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The field of plasmonics has realized rapid growth over the past few decades. 

Collective oscillations of conduction electrons, known as surface plasmons, couple 

strongly to light and are confined to dimensions substantially below the diffraction limit, 

giving rise to large near-field enhancements. These properties, together with the strong 

sensitivity of plasmons to the morphology of the structures, have generated great 

expectations for technological applications, particularly in optical sensing down to the 

single-molecule limit. Graphene has recently surfaced as an outstanding material for 

supporting plasmons which can be electrically tuned. The extension of graphene 

plasmons requires moving toward smaller sizes or higher doping densities. Polycyclic 

aromatic molecules, molecular versions of graphene, can readily be obtained in high 

purity using chemical methods. In particular, polycyclic aromatic hydrocarbons (PAHs) 

can be regarded as molecular versions of graphene, edge-passivated with hydrogen 

atoms. Insights from recent time-dependent density functional theory (TDDFT) and 

random phase approximation (RPA) theoretical work imply that molecular-scale systems 

support some excitation modes which are indeed collective in nature. This thesis will 

focus on a series of studies on molecular plasmonics in PAH systems both experimentally 

and theoretically.   
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The first part of this thesis explores a new class of carbon-based plasmonic 

materials – charged polycyclic aromatic hydrocarbons (PAHs). The charged PAHs 

display intense absorption in the visible regime with electrical and geometrical tunability 

analogous to the plasmonic resonances of much larger nanographene systems. Time 

dependent density functional theory (TDDFT) calculations suggest the origins of the 

broad, intensely-absorbing experimental optical spectra to result from the coupling 

between the light-induced electronic and vibronic transitions. Finally, we use the 

switchable molecular plasmon in anthracene to demonstrate a proof-of-concept low-

voltage electrochromic device.  

The next part of this thesis builds upon the previous chapter by investigating the 

rich, highly structured spectral features in the PAH absorption spectra due to the coupling 

of the molecular plasmons with the vibrations of the molecule. We examine this 

molecular plasmon-phonon interaction using a quantum mechanical approach based on 

the Franck-Condon approximation. An independent boson model is derived and 

implemented to describe the complex features of the PAH absorption spectra, yielding an 

analytical and semi-quantitative description of their spectra features. This investigation 

provides an initial insight into the coupling of fundamental excitations – plasmons and 

phonons – in molecules. 

The last part of this thesis investigates the addition or removal of a single electron 

in PAH devices – typically colorless when neutral, they are transformed into vivid optical 

absorbers in either their positively or negatively states. The device exhibits highly 

efficient color change compared to electrochromic polymers or metal oxides, lower 

power consumption than liquid crystals or e-paper, and is shown to reversibly switch for 
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at least 100 cycles. This work demonstrates the potential of PAH molecular plasmonics 

for the development of full-color displays and large-area color-changing applications, due 

to their ultralow power consumption. 
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Chapter 1 

Introduction 

The field of plasmonics has realized rapid growth over the past few decades. 

Collective oscillations of conduction electrons, known as surface plasmons, couple 

strongly to light and are confined to dimensions substantially below the diffraction limit, 

giving rise to large near-field enhancements. These properties, together with the strong 

sensitivity of plasmons to the morphology of the structures, have generated great 

expectations for technological applications, particularly in optical sensing down to the 

single-molecule limit.
1–3

 Graphene has recently surfaced as an outstanding material for 

supporting plasmons which can be electrically tuned.
4–11

 However, many applications of 

plasmonics exploit the visible and near-infrared regions of the spectrum. The extension of 

graphene plasmons requires moving toward smaller sizes or higher doping densities.
12,13

 

Unfortunately, reaching the visible regime with state-of-the-art doping technologies 

requires patterning graphene down to sizes <10 nm, which is unattainable by current 

available top-down fabrication methods.  

