
mon excitation and the coupling properties has become in-
creasingly important.  Several research groups are cur-
rently investigating molecular/cluster plasmons identifying

their properties.[13-1620

| However, when many molecules and
clusters form a multi-molecular ensemble, the coupling makes
it difficult to assess plasmon excitation, especially when a
charge transfer or bond exists between the molecules or a
new molecule is formed. Therefore, relationship between
plasmonic properties of multiple clusters and molecular in-
teractions of individual clusters or molecules remains unclear.

g,B1-331 Rossi

Based on the concept of strong plasmon couplin
et al. used the cavity quantum electrodynamic density func-
tional theory (cQED-DFT) to analyze plasmon coupling be-
tween aluminum clusters and benzene rings. As the number
of benzene rings increases, the coupling phenomenon would
become more pronounced.!”! The phenomenon of strong cou-
pling characteristic of plasmons also exists in small molecule
and cluster systems and is referred to as molecular plasmon
hybridization (MPH) here. When analogizing to plasmon hy-
bridization of particles,**! it is unclear whether hybridiza-
tion occurs between two molecules with plasmon excitation
modes. In response to this question, characteristics of plas-
mon excitation modes and charge transition in both individ-
ual and assembled molecules are analyzed in small molecular
chains. The plasmonicity index (PI)I'4?l has been used to
identify the molecular plasmon excitation mode of molecu-
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lar systems (including single-particle excitation and plasmon
excitation with electron—electron interaction). The electron
excitation is typically complex in small-sized plasmon sys-
tems (single molecules or small clusters), and an effective
method is required to distinguish the excitation of single elec-
trons and plasmons for a chain octatetraene system.[!3-161 Gil-
Guerrero et al. proposed electron density descriptors to iden-

135] This method utilizes the electron

tify molecular plasmons.
density related to electronic excitation instead of the excita-
tion energy. The authors analyzed the eigenvalues of the dif-
ferential density matrix obtained by the time-dependent den-
sity functional theory (TDDFT) and time-dependent Hartree—
Fock (TDHF) theory to investigate plasmonic excitation. Their
method of identifying molecular plasmons avoids adoption
non-interacting electronic models as a reference for single-
electron excitation in molecular mechanisms with discrete or-
bital energy distributions. Different scaling produced multiple
calculations are also not required. In addition, the time-related
calculation framework was adopted to determine the system
response to electromagnetic radiation, which is particularly
important in small systems. Therefore, TDDFT has been used
to analyze the hybrid properties of two neutral chain molec-
ular systems in this paper. TDDFT usually has two forms:
real-time TDDFT (RT-TDDFT) and linear response TDDFT
(LR-TDDFT). Both forms can be used to obtain the Kohn—
Sham (KS) electron-hole transition terms to analyze the elec-
tronic excitation. In the real-time propagation framework, the

electron—hole contribution provides detailed information on
the QM to understand plasmon absorption. It can be visu-
alized in two-dimensional (2D) transition contribution maps
(TCMs).!81 Through the phenomenon of the energy level cor-
responding to the plasmon mode splits, the plasmon proper-
ties of two linked molecules can be explained by the plasmon
hybridization theory. In addition, an increase or decrease in

U7-191 Therefore, we

the charge can be used to control MPH.
analyze whether an increase or decrease exists in the charge
affects plasmon hybridization. In-depth research on MPH can
provide information of hybridization properties at molecular
level.

We use the following approach to analyze MPH. We iden-
tify the plasmonic mode of octatetraeneamine (CgHy9NH,) and
octateraenealcohol (CgHy9OH) using a finite one-dimensional
(1D) electron gas model. Subsequently, we analyze the hy-
bridization phenomenon and the internal mechanism of two
hybrid molecule configurations using the PI and the TDDFT.
We then demonstrate the ability to tune MPH.

The system we investigate is shown in Fig. 1. We selected
octatetraene as the initial structure because the carbon atom
chain exhibits plasmon excitation.!'®! In plasmon hybridiza-
tion research it is better to have the two objects whose plas-
mon characteristics should be distinguishable. Therefore, we
added different electron-donating groups (—OH and —-NH>) at
one end of octatetraene. In addition, we selected two coupling
configurations: head-to-tail (HT) and head-to-head (HH).
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Fig. 1. The schematic diagram of plasmon hybridization (left panel). The right panel shows the initial structure (CsH9oNH; and CsHoOH) and

hybrid structure of the HT and HH configurations.

