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Abstract 

Motivated by the uncertainty in our understanding of ultrafast plasmon decay mechanisms, 

we examine the effect of nuclear vibrations on the dynamical behavior of the strong plasmon-like 

dipole response of naphthalene, known as the  peak. The real-time time dependent density 

functional (RT-TDDFT) method coupled with Ehrenfest molecular dynamics is used to describe 

the interconnected nuclear and electronic motion. Several vibrational modes promote drastic 

plasmon decay in naphthalene. The most astonishing finding of this study is that activation of one 

particular vibrational mode (corresponding to the B1u representation in D2h point group symmetry) 

leads to a continuous drop of the dipole response corresponding to the  peak into a totally 

symmetric, dark, quadrupolar electronic state. A second B1u mode provokes the sharp plasmon-

like peak to split due to the breaking of structural symmetry. Nonadiabatic coupling between a B2g 

vibrational mode and the  peak (a B1u electronic state) gives rise to a B3u vibronic state, which 

can be identified as one of the p-band peaks that resides close in energy to the  peak energy. 

Overall, strong nonadiabatic coupling initiates plasmon decay into nearby electronic states in 

acenes, most importantly into dark states. These findings expand our knowledge about possible 

plasmon decay processes and pave the way for achieving high optical performance in acene-based 

materials such as graphene. 
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Introduction 

Interaction of light with subwavelength materials gives rise to a remarkable phenomenon 

called a plasmon resonance. Upon interacting with incident light at a plasmon resonance 

frequency, the electrons of plasmonic materials undergo collective oscillations. Because of the 

potential applications of plasmonic systems in photocatalysis,1-2 non-linear optics,2-4 and 

biomedical applications,5 etc., plasmonics has become a hot topic in the photonics community. 

Noble metal nanoparticles comprised of gold and silver can be regarded as the first plasmonic 

materials ever used, dating back to ancient Rome, although this plasmonicity was not recognized 

then. To date, many different noble metal nanoparticles of different sizes, shapes and surface 

environments have been synthesized, each having unique optical properties.6-9 However, due to 

the low abundance and high cost of noble metals, alternative materials are of interest, including 

heavily-doped semiconductor materials as well as 2D materials.10-12 In particular, due to the strong 

light confinement effects and tunability of graphene in the terahertz and infrared regions, 

graphene-based 2D structures have emerged as possible platforms for plasmon-driven devices.13-

18 In addition, recent studies have proposed large enhancements of non-linear properties in 

graphene.19-23 However, plasmon loss in graphene severely hampers the performance of optical 

devices and thus the structural modulation of graphene-based 2D materials to minimize the energy 

loss is an active research area.18, 24-25 

The performance of plasmonic devices can be hampered by energy dissipation in 

plasmonic materials.26-27 Researchers have proposed that the plasmon can decay via fast formation 

of hot carriers, electron dephasing, and comparatively slow vibrational dissipation.28-32 Different 

pathways may facilitate plasmon decay in different substances. Nevertheless, identifying the most 

probable non-radiative decay mechanisms in a given type of materials is vital to identify the normal 
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modes that bring about fast plasmon decay, so that they might be hindered in intelligent device 

designs.  

The purpose of this work is to understand possible mechanisms of fast plasmon dynamics 

in acenes, the building blocks of graphene, from a theoretical perspective. The low-energy 

absorption spectra of acenes including naphthalene have been previously reported 

experimentally33-34 as well as with different theoretical methods.35-40 The p-band peaks, the  peak, 

and the  peak are the main spectral features of acenes. The lowest energy p-band peak and the  

peak of naphthalene, also known as 1La and 1Lb respectively, are observed in the visible region 

with weak intensities. While the p-band excitations arise due to electron transitions along the short 

axis of the molecule, the  and  peaks arise from transitions along the long axis. The strong  

peak, which is in the UV region, has a plasmon-like character manifested by the constructive nature 

of the responsible single-particle transitions.39 Therefore, it is valuable to explore the fast decay 

processes of this plasmon-like  peak in naphthalene by means of first-principles theories, which 

can ultimately provide insights into how energy may flow in larger graphene-based plasmonic 

materials. For example, recent studies demonstrate that electron-phonon coupling plays a key role 

in intramolecular singlet fission process in low-energy excitations in acenes.41-45 In this work, we 

focus on the influence of nuclear motion on the electron dynamics of the strong collective 

excitation in naphthalene. 