Polycyclic aromatic molecules can readily be obtained in high purity using 
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chemical methods. In particular, polycyclic aromatic hydrocarbons (PAHs) can be 

regarded as molecular versions of graphene, edge-passivated with hydrogen atoms.
14,15

 

Insights from recent time-dependent density functional theory (TDDFT)
15–17

 and random 

phase approximation (RPA)
18,19

 theoretical work imply that molecular-scale systems 

support some excitation modes which are indeed collective in nature. 

This thesis will focus on a series of studies on molecular plasmonics both 

experimentally and theoretically. We experimentally observe the molecular plasmon 

resonances in the visible regime and theoretically model the interaction of light and 

molecules. This is followed by a detailed theoretical study on explaining the rich spectral 

structure in the experiments and a continuing exploration on ultralow power, multistate 

electrochromic device. The reminder of this chapter will serve as an outline to the 

remaining chapters, as described below.  

Chapter 2 explores a new class of carbon-based plasmonic materials – charged 

polycyclic aromatic hydrocarbons (PAHs). We experimentally demonstrate the existence 

of molecular plasmon resonances in the visible for ionized PAHs, which we reversibly 

switch by adding, then removing, a single electron from the molecule. The charged PAHs 

display intense absorption in the visible regime with electrical and geometrical tunability 

analogous to the plasmonic resonances of much larger nanographene systems. Time 

dependent density functional theory (TDDFT) calculations suggest the origins of the 

broad, intensely-absorbing experimental optical spectra to result from the coupling 

between the light-induced electronic and vibronic transitions. Finally, we use the 

switchable molecular plasmon in anthracene to demonstrate a proof-of-concept low-

voltage electrochromic device.  
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Chapter 3 builds upon the previous chapter by investigating the rich, highly 

structured spectral features in the PAH absorption spectra due to the coupling of the 

molecular plasmons with the vibrations of the molecule. We examine this molecular 

plasmon-phonon interaction using a quantum mechanical approach based on the Franck-

Condon approximation. An independent boson model is derived and implemented to 

describe the complex features of the PAH absorption spectra, yielding an analytical and 

semi-quantitative description of their spectra features. This investigation provides an 

initial insight into the coupling of fundamental excitations – plasmons and phonons – in 

molecules. 

Chapter 4 investigates the addition or removal of a single electron in PAH devices 

– typically colorless when neutral, they are transformed into vivid optical absorbers in 

either their positively or negatively states. We demonstrate a low-voltage, multistate 

electrochromic device based on PAH plasmon resonances that can be reversibly switched 

between nearly colorless (0 V), olive (+4 V), and royal blue (-3.5 V). The device exhibits 

highly efficient color change compared to electrochromic polymers or metal oxides, 

lower power consumption than liquid crystals or e-paper, and is shown to reversibly 

switch for at least 100 cycles. This work demonstrates the potential of PAH molecular 

plasmonics for the development of full-color displays and large-area color-changing 

applications, due to their ultralow power consumption. 

Finally, Chapter 5 presents general conclusions of the thesis. 
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Chapter 2 

Molecular Plasmonics 

Reproduced with permission from Lauchner, A.; Schlather, Andrea E.; 

Manjavacas, A.; Cui, Y.; McClain, M.J.; Stec, G.J.; Garcia de Abajo, F.J.; 

Nordlander, P.; Halas, N. J. Nano Letters 2015, 15(9), 6208-6214. Copyright 

2015 American Chemical Society. 

http://pubs.acs.org/doi/abs/10.1021/acs.nanolett.5b02549 

2.1 Introduction 

Collective oscillations of conduction electrons known as surface plasmons couple 

strongly to light and are confined to dimensions substantially below the diffraction limit, 

giving rise to large near-field enhancements. These properties, together with the strong 

sensitivity of plasmons to the morphology of the structures, have generated great 

expectations for technological applications, particularly in optical sensing down to the 

single-molecule limit.
1–3

  Graphene has recently surfaced as an outstanding material for 
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supporting surface plasmons.  In addition to exhibiting strong planar confinement, 

graphene plasmons have been demonstrated to be electrically tunable in nanoribbons 
4–6