2. Simulation methods

2.1. LR-TDDFT calculations

The main skeleton part of the initial structure (i.e., the oc-
tatetraene) was based on the previous studies.!!>1® The the-
oretical calculations of quantum chemistry were conducted
in the Gaussian 16 software package.(*®] The B3LYP/6-
311G(d,p) basis sets'37! were used for the DFT calculation 38!
of the geometric optimization and ground-state calculation of
the CsHoNH, and CgH9OH. The ground-state geometric op-
timization and related vibration frequency based on the same
level calculation provided the minimum value of the optimum
potential energy surface, and no virtual frequency was ob-
served. In order to achieve a high photoabsorption spectrum

matching between the LR-TDDFT and RT-TDDFT, we tested
different functional and basis sets aiming to select the best
method, see the relevant statement in the supporting informa-
tion (see supplementary Notes S1 and Fig. S1). Therefore, The
LR-TDDFT photoabsorption spectrum was performed using
the PBE0/6-311G(d,p) basis sets.**! In addition, all the orbital
transition contributions greater or equal to 107> to each exci-
tation state are considered to ensure an accurate description
of the excitation state. For charge-doped systems, we added
an additional negative charge in the CgHgNH, and CgHoOH™
structures, while in the HT?~ and HH?~ configurations, we
added two charges to balance the coupling effect. The calcu-
lation method is the same as that of neutral molecules.

In the time-dependent framework (TDDFT and TDHF),
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the relationship between electronic excitation/deexcitation and
the collective transition can be established using virtual elec-
trons. Therefore, the total number of electrons promoted from
the ground state (0) to the excited state (I) can be expressed
as NOPT = YT, Yoo (XL XL, +Y)YE), where Ny repre-
sents the total number of orbitals, Ny represents the number
of occupied orbitals, X}; and Y}, represent the excitation and
deexcitation coefficients, respectively. Due to the normaliza-
tion of the wave function, the sum of the squares of all possible
excitation coefficients associated with single-electron excita-
tion equals one. The equation also includes deexcitation terms
closely related to the collective excitation (between 0 and 1).
The larger the contribution of the Y); coefficient, the greater
the deviation of N%~! is from the reference value (1.0) (i.e.,
the deviation from the single-electron excitation). Thus, we
use the logarithmic function to define the PI as

§=10V""1, (1)

In addition, according to the transition density matrix for an
excitation / obtained from TDDFT (or TDHF), we calculate
the corresponding transition density

Nocc Nt

Prr) =Y Y Xuba (r)di(r)+Yuea(r)g (r). (2)

a=1i=Nycc+1

2.2. RT-TDDFT calculations

Furthermore, the optical properties under the RI-TDDFT
framework are considered, the DFT and TDDFT calcula-
tions were carried out using the Perdew—Burke—Ernzerhof
(PBE)101 exchange—correlation functional in the adiabatic
limit. The photoabsorption spectra are calculated using the
8-kick technique!*!! in the linear-response regime and em-
ploying the dipole approximation for light—matter interaction.
The spectrum is presented as the dipole strength function that
is equivalent to photoabsorption cross section apart from a
constant multiplier. The default projector augmented-wave
(PAW)#?] data sets and double-¢ polarized (dzp) basis sets
provided in GPAW were used for C, N, O, and H. The dzp
basis set are important for describing plasmon resonances. [+]
In general, while the used basis sets might not be adequate
for yielding numerical values at the complete-basis-set limit,
they are expected to be sufficient for the purposes of the
present work. For real-time TDDFT a grid spacing parame-
ter of 0.3 A was chosen to represent densities and potentials,
and the molecules were surrounded by a vacuum region of
at least 6 A. For the time propagation, we used a time step
of Ar = 20 as (attosecond) and total propagation time of at
least T = 30 fs. The spectra were broadened using Lorentzian
spectral broadening with 0.3 eV corresponding to a full width
at half-maximum of 0.6 eV. The DFT calculations were car-
ried out using the GPAW (version: 21.6.0) package***! with

localized basis sets (LCAO mode)[*®! and with uniform real-
space grids with the finite difference approximation. TDDFT
calculations were conducted using the LCAO-RT-TDDFT im-
plementation in GPAW.[*”] The ASE library!*®) was used for
constructing the atomic structures. The NumPy,[*"1 SciPy, 5!
and Matplotlib, !l Python packages were used for processing
data and generating figures.