In order to describe the ultrafast plasmonic processes accurately, incorporation of a 

quantum mechanical treatment of electrons is crucial. The well-known linear response theory46-47 

can describe static response properties such as electronic absorption spectra of molecules that 

result from a weak external field. This method is computationally feasible for calculating low-

energy excited states of small metal nanoparticles.47-54 However, the frequency domain description 
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of electronic excitations provided by this technique limits its usefulness for our purpose of 

disentangling the influence of vibrations on the electronic evolution of a system in a superposition 

of ground and excited states. Real-time electron dynamics methods,55-57 on the other hand, allow 

us to access the fluctuation of excited state population in both linear and non-linear regimes and 

have been developed based on different quantum mechanical approaches such as time-dependent 

configuration interaction (TD-CI)58-61 and time-dependent Hartree-Fock/density functional 

theories (TDHF/TDDFT).56-57, 62-67 Smith et al.40 studied the electron dynamics of acenes with a 

pulsed field at a frequency of 1.55 eV using real-time TDHF method and observed that the lowest 

energy excited state polarized parallel to the applied field, i.e. the  peak in naphthalene, strongly 

couples to the field.  

Many real-time electron dynamics methods examine only electron movement assuming 

that the nuclei are stationary. To identify the effect of nuclear motion on the plasmon decay, an 

ab-initio molecular dynamics (AIMD) method that is capable of accessing excited electronic states 

should be employed. Most standard AIMD schemes are based on an adiabatic Born-Oppenheimer 

approximation where the nuclear motion is governed by the ground state electronic potential.68-71 

For our goal of this study however, electronic excited states such as the plasmon-like excitation 

should be considered, as well as the transitions between excited states, which requires going 

beyond the adiabatic approximation. Among the current nonadiabatic techniques, the Ehrenfest 

molecular dynamics scheme serves as the most feasible way to incorporate real-time propagation 

of excited electrons in an AIMD framework due to its computational tractability relative to other 

nonadiabatic schemes.72-73 In this method, the nuclei are treated classically while the electrons are 

treated quantum mechanically, and the atoms move in a trajectory whose forces are derived from 

a mean-field potential of the electronic states.74-76 The mean-field nature of the Ehrenfest dynamics 
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is ideal for simulating a dense manifold of excited states such as those involved in plasmon-like 

excitations. This work adopts the Ehrenfest molecular dynamics approach coupled with real-time 

time dependent density functional theory (RT-TDDFT)77-78 to investigate the dynamics of the 

strong  peak of naphthalene upon activation of several vibrational modes to capture possible 

plasmon decay pathways.  

Methodology  

We study the effect of vibrational motion on the plasmon dynamics of naphthalene using 

Ehrenfest molecular dynamics implemented in a development version of the Gaussian software 

package.79 Geometry optimizations, frequency calculations, Born-Oppenheimer molecular 

dynamics (BOMD) and Ehrenfest electron-nuclear dynamics were carried out with the B3LYP80-

82 exchange correlation functional and 6-31G(d,p)83-87 basis set. The atomic coordinates of the 

optimized naphthalene are given in Table S1. The transition densities corresponding to excited 

sates and time dependent difference densities are visualized using Vesta88 software. The transition 

densities provide a qualitative picture of the electron density difference in an excited state 

compared to the density of the ground state.  