, 

nanodisks
20

, nanorings
20

, and other confined morphologies at mid-infrared and lower 

frequencies, scaling as ~n
1/4

/D
1/2

 with the doping density n and the lateral size of the 

structure D. However, many promising applications of plasmonics (e.g., sensing
2
, on-chip 

communications
11

, and photocatalysis
21

) exploit the visible and near-infrared regions of 

the spectrum.  The extension of graphene plasmons to these higher frequency ranges is 

thus an important goal, which requires moving towards smaller sizes or higher doping 

densities. Unfortunately, reaching the visible regime with state-of-the-art doping 

technologies requires patterning graphene down to sizes <10 nm, which is unattainable 

by currently available top-down fabrication methods. However, this length scale is 

commensurate with that of polycyclic aromatic molecules, which can readily be obtained 

in high purity using chemical methods. Polycyclic aromatic hydrocarbons (PAHs) can be 

regarded as picoscale versions of graphene, edge-passivated with hydrogen atoms.
14,15

 

Insights from recent TDDFT 
16,22,23

 and RPA
24,25

 theoretical work imply that 

molecular-scale systems support some excitation modes which are indeed collective in 

nature. The description of a molecular plasmon as a collective electronic excitation rather 

than a single-electron transition is supported by three primary attributes: (1) the strong 

dependence on the electron−electron interaction strength; (2) the excitation being a 

superposition of many elementary single-electron excitations (i.e., Slater determinants); 

and (3) the Coulomb potential from the plasmon-induced charges provides the dominant 

restoring force for the mode. These descriptions lead to the specific result predicted by 

Manjavacas et al.
26

 that charged PAH molecules possess a set of molecular plasmon 
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resonances that are remarkably sensitive to their charge state. As neutral molecules, 

PAHs exhibit large energy gaps rendering most of them transparent in the visible range. 

Aromatic molecules possess overlapping π-orbitals, which provide them with remarkable 

chemical stability, resulting in six-membered benzene rings that support delocalized 

valence electrons. In an extended hexagonally packed lattice of such rings, the valence 

electrons recover the well-known band structure of graphene in which the electron 

mobility reaches high values when the material is doped with charge carriers, giving rise 

to metallic behavior supporting long-lived plasmons. Likewise, a discrete PAH molecule 

is predicted to support visible plasmons with the addition or removal of one or more 

electrons
23,25,26

. The added carrier in the PAHs plays only an indirect role in the plasmon 

motion. The addition of the extrinsic carrier changes the electronic structure of the 

molecule so that collective excitations become possible. The plasmon “motion” does not 

primarily involve the added carrier but is a coherent superposition of multiple 

electron−hole pair excitations involving the other electrons. This is in sharp contrast to 

plasmons in graphene, where the electrons forming the plasmon are the extrinsic dopants. 

In the limit of a very large system with a continuous electronic structure, the descriptions 

become equivalent.  

The radical anions of PAH molecules are known to support visible resonances 

that in the past have been interpreted as single-electron excitations within the realm of 

molecular orbital theory
27–29

.  The spectra we observe are consistent with those reported 

in the previous literature, confirming that the molecular plasmon is switched on by the 

addition of a single electron to the molecule and providing a radically new understanding 

of plasmon resonances in molecular-size systems. This finding represents an 
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extrapolation of the high electrical tunability of nanographene plasmons to an extreme 

limit of spatial confinement, demonstrating a change of paradigm in plasmonics that 

holds great potential for visible light modulation.  

This is illustrated in Figure 2.1, which represents the electron density of the 

highest occupied molecular orbital (HOMO) of anthracene in its neutral and charged 

states, as well as the charge density induced upon resonant light irradiation, which 

constitutes the molecular plasmon. 