3. Results and discussion
3.1. Plasmonic properties analysis

We compared the excitation modes obtained from the
TDDFT and the dispersion curve of the quantum mechanism
to distinguish the plasmon excitation and single-electron ex-
citation of the molecular chain to obtain the molecular plas-
mon excitation modes. The minutiae of 1D finite electron gas
model for the plasmon dispersion relationship are given in sup-
plementary Note S2. The area surrounded by the red lines in
Fig. S2 indicates the single-particle excitation in the 1D finite
uniform electron gas model; and the electron excitation in this
area is independent of the Coulomb interaction. Figure S2(a)
shows that the plasmon excitation (blue solid dots) can be dis-
tinguished from the single-particle excitation. In addition, the
excitation modes obtained from the TDDFT show that the col-
lective excitation modes with lower energy (P1 and the cor-
responding plasmon index can be found in Table S1, excita-
tion is 4.04 eV and main electron transition is Syg — S;) match
the plasmon excitation in the electron gas model. The upper
panel in Fig. 2(a) shows the transition density isosurfaces of
the two lower plasmon excitation modes; red corresponds to
the positive phase and blue corresponds to the negative phase.
The transition density of the plasmon has an envelope expla-
nation is that the plasmon, as a collective electron excitation,
exhibits standing wave density, which is observed in the tran-
sition density. The other oscillations are caused by the finite
size. Similarly, CgH9NH, also has a low-energy plasmon ex-
citation modes [see Fig. 2(b)], which agrees with the 1D finite
plasmon excitation model (see Fig. S2 from supporting infor-
mation ). The upper panel in Fig. 2(b) shows the isosurface of
the transition density of CgH9NH; and the excitation modes
are similar to CgHoOH, except that the vibration direction is
opposite.

In addition, the LR-TDDFT and RT-TDDFT were used
to analyze the electronic excitations of both octatetraene chain
molecules. As shown in Fig. 2(a), the absorption spectra ob-
tained from the two theoretical methods have a large absorp-
tion peak around 3.9 eV, there has a slight blue shift of the
optical absorption peak obtained from the LR-TDDFT rel-
ative to RT-TDDFT. The plasmon excitation mode P1 (the

corresponding plasmon index can be found in Table S1) of
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CsHoOH corresponding to the linear response method is lo-
cated at 4.04 eV, which is in good agreement with the induced
density obtained from the real-space method (3.88 eV) (yel-
low corresponds to the positive phase, and cyan corresponds
to the negative phase). Figure 2(b) shows the photoabsorption
spectrum of CgHgNH,. The induced density obtained from
the real-space method at the resonance energy of 3.70 eV is
in good agreement with the transition density obtained from
the linear response, demonstrating that though there is a dif-
ference between the maximum absorption peak positions ob-
tained with the two methods, it is the same excitation peak.
The TCM is useful to analyze the response of the KS
electron—hole transition contributions to the photoabsorption
and represents the plasmon properties. The resonance is typ-
ically a superposition of many electron-hole excitations. In
TCM, the photoabsorption cross section S(®) is expressed
in the basis of occupied (i) and unoccupied (a) KS states as
S(w) = Y.Si (@), and the elements of the matrix S, (®)
are plotted at selected resonance energies on a Gaussian
broadened two-dimensional plane spanned by the energy axes
for occupied and unoccupied KS states.!’~%>>331 Figure 2(c)