We follow a similar procedure as in the work of Donati et al.78 to identify the effect of 

vibrational motion on the variation of the strong plasmon-like  peak. The electron density is 

converged in the presence of an electric field perturbation of 0.001 au (~3.571013 W/cm2) applied 

along the longitudinal axis of naphthalene to mimic the activation of the strong  peak excitation. 

The field is removed after convergence, and the system is propagated using Ehrenfest dynamics 

where a single normal vibrational mode on the ground electronic state is selectively activated at 

the beginning of propagation. The initial nuclear velocities were generated randomly, 

corresponding to an amount of energy equivalent to 5 quanta of the chosen vibrational energy at 
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the equilibrium geometry. Previous work by Donati et al.78 showed that plasmon decay in silver 

nanowires is accelerated with an increased number of vibrational quanta; we thus choose 5 quanta 

to show the coupling of nuclear and electronic modes within reasonable simulation times in this 

work. However, our work shows that 5 quanta of energy is in fact a special case for naphthalene 

which is discussed later in the text.  

The current implementation of the Ehrenfest dynamics74-75 utilizes a triple-step integrator 

to account for different time scales for the nuclear velocity-Verlet algorithm (tN),89 nuclear-

position coupled midpoint Kohn-Sham integrator (tNe) and RT-TDDFT using modified midpoint 

and unitary transformation (te). In this work we use time steps tN = 0.1 fs, tNe = 0.01 fs and 

te= 0.001 fs. 

Results and Discussion 

Optical absorption properties from LR-TDDFT 

Figure 1 illustrates the absorption spectrum of naphthalene calculated using LR-TDDFT 

with the B3LYP/6-31G(d,p) level of theory, highlighting the different types of excitations. The  

and  peaks arise at 4.52 eV and 6.10 eV respectively. The three p-band peaks occur at 4.46 eV, 

6.26 eV and 8.22 eV. As naphthalene belongs to the D2h point group, the  and  peaks can be 

assigned to the B1u representation while the p-band peaks can be assigned to the B3u representation 

according to the cartesian axes of naphthalene shown in Figure 1. Furthermore, it has been 

previously identified that while the weak  peak arises due to the destructive combination of the 

two molecular orbital (MO) transitions, HOMO → LUMO + 1 and HOMO – 1 → LUMO, the 

stronger  peak is a result of constructive addition of the same MO transitions.38-39 Due to the 

constructive interference and resulting strong absorption of the  peak, a molecular analog of 
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plasmonic nature can be identified in naphthalene. The calculated excited state energies and the 

contributing MO transitions of naphthalene at the equilibrium geometry are tabulated in Table S2.  

 

Figure 1. Absorption spectrum of naphthalene calculated from LR-TDDFT (Purple: LR stick 

spectrum; black: convoluted spectrum using Gaussian curves with Gaussian FWHM = 0.02 eV). 

Insets show the axes assignments used in the text and a zoomed-in version of part of the spectrum 

showing the low-intensity  peak. The black square at 6.37 eV indicates a dark electronic state 

with Ag symmetry.  

Effect of vibrational modes on plasmon dynamics 

In order to understand the effect of vibrational motion of the molecule on the change of the 

 band, we activate one vibrational mode with simultaneous excitation of the electronic states 

polarized along the z axis; the change of the  peak is monitored over time. Vibrational mode 

energies on the ground electronic state and their D2h point group representations are given in Table 

S3.  

Mode 32 (B1u)  

The most intriguing vibrational mode which gives rise to a drastic change in the dipole 

moment over time is normal mode 32 (1407.82 cm-1), which belongs to the B1u representation. 

First, we compare the dipole response from a BOMD simulation in ground electronic state with 
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that from an Ehrenfest simulation where the electrons are excited along the long axis of 

naphthalene (Figure 2a). As shown in Figure 2b, this vibrational mode (and any other mode with 

B1u representation) is antisymmetric with respect to the reflection through the xy plane. Therefore, 

both electronic and nuclear excitations with B1u symmetry lead the z-component of the dipole 

moment to deviate from 0. Electronic excitation creates a high frequency oscillation centered 

around the lower frequency oscillation contributed by the nuclear vibration. We examined all of 

the B1u vibrational modes and observed that the Ehrenfest and BOMD simulations exhibit the same 

low-frequency nuclear vibrational pattern in all cases (Figure S1). This suggests that electronic 

perturbation does not noticeably affect the nuclear motion in these simulations.  