 

Figure 2.1 Molecular plasmons in electrically doped PAHs. (a) Upon addition of a single 

electron, the outer valence electron density of a neutral PAH molecule (upper panel) 

undergoes dramatic changes (central panel) that enable the excitation of a plasmon upon 

exposure to visible light (lower panel). We illustrate this concept with densities 

calculated from TDDFT for anthracene. (b) An electron is transferred from a metallic 

gate to dispersed molecules placed in its vicinity when the lowest unoccupied molecular 

orbital (LUMO) is tuned to the Fermi level of the gate. This process results in visible 

color changes of the solution.  
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2.2 Methods 

Solution Preparation. All PAH molecules, anthracene, tetracene, tetraphene, 

phenanthrene, triphenylene, and supporting electrolyte tetrabutylammonium perchlorate 

(TBAP), were purchased from Sigma-Aldrich and purified via recrystallization from 

diethyl ether. Dimethylformamide, propylene carbonate, and dimethyl sulfoxide were 

purchased from Sigma-Aldrich and purified using vacuum distillation and/ or the 

freeze−pump−thaw method. Tetrahydrofuran, pyridine, and acetonitrile were purchased 

from Sigma-Aldrich and purified through a high-pressure solvent purification system. 

Karl Fischer titration of all solvents showed less than 50 ppm water impurity. Solutions 

for electrochemical measurements contained 5 mM of the PAH under investigation with 

500 mM of supporting electrolyte (tetrabutyl ammonium perchlorate, TBAP), unless 

otherwise noted. All solutions were prepared, stored, and transferred under inert (N2 or 

Ar gas) conditions. 
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Figure 2.2 Spectroelectrochemical Setup. A three-electrode electrochemical cell 

configuration forms a complete circuit, controlled by potentiostat. White light is 

transmitted through the working electrode and recorded by a spectrometer. For the 

measurements conducted in this manuscript, the working electrode was always set as the 

negative voltage. The solution in the cell consists of 500 mM supporting electrolyte and 

5mM PAH molecule in a dry organic solvent purged with argon. 

 

 

Spectroelectrochemical Measurements. A three electrode measurement is taken 

using platinum mesh working- and counter-electrodes with a Ag-wire pseudo-reference 

electrode. Ag wire was used due to the non-aqueous conditions to prevent side reactions 
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from occurring between PAH anions and ions leaked from a conventional reference 

electrode. In order to compare measured reduction potentials against reported values, the 

Ag wire pseudo-reference electrode was externally calibrated against the ferrocene redox 

couple
30

 (Fc/Fc+), all reduction potentials are reported relative to this value. The 

reduction and re-oxidation occur at approximately -2.20 V and -1.15 V vs. Fc/Fc+ (see 

Figure S2), respectively, for anthracene in THF.  The measured reduction potential for 

the tested molecules is consistently in agreement with previously reported experimental 

values.
31,32

 The electrochemical potential ranges accessible in many organic solvents 

readily support the reduction of small PAHs and the observation of their (-1) molecular 

plasmon. Absorption measurements are taken concurrently with voltage sweeps using a 

white light source (dual lamps: halogen and laser-driven plasma) incident on the working 

electrode, transmitted to the spectrometer where the spectrum is recorded.   

 

Figure 2.3 Cyclic Voltammogram. Current measured as a function of voltage sweep for 

THF (with 500 mM TBAP) both with 5mM Anthracene (solid, black line) and without 

Anthracene (dashed, grey line). 
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Chronoabsorptometry. This measurement is nearly identical to the 

spectroelectrochemical measurements except that an ITO-covered glass slide (Delta 

Technologies, 15−25 Ω) was used as the working electrode. The change in optical 

absorption is directly proportional to the change in measured current, both of which are 

linear for short time scales (within the first few seconds after applying the potential). The 

molar absorptivity of the reduced state can be derived by substituting the Cottrell 

equation (for current in an electrochemical cell as a function of time and neutral analyte 

concentration) into Beer’s law.
33

 We used the diffusion coefficient calculated from the 

measured current over the same time period as the absorption was measured so that, as 

expected, the diffusion constant remained uniform over the calculation region. The molar 

absorptivity of neutral and charged anthracene was obtained for solutions in DMF with 

100 mM TBAP as the supporting electrolyte. 