shows the TCM and the density of states (DOS) of CsHoOH
at resonance energies, where red and blue represent the posi-
tive and negative values, respectively, of the photoabsorption
decomposition in the x-direction. Due to the small molecu-
lar size, the CsHyOH molecule has well-separated discrete KS
states, which is confirmed by the DOS diagrams. The TCM of
the CgHoOH molecule maximum absorption peak correspond-
ing to the resonance energy (@ = 3.88 eV) shows a strong pos-
itive contribution (s-electron transition) in the region below the
resonance energy. The low-energy transition that forms this
plasmon excitation remains essentially constant within the fre-
quency window as the energy changes. The TCM correspond-
ing to the main resonant frequency of CsHoNH> is shown in
Fig. 2(d), indicating a stronger positive contribution at reso-
nant energies of @ = 3.70 eV, which is due to s-electron tran-
sition. Small-molecule plasmon excitation results from the
coupling between the positive contribution of the collective
oscillations and the single KS transition. In summary, both
molecules have a lower-energy plasmon excitation mode, and
the excitation mode is strongly related to the global charge
transition.
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Fig. 2. The LR-TDDFT (upper) and RT-TDDFT (lower) absorption spectra of (a) CgHoOH and (b) CgH9NH,. The transition densities
corresponding to the plasmon excitation modes are also depicted in the upper panel, and the induced charge density contribution is shown in
the lower panel. The transition contribution maps (TCMs) of (c) CgHyOH and (d) CgHy9NH, corresponding to the main resonance energies
 calculated by the RT-TDDFT method, where red and blue indicate positive and negative contributions, respectively. The solid line is the

constant for transition energy (&, — & = ®).
3.2. Molecular hybridization analysis

When the two types of octatetraene molecules form a
chain, new molecular plasmon modes occur during excita-
tion. In the following, we discuss the molecular plasmon
modes from hybridization point of view for two neutral hy-

brid configurations (HT and HH). Traditional plasmon hy-

bridization studies based on the hydro electrodynamics the-
ory consider that the plasmon interactions of the hybrid sys-
tem cause a plasmon energy shift and the mixing or hybridiza-
tion between two free plasmon modes (i.e., spherical and cav-
ity plasma).[**! The hybridization depends on the strength of

the interaction and the energy of the original plasmon modes.
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The coupling and blending of the modes produce the unique
tunability of the metal nanoshells. No charge transfer oc-
curs between the two objects during plasmon hybridization,
and only energy is exchanged. However, a charge transfer
occurs in small-molecule systems, and new bonds form be-
tween the two molecules. Thus, the quantum chemical method
other than the electromagnetic method is used here. As shown
in Fig. 3(a), the HT configuration shows a strong absorption
peak in the low-energy region. One plasmon excitation mode
with a strong absorption peak in the low-energy region is ob-
served for the CsH9NH; or CgH9OH molecules. However,
the HT configuration has more than one plasmon mode in
the low-energy region. Here we only consider the excitation
modes with a relatively large PI. We assume that a PI close
to 1 indicates a single-particle excitation and ignore it. In
the HT configuration, the mode of the hybrid molecule splits
into three excitation modes (the corresponding plasmon in-
dex can be found in Table S1) in contrast to the P1 mode of
two single molecules [see the energy level splitting diagram
in Fig. S6(a)]. The high-energy mode iii for HT configuration
(4.11 eV, Sog — S3) corresponds to symmetric coupling (anti-
bonding), and the low-energy mode i (2.94 eV, So — S;) and
it (3.50 eV, Sg — S;) corresponds to antisymmetric coupling
(bonding). In addition, the RT-TDDFT spectrum shows that
the induced charge density of the excitation mode at the max-
imum absorption peak (2.79 eV and 3.35 eV) shows plasmon
bonding modes [upper panel in Fig. 3(c)] and matches the i and
ii modes obtained by LR-TDDFT, respectively, showing a high
degree of consistency. At the same time, the induced charge
density located in the RT-TDDFT spectrum with resonance en-
ergy of 4.05 eV has a good agreement with the linear response
mode iii (both anti-bonding modes). The charge density dis-
tributions in the inset show that this is a hybridization manner
for the new plasmon modes. The resonance energy in the cou-
pling system is the same as that in traditional hybridization. A
similar hybrid behavior is observed for the HH configurations
[lower panel in Fig. 3(b), and Fig. S3]. Unlike in the HT con-
figuration, the charge transition has changed substantially in
the hybridization of the plasmon excitation modes [see lower
panel in Fig. 3(b), and i, ii and iii modes in Fig. S3] for the
HH configuration due to the formation of an angle when the
two initial molecules are hybridized. Note that the CsHoNH»
molecule is inverted in the HH configuration relative to the HT
configuration (see Fig. 1). The high-energy mode iii for HH
configuration (4.17 eV, So — S4) corresponds to symmetric
coupling (anti-bonding), and the low-energy mode i (3.59 eV,
So — S2) and ii (3.80 eV, S¢p — S3) corresponds to antisymmet-
ric coupling (bonding), and the bonding and anti-bonding can
be clearly seen from the phase at the junction of the two initial
molecules of the transition density map [also see the energy

