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H I G H L I G H T S    

• We investigate hybrid polaritonic nanostructures using the TD-DFT technique.  

• We found a strong coupling between the plasmonic nanoparticle and molecular emitter states.  

• Our finding useful for the development of novel hybrid polaritonic nanostructures.  

A R T I C L E  I N F O   

Keywords: 
TD-DFT 
Plasmons 
Excitons 

A B S T R A C T   

Hybrid polaritonic nanostructures combining molecular excitons and localized surface plasmons hold strong 
potential for promising applications in broad areas of nanophotonics. Here, using quantum mechanical calcu-
lations, we study the position- and configuration-dependent optical response modulations in a hybrid system 
composed of a plasmonic nanoparticle and a collection of molecular emitters. Our results underline the coupling 
between the plasmonic nanoparticle and molecular emitter states, confirmed from the transition density maps. 
Depending on the interparticle distance (d) and the number of coupled molecular emitters, we show that photo- 
induced electron transfer emerge. Our theoretical findings bear fundamental interest for the development of 
novel hybrid polaritonic nanostructures.   

1. Introduction 

Designer polaritonic nanostructures such as the metal nanoparticle 
(MNP) in combination with the molecular emitters (MEs) is of para-
mount importance for the high-end emerging applications in nano-
photonics [1–10]. Polaritonic nanostructures couple resonantly mat-
ched localized surface plasmons (collective motion of the metallic 
electrons) of MNP and excitons (electron-hole pairs) of MEs. Under-
standing the nature and tunability of polaritonic states are important 
and triggered the vast range of possible applications in areas as diverse 
as chemical sensors [11], pH meters [12], and light harvesters [13], to 
list a few. Bringing a ME near to an MNP results in the hybridization of 
the discrete states of the former and the continuum-like states of the 
latter [14–26]. Besides, polaritonic structures trigger resonant electron 
transfer between the individual building blocks. In general, increased 
interactions between MEs and MNPs should ultimately lead to strongly 
hybridized polaritonic states with characteristics largely distinct from 
either the ME or MNP properties alone. 

Thanks to the advanced nanofabrication techniques developed re-
cently allowing the engineer novel polaritonic nanostructures with 

nanometer control of their geometry. On the theoretical side, this 
technological progresses poses new challenges since conventional 
classical electrodynamics approaches such as discrete-dipole approx-
imation [27], finite-difference time domain techniques [28], T-matrix  
[29], boundary element method [30], and plasmon hybridization 
formalism [31] might not be adequate to describe completely the hy-
bridization between MEs and MNP and thus need to be applied with 
care. A potential way to tackle this problem is to employ a fully 
quantum mechanical framework such as the Time Dependent Density 
Functional Theory (TD-DFT) [32–35]. It is a parameter-free framework 
(as far as the potential acting on the valence electrons is set) that can 
properly address the modification of the optical response due to the 
quantum mechanical effects straightforwardly and accurately. In fact, 
analytical and numerical quantum chemistry approaches, including 
DFT and TD-DFT, have been successfully applied to study ME-MNP 
interactions, charge transfer, and chemical enhancement [36–45]. TD- 
DFT has been implemented in both the frequency and time domain. TD- 
DFT in the linear-response regime (lr-TDDFT) is often formulated in 
frequency space [46] in terms of the Casida matrix expressed in the 
Kohn-Sham electron-hole space [47–49]. The second method, the real- 
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time-propagation formulation of TD-DFT (rt-TDDFT) is based on in-
tegrating the time-dependent Kohn-Sham equations in time [50–52]. 
While lr-TDDFT is limited to the weak perturbation field to meet the 
requirement of the linear-response approximation, rt-TDDFT allows one 
to capture the effects of external fields both in the weak and strong 
interaction regimes [53,54]. 

In this Article, we theoretically investigate the nature and tunability 
of photo-induced resonant electron transfer between a single and/or a 
collection of MEs and an MNP. To that end, we chose benzene molecule 
as ME and a spherical sodium nanoparticle as MNP. In particular, we 
reveal scenarios in which the coupling of the MEs with the MNP 
emerges for a broad range of distances. When a ME is located in the 
tunneling regime, the situation becomes even more complex, and the 
effect of electron tunneling involving the ME localized states can 

strongly affect the response of the whole hybrid system. As a key result 
of our paper, we show that the investigated systems reveal photo-in-
duced resonant electron transfers. We reached this conclusion by ana-
lysing the transition density maps (TDMs): a generalization of the 
transition dipole moment describing the transition between the Nth 
excited state and ground state [55,56]. In fact, we are not aware of a 
fully quantum mechanical study on the polaritonic systems investigated 
in this work and more importantly, the critical question of the influence 
of the photo-induced electron transfer on the number of MEs and d 
values are remain elusive. The present work aims at answering these 
questions using TD-DFT calculations. We hope that the results of this 
study will contribute to the improvement of our understanding of the 
photo-induced resonant electron transfer between ME and MNP. We 
have organized this paper as follows. First, we describe the systems 