Device Preparation and Measurement. Anthracene, supporting electrolyte 

tetrabutylammonium hexafluorphosphate (TBAPF6), and poly(methyl methacrylate) 

(PMMA), average Mw ∼ 996 000, were purchased from Sigma-Aldrich and purified by 

means of recrystallization from THF. The conductive gel was prepared by dissolving 80 

mM anthracene, 80 mM TBAPF6, and 10 wt % PMMA in THF under dry argon flow and 

stirring overnight. The gel was dropcast onto two ITO-covered glass slides (Sigma-

Aldrich, 8−12 Ω/sq) in a dry N2 glovebox and allowed to cure for 8 min before 

sandwiching the two ITO/glass slides together. A 360 μm thick adhesive (Grace Biolabs 

SecureSeal) was used as a spacer layer and an adhesive layer for the two slides. Cu-tape 

and Ag wire were used to connect the ITO surfaces to the potentiostat for a twoelectrode 
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measurement. All other electrical and optical measurements for this device were 

performed in the same manner as described in the Spectroelectrochemical Measurement 

and Chronoabsorptometry paragraphs. 

Theoretical Calculations. All theoretical calculations were performed using 

Gaussian 09.
34

 We performed DFT calculations to optimize the molecular geometry and 

computed the ground state properties (e.g., electron affinity and vibrational modes). We 

used the hybrid B3LYP functional and the 6-31+G(d) basis set consisting of a valence 

double-ζ basis set complemented with s and p diffuse functions, as well as d polarization 

functions for the carbon atoms. The choice of the functional and the basis set is consistent 

with previous works
35,36

 in which the suitability of different basis sets to describe the 

response of PAHs was analyzed. The absorption spectra and the induced charge density 

distributions were obtained using TDDFT with the same combination of functional and 

basis set. The effect of the solvent was incorporated in all calculations using the 

polarizable continuum model.
34

 The vibrationally resolved absorption spectra were 

calculated following the procedure developed by Barone et al.,
37

 which relies on the 

Franck−Condon principle to obtain the strength of the transitions between the vibrational 

levels of the ground and the excited electronic states. 

 

2.3 Results  

To facilitate charge transfer to and from PAH molecules, a three-electrode 

electrochemical cell with optical access was designed (see Figure 2.1b and Figure 2.2), 

where current is passed through a nonaqueous electrolyte solution that contains a known 
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concentration of PAH molecules. The PAH molecules were dissolved in dry organic 

solvent along with a supporting electrolyte and probed electrochemically. Electron 

transfer to the PAH molecules occurs at a Pt mesh working electrode, where the voltage 

is changed by passing an electrical current to and from an auxiliary electrode and 

measured relative to a Ag wire pseudoreference electrode. The addition and subsequent 

removal of an electron to the molecule is confirmed by the observation of reduction and 

reoxidation peaks in a cyclic voltammogram.
38,39

  Optical measurements of the solution 

were obtained simultaneously with the electrochemical measurements, using white light 

illumination transmitted through the working electrode to a spectrometer, which 

continuously recorded the transmission spectrum. The color change during this process 

occurred across the full area of the 1 cm × 1 cm electrode, making the spectral changes 

easily observable to the naked eye. The present experimental setup does not allow the 

applications of sufficiently strong voltages to create the doubly negative charged anion or 

the positively charged cation. We are thus not able to verify the predicted scaling with 

charge (doping) density of the PAH molecules.  
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Figure 2.4 Electrical tunability of visible light absorption in PAHs. Five different PAHs 

are studied (from top to bottom): anthracene, phenanthrene, tetracene, tetraphene, and 

triphenylene. All solutions contain 5 mM PAH in THF with 500 mM supporting 

electrolyte. (a) Visible images of the PAH solution in the neutral state (left, gray borders) 

and −1 charge state (right, colored borders) for each molecule. (b) Measured absorption 

spectra for the neutral (gray) and −1 charge-state (colored) PAH molecules. (c) TDDFT 

calculated spectra for the PAH molecules in THF.  