In the Ehrenfest excited state dynamics with mode 32 activated, we observe a continuous 

decrement of the dipole strength over the first 600 fs (Figure 2a) and as a consequence, a clean 

decay of the plasmon-like  peak (Figure 2c). This behavior of the dipole moment demonstrates 

almost an extinction of the plasmon-like excited state. This leads to the question of where the 

energy goes over this time scale and whether the system is accessing any “dark” states. Unlike B2g 

or B3g normal modes, a B1u mode cannot lead to vibronic coupling to another excitation polarized 

along either x or y directions. (A discussion of the symmetry considerations for vibronic coupling 

is provided in the SI). As expected, the variations in the x- and y-components of the dipole moment 

do not show a significant increment while the z-component of the dipole moment decreases. Our 

hypothesis is that this B1u normal mode coupling with the B1u electronic excitation leads to energy 

transfer into a dark electronic state with Ag symmetry that is allowed by vibronic coupling.  
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Figure 2. (a) z-component of the dipole moment when mode 32 (B1u) is activated with 5 quanta. 

Red: Ehrenfest excited state dynamics; Black: ground state BOMD. (b) Vector representation of 

normal mode 32. (c) Short-time Fourier transforms of 100-fs windows of the z-component of the 

dipole moment during Ehrenfest dynamics. 

However, activation of this totally symmetric dark mode cannot be captured from the 

dipole response. Instead, the variation of the excited state density compared to the ground state 

density can be used to answer the question of which states the initial plasmon energy dissipates 

into. We calculate the difference density 𝜌𝑚32𝑑𝑖𝑓𝑓(𝑡) using eq 1 where 𝜌𝑚32′ (𝑡) represents the time 

dependent electron density during the Ehrenfest dynamics where normal mode 32 is activated and 

the electric step field is applied, and 𝜌𝑚320 (𝑡) is the electron density from a similar calculation 

without an applied electric field. In other words, the difference density reveals how the electron 

density in the excited state deviates from the ground state in a time-varying situation.  𝜌𝑚32𝑑𝑖𝑓𝑓(𝑡) = 𝜌𝑚32′ (𝑡) − 𝜌𝑚320 (𝑡) (1) 
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The dipole moment variation along the z axis over 600 fs is illustrated in Figure 3a and 

expanded views from 0 to 1 fs and from 580 to 581 fs are shown in Figure 3b and 3c, respectively. 

The density difference maps calculated using eq 1 at the beginning of the simulation are shown in 

Figure 3d. The initial difference density at 0 fs can be compared with the transition density 

corresponding to the  peak excitation shown in Figure 3e, which clearly exhibits the activation of 

the  peak at the beginning of the Ehrenfest simulation. The positive and negative lobes at the two 

ends of naphthalene indicate that the electrons have moved from one end to the other compared to 

the delocalized ground state electron density. The dipole moment variation between positive and 

negative values clearly displays the electron density sloshing back and forth from one end to the 

other end of the molecule, in keeping with the traditional picture of a “plasmon-like” excitation. 

The positive and negative lobes completely change signs from 0 fs to 0.37 fs (Figure 3d). The 

dipole moment at 0.37 fs is now positive compared to its negative initial value (Figure 3b). Both 

the dipole moment and the density difference plot return to initial positions near 0.7 fs. Throughout 

the beginning of the simulation, the time variation of the electron density clearly manifests the 

character of the plasmon-like electronic excited state ( peak) of the molecule (Figure 2c).  
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Figure 3. (a) Variation of the z-component of the dipole moment for normal mode 32. Detailed 

dipole moment variation (b) from 0 to 1 fs, (c) from 580 to 581 fs. (d) Variation of the density 
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difference from 0 fs to 1 fs, (e) transition density of the beta peak (6.10 eV), (f) variation of the 

density difference from 580 fs to 581 fs and (g) transition density of the 6th excited state (6.37 eV, 

dark mode). Color code for figures d-g ; yellow: positive; cyan: negative. Isovalues 110-5 and 

510-4 were used for difference densities (d and f) and transition densities (e and g) respectively.  