Fig. 1. TD-DFT calculated photo-absorption spectra (averaged over all directions of light polarization) of group1 hybrids. Note that d vary in the range of 3–7 Å.  
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Fig. 2. Transition density map corresponding to some representative peaks of group1 hybrids. Green (red) color shows positive (negative) transition charge densities. 
Both densities are plotted using the same iso-surface contour value. (For interpretation of the references to color in this figure legend, the reader is referred to the web 
version of this article.) 
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under study and the simulations methods employed. We show our re-
sults and discuss them in the next section, addressing the optical ab-
sorption spectra and the transition density maps. The conclusions and 
outlook section closes the paper. 

2. Methodology 

DFT/TD-DFT calculations in this study were carried out using the 
ORCA software (version 4.0) [57] with the LANL2DZ effective core 
potential basis set [58] and B3-LYP exchange-correlation functional  
[59]. We consider a proof-of-principle system based on a spherical Na 
nanoparticle. The free-electron-like electronic structure of Na greatly 
simplifies the analysis in contrast to noble metals with d electron- 
screened plasmons. Our model systems consist of a Na nanoparticle 
(regular truncated octahedra with 369 atoms and an approximate dia-
meter of 2.0 nm) and benzene molecules. We chose Na nanoparticle due 
to its prevalence in the literature as a convenient model plasmonic 
system. Whereas, the selection of benzene molecule is based on its 
ability to modify the plasmonic field produced by the nearby nano-
particle. Details of the DFT/TD-DFT simulations employed here can be 
found elsewhere [57]. Retardation effects are neglected due to the small 
size of the system. Below we describe only the main aspects important 
for the present study. In the first step, we performed DFT structural 
relaxation of the individual components (benzene molecule and Na 
nanoparticle) subjected to strict convergence conditions: SCF con-
vergence: 10−8, gradient convergence: 10−6, and energy convergence: 
10−6. In the next step, using the individual (optimized) systems, we 
modeled two kinds of hybrids. The group1 hybrid is composed of a 
benzene molecule coupled to a Na nanoparticle (the benzene molecule 
placed at one of the {1 0 0} facet) with d vary in the range of 3–7 Å, see  
Fig. 1. The selection of d is based on the coupling strength between the 
Na nanoparticle and benzene molecule. More specifically, d = 3 Å 
rendered the maximum coupling strength (strong coupling regime), 
whereas, for d = 7 Å, the coupling strength reduced to 20%. The 
group2 hybrid is composed of benzene molecules (their number varies 
from two to four) placed at the {100} facets of a Na nanoparticle with d 
vary in the range of 4–6 Å, see Fig. 3. Structural relaxation of hybrids is 
neglected for simplicity since we wanted to preclude the influence of 
geometrical effects (i.e., small variations in the inter-atomic distances) 
on the optical features. It should be mentioned that the calculated 

lowest energy structures of hybrids are arranged in such a way that the 
benzene molecule is oriented perpendicular to the NP surface. This 
result is in tune with the low-temperature scanning tunnelling micro-
scopy and Raman scattering experiments where pyridine binds to the 
Ag NP through the nitrogen atom [60]. The calculated binding energies 
in the present study for Na nano-particle with benzene oriented parallel 
and perpendicular to the surface are 3.50 and 4.25 eV, respectively. We 
computed the optical absorption spectra using lr-TDDFT technique. We 
solved Casida eigenvalue equation =F FI I I

2 , where is a matrix 
consisting of products of occupied-virtual Kohn-Sham orbitals and the 
eigenvalues I

2 correspond to squared excitation energies while the 
oscillator strengths are extracted from the eigenvectors FI [61]. The 
number of dipole-allowed transitions has to be set to a high number in 
order to obtain an absorption spectrum in the desired energy range. For 
example, 110 transitions are required to compute the absorption 
spectrum of the group2 hybrid in the spectral range of 0 eV to 1.75 eV. 
All absorption spectra are broadened by Gaussian smearing of width 

= 0.10 eV. The main peaks appearing in the optical absorption spectra 
are analyzed using transition density plots. The incorporation of long- 
range correction resulted in a slight reduction in the absorption peak 
intensities while retaining the gross shape of the absorption profile and 
the absorption onset. We remark that the used exchange-correlation 
functional (B3-LYP) is sufficient for the purposes of the present work. 