The absorbance spectra of isomeric three- and four-unit planar aromatic ring 

molecules in tetrahydrofuran (THF) were measured in their neutral and negatively 

charged states (Figure 2.4). In their neutral state, these molecules have well-known 

electronic absorption bands in the near-UV, corresponding to HOMO−LUMO 

transitions.
40

 In particular, the linear four-ring molecules, tetracene and tetraphene, have 

comparatively lower energy gaps, resulting in a noticeable yellow tint of the neutral 

solution. At the first reduction potential, the molecules accept a single electron. This 
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creates a negatively charged radical anion and a dramatic color change (Figure 2.4a), 

corresponding to the excitation of a resonance that dominates the visible absorption 

spectra (Figure 2.4b). The energy of the peak resonance in the experimental data is in 

excellent agreement with results from TDDFT calculations, as can be seen by comparing 

the peak positions in Figure 2.4b,c (see Methods for more details).  

 

Figure 2.5 Vibrationally resolved absorption spectra. We show a comparison between 

measured spectra (colored curves) and theoretical calculations (black curves) including 

coupling to vibrational sublevels for two representative singly charged PAHs (anthracene 

and tetracene), both in THF.  
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In contrast to larger graphene nanostructures, the PAH absorption spectra possess 

a rich and complex fine structure. A series of side bands are observable at higher energies 

with respect to each primary absorption peak virtually in all molecules studied. We 

attribute these additional bands to the coupling between the molecular plasmon (i.e., the 

primary peak) and the vibrational modes of the molecules. This hypothesis is well 

supported by theoretical calculations of the vibrationally resolved absorption spectrum 

(Figure 2.5), which are in excellent qualitative agreement with the structure of the 

experimentally measured spectra for both anthracene and tetracene (see Methods for 

details of the calculation method). Clearly the agreement between theory and experiment 

is not as good as we typically obtain for conventional metallic nanoparticle plasmonic 

structures. There are a number of possible reasons: first, the theoretical formalism 

underlying vibrational couplings are much more complex and incomplete than for 

classical electromagnetic simulations; second, the experiment involves ensembles of 

PAH molecules that may both couple to the solvent molecules and to each other; third, 

the vibrationally resolved theoretical spectra take into account only the strongest 

transition peak for each molecule within the spectral region considered. However, as seen 

in Figure 2.4, both anthracene and tetracene possess additional weaker peaks within ∼0.5 

eV of the strongest peak. These modes can also couple to molecular vibrational modes 

and give rise to further (but less pronounced) structure in the vibration sidebands.  

The strength of the plasmon coupling to light is an important parameter that 

determines the concentration of molecules required for practical applications (e.g., visible 

light modulation and switching). As the measured plasmon is likely broadened by 

interaction with the stochastic distribution of solvent molecules (e.g., through averaging 
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over local frequency shifts or via coupling to inelastic modes of the liquid), we assess the 

noted coupling by examining the spectral integral of the absorption cross-section over 

each plasmon + satellites region. This magnitude should be roughly independent of the 

type of solvent and the presence of different inelastic loss channels. In practice, we 

measure the absorption cross-section for the anthracene molecular plasmon by recording 

the maximum absorbance (at ∼1.71 eV) as a function of time upon application of a 

constant potential, a method known as chronoabsorptometry (see Methods); the molar 

absorptivity obtained using this approach is nominally 3 500 M
−1

 cm
−1

, translating into an 

absorption cross-section of 6 × 10
−4

 nm
2
. The molar absorptivity we obtain is similar to 

but slightly lower than that of the neutral molecular absorption of anthracene, which is 6 

200 M
−1

 cm
−1

 at ∼3.44 eV. From this calibration of the absorption maximum, we now 

integrate the spectrum and obtain a peak area of 2.3 × 10
−4

 nm
2
 eV, which compares 

reasonably well with the theoretical prediction of 14.8 × 10
−4

 nm
2
 eV.  
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Figure 2.6 Tunability of the molecular plasmon. (a,c) The peak energy of the plasmon 

resonance can be red-shifted by increasing the dielectric constant of the environment. 