The strength of the dipole moment decreases gradually from about 300 fs to 600 fs (Figure 

3a). To analyze the origin of this behavior, we closely examine the variation of the difference 

density during 580 fs to 581 fs (Figure 3f), where the dipole moment has lost its strength to a great 

extent. The density difference no longer has a dipolar character as it did at the initial stages. Instead, 

the difference density plots throughout this time interval have a quadrupole character. Most 

importantly, the shape of these difference densities resembles the shape of the transition density 

corresponding to the 6th excited state (Figure 3g), which is a totally symmetric electronic state (Ag) 

and hence dipole-forbidden for the D2h-symmetric naphthalene molecule (only electronic 

transitions from the Ag ground state into B1u, B2u, or B3u excited states are allowed). This dark Ag 

state has been experimentally identified by Bergman and Jortner90 using two-photon absorption 

spectroscopy. Our innovative application of difference densities demonstrates that strong 

nonadiabatic coupling along this B1u vibrational coordinate can facilitate internal conversion to the 

dark Ag state. Vibronic selection rules confirm that the direct product of the irreducible 

representations for the vibrational state (B1u) and the electronic state (B1u) gives rise to a 

vibronically allowed Ag state (See SI). Above all, the appearance of this dark state correlated with 

the near-vanishing of the plasmon-like peak clearly illustrates the hitherto-hypothesized 

mechanism that plasmon decay may occur into nearby dark states.  

We extended the simulation with mode 32 until 1200 fs and observed a revival of the  

peak after 600 fs. Because the total energy is conserved in the system (i.e. no loss mechanisms are 

present in a simulation with a single molecule and no bath), we can expect such a revival over time 
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due to the couplings between the excited states; the system will not be completely trapped in a 

particular state.  

We also examined the dipole response when mode 32 is activated with various numbers of 

quanta (0-10) during the Ehrenfest dynamics. We observe that only 5 quanta and 10 quanta lead 

to decay within 600 fs, but not the others (Figure S2). This suggests that the 5 and 10 quanta 

simulations represent special cases. We initially hypothesized that the energy difference between 

the  peak (6.10 eV) and the dark state (6.37 eV), i.e. 0.27 eV, might match with the vibrational 

energy available from 5 vibrational quanta (and 10 quanta) in mode 32.  However, the energy 

available for mode 32 (𝜈 = 0.175 eV) with 5 quanta is calculated to be (𝑛 + 1 2⁄ )ℎ𝜈 = 0.960 eV. 

Further investigations on these energetics are warranted in the future.  

The energy conservation during an Ehrenfest molecular dynamics simulation when 

different quanta of mode 32 are activated is shown in Figure S3. We observe that the quality of 

energy conservation diminishes over time with increasing number of quanta. (Energy conservation 

in Ehrenfest dynamics simulations degrades more quickly than in electron-only dynamics with 

RT-TDDFT.) However, the total energy variation in the 5 quanta case varies only within 510-5 

au (0.00136 eV) during 0-600 fs.   

Mode 10 (B1u)  

Another B1u normal mode that leads to changes in the dipole response over time is mode 

10 (634.99 cm-1). Like any other B1u mode, the z-component of the dipole moment exhibits a clear 

vibrational signature in both BOMD and Ehrenfest dynamics (Figure 4Figure 4a). The vector 

representation of this B1u normal mode (Figure 4b) displays its antisymmetric nature with respect 

to the reflection through the xy plane. Note that significant changes in the carbon rings occur in 

mode 10 (Figure 4b) compared to mode 32 (Figure 2b). 
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Figure 4. (a) z-component of the dipole moment when mode 10 (B1u) is activated with 5 quanta. 