3. Results and discussion 

We first study the optical absorption spectra of group1 hybrids (a 
benzene molecule coupled to a Na nanoparticle) as shown in Fig. 1. A 
first conclusion from Fig. 1 is that the systems display dramatic optical 
response modulations with the d value in the range of 3–7 Å. In par-
ticular, notable differences become apparent in the absorption onset. 
For d in the range of 3–6 Å, one sees systematic red-shifts in the ab-
sorption onset. However, the situation changes in the case of d = 7 Å 
where one finds blue-shift of the absorption onset. Nevertheless, Fig. 1 
demonstrates that the spectral evolution as a function of d can be ef-
fectively classified into three interaction regimes. For small d values of 
3 and 4 Å, notable differences become apparent as the chemical 
bonding between the ME and MNP emerges. For d = 5 and 6 Å, the 
quantum tunneling does substantially impact the response of the 
system. In particular, one sees the emergence of absorption in the low- 
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Fig. 3. TD-DFT calculated photo-absorption 
spectra (averaged over all directions of light po-
larization) of group2 hybrids with d = 4 Å. n re-
presents the number of benzene molecules. 
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energy region provide a strong indication of electron tunneling between 
subsystems. At larger gap distance of d = 7 Å, the ME and MNP are 
chemically and physically separated. Now we analyse in detail the 
spectral modulations for each d values separately. For the smallest d 
value of 3 Å, the absorption spectrum is primarily composed of a single 
prominent peak centered around 1.45 eV. It should be emphasized that 
this dominant peak is composed of several single-particle excitations: 
HOMO−2 LUMO+4 (81%) and HOMO−3 LUMO+5 (5%). While 
moving to d = 4 Å, one finds significant absorption intensity en-
hancements. In particular, the absorption intensity of the prominent 
peak significantly enhanced. In addition, a new peak appears around 

1.25 eV. This peak is composed of a single-particle excitation of 
HOMO−2 LUMO+8 (98%). More dramatic spectral modulations 
emerge for d = 5 Å. One observes a high intensity spectral peak cen-
tered around 1.20 eV and at the same time the spectral intensity of the 
prominent the peak centered around 1.45 eV significantly reduced. 
Further spectral modulations appear in the case of d = 6 Å. One finds 
that the 1.20 eV peak reduced its absorption intensity by causing a new 
peak to appear, which is centered around 0.80 eV. This peak is com-
posed of 3 single-particle excitations mainly consisting of HOMO−2-

LUMO+4 (92%) and HOMO−2 LUMO+2 (5%). Finally, in the case 
of d = 7 Å, the peak centered around 0.80 eV eventually disappeared. 
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Fig. 4. Transition density map corresponding to some representative peaks of group2 hybrids with d = 4 Å. n represents the number of benzene molecules. Green 
(red) color shows positive (negative) transition charge densities. Both densities are plotted using the same iso-surface contour value. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.) 
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Additionally, the prominent peak centered around 1.45 eV gained 
pronounced absorption intensity. Having analyzed/discussed the op-
tical absorption spectra of a single benzene molecule attached to a Na 
nanoparticle, we now focus our attention on transition density maps 

(TDMs), see Fig. 2. TDMs provide beneficial information regarding the 
microscopic origin of the absorption peaks, which is representative of 
the spatial localization of the electron excitations. Nevertheless, one 
key observation from Fig. 2 is that for d = 6 Å (for peak centered 
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Fig. 5. Transition density map corresponding to some representative peaks of group2 hybrids with d = 5 Å. n represents the number of benzene molecules. Green 
(red) color shows positive (negative) transition charge densities. Both densities are plotted using the same iso-surface contour value. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 6. Transition density map corresponding to some representative peaks of group2 hybrids with d = 6 Å. n represents the number of benzene molecules. Green 
(red) color shows positive (negative) transition charge densities. Both densities are plotted using the same iso-surface contour value. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.) 
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around 0.80 eV), the positive (green) and negative (red) transition 
charge densities are mostly focused at the benzene molecule and Na 
nanoparticle, respectively, can primarily be attributed to the photo- 
induced electron transfer between the two subsystems. In contrast, the 
rest of the TDM plots in Fig. 2 demonstrate that both the positive and 
negative transition charge densities are distributed over the entire ex-
tent of the benzene molecule and/or Na nanoparticle. 