level splitting diagram in Fig. S6(b)]. Similarly, in the HH
configuration RT-TDDFT spectrum at the resonance energies
of 3.35 eV and 3.88 eV [lower panel in Fig. 3(c)] the induced
charge density shows good agreement with the transition den-
sity of the linear response i and ii modes indicating that the
plasmonic mode can splits into two similar plasmonic bonding
modes in the low-energy region after hybrid, which is just op-
posite to the HT configuration, the HT splits into two opposite
plasmonic bonding modes after hybrid (opposite dipoles reso-
nance). In addition, the induced charge density corresponding
to the high-energy plasmonic mode (w = 4.25 eV) of real time
also shows a high consistency with the iii mode of linear re-
sponse (anti-bonding mode). The above discussion proves the
fact that plasmon modes can split after hybridization and con-
firms the collective oscillations of the plasmon modes.

The TCMs of the photoabsorption spectrum of the HT
and HH configurations are shown in Fig. 4. Figures 4(a)—4(d)
show that the HT configuration has more electron—hole con-
tributions to the resonance energy, unlike the more discrete
KS contribution of the single molecule. The HT configuration
shows a more concentrated positive contribution to the reso-
nance energy at the highest absorption peak (@ = 2.79 eV).
The concentrated and strong positive contribution below the
resonance energy region is important for plasmon excitations,
whereas the negative contribution above the resonance energy
region may be attributed to the sp electron transition during
the plasmon oscillation. It is worth noting that the resonance
energy is a negative contribution at 2.79 eV to be reversed to a
positive contribution at 3.35 eV, which should be the result of
the charge transition. As the resonance energy increases, some
high-energy electron transitions located near the resonance en-
ergy (solid black line) are contributing additionally to the plas-
mon excitation in the modes with higher plasmon resonance
energies (0 = 4.05 eV and @ = 4.19 eV), at the same time,
the positive contribution below the resonant energy region is
reversed to a negative contribution due to the charge transition
(dashed red ellipse). This response may be attributed to the
coupling between the positive contribution corresponding to
the plasmon and the single-electron transition, i.e., the split-
ting of the plasmon mode into multiple resonances, forming
an antisymmetric and symmetric combination with KS tran-
sition and plasmon transition. In large-scale systems, the in-
teraction between plasmons and the nearby KS transitions is
very weak, and the coupling is regarded as a broadening peak
of the plasmon excitation. Figures 4(e)—4(g) show that the
HH configuration has few and dispersed KS contributions. As
the resonance energy increases, the weakening of the strength
of the positive contribution is accompanied by the appearance
of negative contributions (dashed black circles). The charge
transfer may be the key to the transition between bonding and
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anti-bonding modes. Compared to the HT configuration, no
significant changes occur in the positive and negative contri-
butions as the frequency changes, which would lead to weaker
hybridization properties in the HH configuration than in the
HT configuration. This result may be due to the different rela-
tive positions of the two different electron-donating groups in
the molecular chain. In the HT configuration, the O atom in the
middle of the molecule provides a bridge for the intramolec-
ular charge transfer, resulting in strong hybridization. In con-
trast, in the HH configuration, both electron-donating groups
are located in the middle of the molecular chain. Thus, a local