Red: Ehrenfest excited state dynamics; Black: ground state BOMD. (b) Vector representation of 

normal mode 10. (c) Short-time Fourier transforms of 100-fs windows of the z-component of the 

dipole moment during Ehrenfest dynamics. 

The strength of the dipole moment in this case decreases until about 300 fs and then starts 

to rise again. This is also illustrated by the short-time Fourier transforms arising from 100 fs 

windows of the dipole moment given in Figure 4Figure 4c. In addition, a splitting of the plasmonic 

 peak throughout the simulation is observed. To distinguish the spectral changes due to the 

structural distortions, we analyze the static LR-TDDFT absorption spectrum of the most distorted 

geometry of naphthalene when mode 10 is activated, i.e. the geometric structure at 40.0 fs. The 

distortion of the carbon rings due to the motion of normal mode 10 leads to a splitting of the  

peak (Figure 5). The original  peak at the equilibrium geometry (6.10 eV) has shifted to lower 

energy at 5.96 eV and a new peak appears at 6.46 eV. In addition to the HOMO – 1 → LUMO and 

HOMO → LUMO + 1 transitions, which are the transitions responsible for the  peak, the two 
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transitions HOMO – 2 → LUMO + 1 and HOMO – 1 → LUMO + 2 contribute slightly to the peak 

at 5.96 eV (Table S4). Interestingly, these new transitions appear to be the highest contributors to 

the peak at 6.46 eV with a slight contribution from HOMO – 1 → LUMO and HOMO → LUMO 

+ 1 transitions. This indicates that lowering of the D2h point group symmetry corresponding to the 

equilibrium geometry of naphthalene into C2v symmetry at distorted geometries allows new 

electronic states to emerge. The multiple peaks appearing in the Fourier transforms in Figure 4c 

are due to the coupling between excited states mediated by the structural distortions. We similarly 

observe a splitting of the  peak with 0 quanta of energy in mode 10; in this case, a reduction of 

the dipole strength was not observed (Figure S4).  

In conclusion, the B1u normal mode 10 reduces the symmetry of naphthalene which 

subsequently leads to a splitting of the  peak. In contrast, because mode 32 does not lead to 

considerable changes in the carbon atom positions, the most distorted structure of mode 32 shows 

negligible changes in the plasmonic peak. We thus conclude that only the vibrational modes that 

significantly distort the molecular symmetry tend to split the plasmon-like peak. Nonetheless, 

normal modes similar to 32 can access electronic states that are optically dark (from the ground 

state) via ultrafast nonradiative decay from a higher-lying state, as described above.  
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Figure 5. LR-TDDFT absorption spectrum of the geometry of naphthalene at 40.0 fs during the 

Ehrenfest simulation where the normal mode 10 is activated. The inset shows the geometry of 

naphthalene at 40.0 fs and the arrows indicate the movement of the carbon atoms compared to the 

equilibrium geometry.  

Modes with B2g symmetry 

According to the vibronic coupling selection rules in a D2h molecule, excited B2g 

vibrational states could couple with excited B1u electronic states (polarized along the z axis) to give 

rise to B3u vibronic states, which are polarized along the x direction. The variation of the z- and x-

components of the dipole moment when mode 35 (1501.48 cm-1, B2g) is activated with 5 quanta 

along with the excitation of the  peak are shown in Figure 6a (green). The z-component of the 

dipole moment decreases in magnitude from 0 fs until about 40 fs when it starts to increase again. 