Having analyzed/discussed the optical absorption spectra and 
transition density maps of the group1 hybrids (benzene molecule cou-
pled to a Na nanoparticle), next, we study the group2 hybrids consist of 
benzene molecules (number n vary from two to four) and a Na nano-
particle with d vary in the range of 4–6 Å. Let us first discuss the 
characteristic of the spectral evolution starting from d = 4 Å, see Fig. 3. 
Notice that for n = 2, 3, and 4, a low-energy peak (in the spectral range 
between 0.50 eV and 0.75 eV) starts to emerge having monotonously 
increasing its absorption intensity. This is an interesting result since it 
simply shows that the key effect of adding benzene molecules on the 
nanoparticle surface is to create a low-energy peak (as a result of the 
benzene molecules and Na nanoparticle interaction). Concurrently, the 
absorption intensity of the low-energy peak increases with the in-
creasing number of the benzene molecules. Now let us analyse/discuss 
in detail the spectral modulations for the increasing number (n) of 
benzene molecules. Specifically, for n = 2, there appears two low-en-
ergy peaks (the first peak centered around 0.70 eV: composed of single- 
particle excitation HOMO LUMO+15 (98%) and second peak cen-
tered around 1.0 eV: composed of single-particle excitation 
HOMO−1LUMO+4 (100%)) and a prominent peak centered around 
1.40 eV. In the case of n = 3, Fig. 3 shows that both the low-energy 
peak (centered around 0.70 eV and 1.0 eV) further red-shifts. Appar-
ently, this result indicates that increasing the number of molecules 
coupled to the Na nanoparticle cause increased interaction between the 
subsystems. Remarkably, for n = 4, the low-energy peak further red- 
shifted to 0.60 eV: it is composed of 3 single-particle excitations mainly 
consisting of HOMO LUMO+14 (84%), HOMO LUMO+17 (12%), 
and HOMO LUMO+15 (1%) and the high-energy dominant peak 
considerably gained in the spectral intensity. Clearly, n = 4 records the 
maximum spectral intensity in comparison to all other n values. Now let 
us analyze the transition density maps corresponding to the peaks as 
mentioned earlier, see Fig. 4. It is noteworthy that for n = 2, the 
transition density map located in the middle position presents an 
unusual transition density distribution. This is readily visible since the 
transition density of the Na nanoparticle is symmetrically distributed 
while transition densities of the benzene molecules are distributed with 
opposite polarities. Alternatively, while coming to the case of n = 3, 
one sees the transition charge densities are almost symmetrically dis-
tributed for the first two excitations, whereas, mixed excitations in-
volving both the benzene molecules and Na nanoparticle emerge in the 
case of the last excitation. Likewise, in the case of n = 4, one observes a 
highly symmetric distribution of transition densities reflecting the 
symmetry of the underlying system. Incidentally, we also remark that 
our results may impact a variety of fields in nano-optics dealing with 
localized states in the proximity of plasmonic nanoparticles, such as in 
sensing and photo-chemical processes. 

Having analyzed/discussed the differences and similarities in the 
distribution of the transition densities corresponding to d = 4 Å, we 
briefly analyze the transition density maps (to discern the specific 
nature of the optical excitations) corresponding to d = 5 and 6 Å, see  
Fig. 5 and Fig. 6, respectively. One finds interesting results from Fig. 5. 
In particular, the last transition density plot for n = 2. One finds no 
transition density distribution on Na nanoparticle, however, benzene 
molecules hold both the positive and negative transition densities. Si-
milar results can also be observed in the case of n = 3 and 4. Likewise, 
we briefly discuss the transition density plots corresponding to d = 6 Å. 
One observes a different variety of transition density maps. For ex-
ample, some excitations are fully localized to the benzene molecules 
(middle excitation of n = 2) or some excitations fully localized to Na 

nanoparticle (first excitation of n = 3) and some mixed type excitations 
(third excitation of n = 4) involving both the benzene molecules and 
Na nanoparticle. Some comments are in order regarding the generality 
of the results. Despite present calculations that have been performed 
with benzene molecules and Na nanoparticle, the qualitative results are 
robust and are caused by universal quantum mechanical phenomena 
such as electron tunneling. 

4. Conclusions 

Coupling molecular excitations and localized surface plasmon re-
sonances of hybrid nanosystems is an exciting field to explore novel 
optical properties. Moreover, it is a widely acknowledged fact that the 
strong and localized field in a plasmonic hotspot enhances the inter-
action between localized surface plasmon resonances and the molecular 
excitations. To this end, we conducted quantum mechanical calcula-
tions, elucidating the optical properties of hybrid nanosystems consists 
of benzene molecules coupled to a Na nanoparticle. We seek under-
standing of our results using the transition density maps. This helped us 
to differentiate the nature of the optical excitation. As a main conclu-
sion of our work, depending on gap separation distances and number of 
molecular emitters, photo-induced electron transfer emerge. We believe 
that the results obtained in this study can be useful in cavity induced 
photo-catalysis. 
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