charge transfer occurs in the molecular chain, which may be
responsible for the few and dispersed KS contributions. In
general, the HT configuration produces a strong directional
intramolecular charge transfer due to the unique arrangement
of the electron-donating groups, resulting in a strong concen-
trated KS electron-hole contribution and a split of the plas-
mon mode into multiple modes. In contrast, the intramolecu-
lar charge transfer is relatively weak in the HH configuration
and is accompanied by local electron transfer, leading to the
plasmon hybridization weaker than those in the other two con-
figurations.
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Fig. 3. Schematic diagram of plasmon hybridization for the HT and HH configurations: (a) the hybridization and energy split of the HT
configuration, (b) the LR-TDDFT photoabsorption spectrum for the HT and HH configurations (curves) and the transition density isosurface
of the main excitations modes (the vertical red line indicates the plasmonicity index), (c) the RT-TDDFT photoabsorption spectrum for the HT
and HH configurations (curves). The main resonances are shown as induced charge density isosurfaces.
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Fig. 4. The TCMs of the photoabsorption decomposition of the HT configuration [(a)—(d)] and HH configuration [(e)—(g)] at different resonance
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3.3. Tunability of molecular plasmon hybridization

The plasmons of small-molecule systems can be tuned by
charge doping.!!'”) We systematically analyzed the effects of
negative charge doping on plasmon excitation of hybrid sys-
tems. Figure 5 shows the photoabsorption spectrum and in-
duced density of the charge doped CgHoNH,, and CsHoOH™.
As shown in Fig. 5(a), the results of the linear response anal-
ysis show a broad absorption peak in the low-energy region
of CgHgOH™~. However, there are two excitations that have
a PI, and the PI does not exceed 2 (see Table S2), because

()7

of the short chain of the octatetraene molecule. Similar to
neutral molecules (see Fig. 2), we identify relatively large i
modes as plasmonic excited modes. Furthermore, the absorp-
tion spectra obtained from the real-space method indicate a
good agreement with the linear response. The induced den-
sity at the linear response energy of 3.28 eV shows a good
agreement (opposite positive and negative phases) with the in-
duced density at the resonance energy of 3.77 eV in the real
space. The plasmon response of CgHoNH,, is highly similar,
as shown in Fig. 5(b).

—— LR-TDDFT spectrum of CsHqOH~
*] PI-CgHgOHf

LR-TDDFT spectrum of CgHoNHjy
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Fig. 5. (a) The LR-TDDFT (upper) and RT-TDDFT (lower) photoabsorption spectrum of CgH9gOH™
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. (b) The LR-TDDFT (upper) and RT-

TDDFT (lower) photoabsorption spectrum of CgHoNH, , where transition density isosurfaces of the main excitation modes are drawn in upper
panel and the induced charge density contribution are plotted in lower panel.
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The TCMs of the photoabsorption decomposition of
CgHoOH™ and CgHgNH, at different resonance energies are
shown in Fig. 6. Figure 6(a) shows that at the resonance en-
ergy corresponding to the CgHoOH™ maximum absorption
peak (3.77 eV), a large difference in the KS contribution is
observed compared to the neutral molecule [Fig. 2(c), @ =
3.88 eV]. Two strong positive contributions are found in the
region below the resonance energy (dashed black and red cir-
cles), suggesting that charge doping changes the charge tran-
sition within the CgHoOH molecule and the KS contribution.
Similar to the neutral monomolecules, the KS contributions
of the charge doped CsHoNH, [see Fig. 6(b)] and CsHoOH™
are in good agreement, indicating that the properties of the
monomolecules with two different electron-donating groups
do not change significantly after charge doping (see photoab-
sorption spectrum and PI).

0, 0
(a)o|‘| A A / (b)o““ . A :
> CsHoOH- w=3.77 eV > |[CgHgNH; w=3.71 eV
L 620 L 650
] 0 = ‘ 0
G Mso W  B-50
%4 2 4“
~ -
g | g L)
0 2 o 2‘
3 SEE
3 g o
g 0O— % — A B e—a .- :
P 6 -4 -2 0DOS *~ -6 -4 -2 0DOS
Occ. energy &, (eV) Occ. energy ¢, (eV)
Fig. 6. The TCMs of the photoabsorption decomposition of (a)

CgHy9OH™ and (b) CgHgNH, at resonance energies @. The solid line
is the constant for transition energy (&, — & = ).