We observe this decay and growth throughout the 600 fs simulation. Interestingly, at times when 

the magnitude of the z-component of the dipole moment decreases, the x-component of the dipole 

moment increases and vice versa, thereby showing the coupling between the dipole moments along 

the two orthogonal directions. The Fourier transform of the oscillations of the z-component of the 

dipole moment yields a peak at 6.05 eV (green curve in Figure 6b) which is very close to the  

peak energy (pink stick at 6.10 eV in Figure 6bError! Reference source not found.). In 
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comparison, the Fourier transformed x-component of the dipole moment gives rise to two peaks at 

6.23 eV and 6.28 eV (blue curve in Figure 6bError! Reference source not found.) which lie near 

the second p-band excitation energy at 6.26 eV. The slight shifting and the splitting of both green 

and blue curves are probably due to the interactions between the two electronic states. This 

phenomenon is even more noticeable when the B2g normal modes in the 1100-1700 cm-1 energy 

range are excited with zero quanta; they exhibit similar coupling of the z- and x-components of the 

dipole moment after electronic excitation in the z-direction (Figures S5 and S6).  

 
Figure 6. (a) Variation of the dipole moment when mode 35 (B2g) is activated with 5 quanta. (b) 

Fourier transforms of dipole moment components compared with the LR-TDDFT excitation 

energy positions. green: z-component; blue: x-component of the dipole moment; pink: LR-TDDFT 

stick spectrum. 
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Summary 

The heart of this work is the elucidation of an important plasmon decay pathway, which is 

activation of dark electronic states mediated by strong nonadiabatic coupling related to certain 

normal modes. We examined the changes of the strong dipole response of naphthalene when 

different vibrational modes are activated. The most interesting one, mode 32 (B1u), shows a 

continuous decrease in the dipole response over 600 fs. Upon activation of this normal mode, a 

comparison of the excited electron density to the density of the ground state shows that the initial 

dipolar nature of the electronic oscillation ultimately decays into a quadrupolar form resembling 

the transition density of the dark electronic excited state that resides close in energy to the bright 

state.  This plasmon decay was found to occur with 5 and 10 quanta of vibrational energy, although 

not in simulations with other numbers of quanta. It should be noted that 5 quanta of vibrational 

energy is more than one would expect under normal experimental conditions, but the number of 

quanta required to access dark states is likely to be system-dependent. 

Another interesting nuclear motion that affects the plasmonic peak is normal mode 10 

(B1u). This mode largely breaks the symmetry of the molecule compared to the equilibrium 

geometry, leading to a splitting of the  peak.  

The nonadiabatic coupling of B2g normal modes with the B1u plasmon-like  peak, which 

is polarized along the long axis of naphthalene, initiates energy transfer to the nearest p-band with 

B3u symmetry, which is polarized along the short axis. Thus, initial excitation polarized in one 

direction can lead to a dipole response in a different direction. 

This work highlights a new understanding of plasmon decay. Nonadiabatic coupling may 

be one of the dominant pathways of plasmon loss in acenes and potentially in graphene because 

multiple vibrational modes can couple the plasmon-like state to other excited states as shown in 
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this work. In addition, fast plasmon decay via nonadiabatic coupling may occur not only in 

graphene-based plasmonic materials but also in noble metal nanoparticles as governed by the 

corresponding symmetry rules. This work offers a new route to manipulate the optical properties 

of plasmonic materials via designing materials with longer (or shorter) plasmon decay lifetimes 

by adjusting how the vibrational modes couple to the bright and dark electronic excitations.  
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in naphthalene. Energies and symmetry representations of normal modes of naphthalene. Variation 

of the z-component of the dipole moment for B1u normal modes of naphthalene during Ehrenfest 

dynamics and BOMD in the ground electronic state. Symmetry-adapted selection rules for pure 

electronic transitions and vibronic transitions. Comparison of dipole moment response and energy 

conservation during the Ehrenfest simulations when varying numbers of vibrational quanta are 

added to the system.  MO transitions responsible for excitations in the most distorted geometry of 

naphthalene during activation of normal mode 10. Time and frequency domain z- and x-

components of the dipole moment during an Ehrenfest dynamics with electrons excited along the 

z direction and B2g normal modes of naphthalene activated with zero quanta. 
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