Figure 7 shows the hybridization diagram, PI (see Ta-
ble S2 in the supporting information ), charge transition iso-
surface and LR-TDDFT photoabsorption spectrum of the HT
configuration with negative charge doping based on linear
response. Meanwhile, the induced charge density and RT-
TDDFT photoabsorption spectrum are shown based on the
real-time method. In the HT?~ configuration, the negative
charge significantly changes the photoabsorption spectrum
and PI (compared to the HT configuration in Fig. 3 without
charge doping), and the absorption spectrum clearly splits into
two peaks. The larger one is located around 1.58 eV and a
small peak is generated around 3.70 eV in the high-energy
region. The PI of the i excitation mode is also large. The
charge density isosurface (in Fig. 7) indicates that the i, ii
and iii excitation modes of the charge doped HT?~ configu-
ration are the result of the hybridization, which causes the en-
ergy level to split between the negatively charged CgHoNH,
and CgHoOH™ molecules [the energy level splitting diagram
can be seen in Fig. S6(c)]. The hybridization levels and sur-
face charges demonstrate that the plasmon hybridization phe-
nomenon is more pronounced and simpler in this electron-
doped system than in the original molecule. Negative charge
doping causes the energy level of the low-energy region to
split, which is confirmed by the RT-TDDFT results in the
lower panel of Fig. 7. The induced charge density shows clear

bonding and anti-bonding modes and is highly consistent with
the linear response results. For the HH?>~ configuration (see
Fig. S4), the photoabsorption spectrum does not show double
absorption peaks like the HT?>~ configuration, instead a broad
strong absorption peak is formed, the results obtained by RT-
TDDFT are consistent with this [see Fig. S5(a)]. From the
transition density, it can be seen that the HH>~ configuration
also forms three plasmon excitation modes (the correspond-
ing plasmon index can be found in Table S2). Similar to the
neutral HH configuration, the high-energy mode iii for HH>~
configuration (3.62 eV, So — S;;) corresponds to symmetric
coupling (anti-bonding), and the low-energy modes i (3.30 eV,
So — Sg) and ii (3.37 eV, Sg — Sg) correspond to antisymmet-
ric coupling (bonding), and the energy level splitting diagram
can be seen in Fig. S6(d).

7
—— LR-TDDFT spectrum of CgH9NHg2
6-
] o PI-CsHoNH;
3.
w=3.23 eV w=23.37 eV
2.
) 11
0 T — v
—— LR-TDDET spectrum of HT?-

s S o PI-HT?-

‘ ' '“' 4 I'w.: 3.53 eV

n\jl‘;ﬁ iv A
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0
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5]

4

3]
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o] w=172eV | 395 ey

Energy (eV)

Fig. 7. Schematic diagram of plasmon hybridization for the HT?>~ config-
uration, depicting the transition density isosurfaces of the main excitations
modes (the vertical red line indicates the PI). The lower panel is the RT-
TDDFT photoabsorption spectrum of the HT?~ configuration (curve), and
the main resonances are shown as the induced density isosurfaces.

The TCMs of the HT?>~ configuration with negative
charge doping is depicted in Fig. 8. Unlike the neutral HT con-
figuration [see Figs. 4(a)—4(d)], the electron—hole contribution
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of the doped HT?~ configuration is relatively dispersed. The
plasmon excitation mode with a resonance energy of 1.72 eV
shows a strong positive contribution [see Fig. 8(a)] compared
with other resonance energies, and the stronger electronic tran-
sition contribution may be the reason why the HT?>~ configu-
ration produces larger absorption peaks and PI in the lower en-
ergy region [see Fig. 8(a) and Table S2]. The positive contribu-
tions at the resonance energy of 3.92 eV [dashed black ellipse
and dashed red circles in Fig. 8(b)] show a good agreement
with the positive contributions of the individual CgHoOH™
and CgHoNH, [see Figs. 6(a) and 6(b) black and red dashed
circles]. This result indicates that the charge transition and
electron—hole contribution of the original charged molecule
are maintained in the doped HT?~ configuration. This re-
sponse is similar to the traditional hybridization of two dif-

ferent plasmonic objects (i.e., Au and Ag spheres). When
neighboring plasmonic particles interact with each other, their
plasmon energies mix and split into new modes with shifted
energies, and the original properties of individual particle is
still retained. A similar phenomenon is observed at higher res-
onance energies (4.20 eV) [see Fig. 8(c)]. It is worth men-
tioning that the KS contributions at all three resonance ener-
gies produce an additional positive contribution that gradually
decreases with the increasing resonance frequency (red solid
circle). The possible reason is a new charge transition after
CgHyOH™ and CgHoNH,, hybridization and the accompany-
ing split of the new plasmon excitation mode. The TCM of the
HHZ- configuration [see Figs. S5(b) and S5(c)] shows a phe-
nomenon similar to the HT?~ configuration, i.e., the charge
transition of the original molecule remains the same.

n

(a) 8 l . (b) 8 I . () 3 I .
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Fig. 8. The TCMs of the photoabsorption decomposition of the HT?~ configuration at different resonance energies . The solid line is the

constant for transition energy (&, — & = ®).

A comparison of the hybridization of the octatetraene
molecules with and without charge doping indicates that the PI
of the molecule plasmons is much higher in the charged than
the uncharged molecules, and the hybridization phenomenon
is more pronounced. Plasmon oscillations are mixed with sin-
gle particle excitations in the uncharged system because the
electrons are more confined. The hybridization is simpler in
the HT and HH configurations since there are substantial dif-
ferences in the molecules when they are combined. In the
charged molecules, the extra electrons are not confined to a
bond of two atoms, and it will cruise in the whole molecule,
coupling electrons in different atoms, which tends to make
the excitations in-phase. The in-phase oscillation is similar to
the coupled oscillators. Therefore, the PI of the molecules is
larger. When the molecules are coupled, the doped cruise elec-
trons will bear more for the plasmon oscillation, and the sys-
tem retains more of the properties of the individual molecules.
In the HT configuration, the same molecular orientation re-
sults in easier bonding, leading to the strongest peak. In the
HH configuration, the head-to-head orientation makes the an-
tibonding mode much stronger.

Our results indicate that electron doping of molecular
plasmonic devices shows promise because it can be used to
tune the plasmon mode while retaining the molecules’ origi-
nal properties. It is worth mentioning that molecular plasmons

have been used in electrochromic devices, and the generation
and annihilation of plasmon excitation can be controlled by
charge regulation.['31%34] Employing molecular plasmon hy-
bridization, the emission wavelength of the molecular plas-
mon electrochromic devices can be easily tuned. This effec-
tively economizes the large cost of searching for molecules
with certain emission wavelength. Moreover, dynamic tun-
able electrochromic devices can also be developed by molec-
ular plasmon hybridization, which will greatly expand their
applications. Our study here also confirms the effect of charge
regulation on plasmon excitation and hybridization properties.
Our study helps to provide innovative inspiration for experi-
mental research. Based on the similar phenomenon of plas-
mon energy splittings and shifts with traditional hybridization
of metal nanostructures, molecular plasmonic hybridization is
expected to be observed experimentally via carefully analysis
of ultrasensitive optical spectra.

4. Conclusion

In summary, we have investigated plasmon hybridization
in small molecular systems. The plasmon excitation modes
of CsH9NH, and CgH9OH molecules are analyzed and iden-
tified with the 1D finite electron gas model and PI. Then, we
analyze two hybrid configurations (HT and HH) of the two
molecules. The PI, the isosurface of the charge transition den-
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sity, the induced charge density and TCM analysis show that
the HT configuration without charge doping can produce a hy-
bridization result better than the other two configurations. The
possible reason is that the two electron-donating groups (-OH
and —NH)) are in alignment, resulting in co-bond effect. Fi-
nally, we evaluate the effect of charge doping on plasmon ex-
citation and hybridization properties. The largest effect is ob-
served on the absorption spectrum of the HH configuration,
which exhibits a strong absorption peak, a large change in the
PI, and pronounced hybridization with energy level splitting.
Plasmon hybridization occurs preferably on molecular groups
with strong conjugated electron-donating groups, and charge
doping substantially changes the molecular plasmon excitation
and hybridization. These results provide a basis for in-depth
research on MPH and the development of related applications.
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