(b,d) The peak energy of the leading spectral maximum in (a,c) is shown to redshift 

linearly with increasing index of refraction. This figure also illustrates the resonance 

redshift when increasing the length of the molecule from ∼930 pm for anthracene (a) to 

∼1180 pm for tetracene (c).  

 

Because the resonant frequencies of metallic surface plasmons are highly 

sensitive to size, shape, and surrounding dielectric environment, we examine these same 

dependences in molecular plasmons (Figure 2.6). The molecular plasmon resonances 
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redshift with increasing molecule length from ∼930 pm (anthracene, absorption peak at 

1.71 eV, Figure 2.6a) to ∼1180 pm (tetracene, absorption peak at 1.52 eV, Figure 2.6c). 

This correlation is analogous to the nearly linear relationship between metal nanorod 

plasmon wavelength and nanorod length and is in agreement with the effect of spatial 

confinement of a charge distribution.
19,41

 We also observed a linear redshift with 

increasing index of refraction of the surrounding environment.
42

 Spectra of the negatively 

charged PAHs were recorded for solutions in a series of organic solvents with increasing 

indices of refraction (Figure 2.6b,d). The anthracene anion was measured in six separate 

solvents: MeCN (acetonitrile, n = 1.3441), THF (n = 1.4072), PC (propylene carbonate, n 

= 1.4189), DMF (dimethylformamide, n = 1.4305), DMSO (dimethyl sulfoxide, n = 

1.4793), and pyridine (n = 1.509). The tetracene anion was measured in three solvents 

(THF, DMF, and pyridine). The nine normalized spectra corresponding to this solvent 

shift are shown in Figure 2.6a,c. We also observe that the spectra of both anthracene and 

tetracene molecular plasmons are modified to a greater degree in pyridine than in the 

other solvents: for anthracene, a substantially broadened spectrum is observed, while for 

tetracene an additional broad spectral shoulder from 2.0 to 2.6 eV appears. This may 

indicate an enhanced interaction or affinity between the molecular plasmon and the 

pyridine solvent molecules, which are also aromatic rings (C5H5N), and possess 

substantial vibrational mode overlap with the plasmonic molecules. 
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Figure 2.7 A molecular plasmon electrochromic device. A symmetric ITO−anthracene 

gel−ITO device was constructed (a) which exhibits a reversible color change upon 

application and removal of voltage (b). The active area of the device is ∼1 cm × 1 cm. 

The white spot in the middle is the specular reflection of the illumination source for the 

spectroscopic measurements. (c) The color change continues through multiple voltage 

switching cycles between −4 V (for 5s, illustrated by the orange bands in panel c) and 0 

V (for 20s). The absorbance is measured at 1.71 eV (the molecular plasmon peak 

resonance for anthracene) and can be seen to turn off completely after sufficient time 

upon removal of voltage.  

As a proof-of-principle for molecular plasmonic applications, we have prepared a 

symmetric electrochromic device by dissolving anthracene in an electrically conductive 

transparent polymer gel and laminating it between two pieces of a transparent conductive 

oxide as shown in the schematic of Figure 2.7a. The long-lived visible color (many 

seconds) and repeatable switching (more than 10 cycles in our initial test) demonstrate 

the viability of this concept (see Figure 2.7b,c). The extinction spectrum of the device is 

extremely similar to the extinction of the singly charged anthracene anion in solution 

obtained in the electrochemical cell. Water and impurities in the solution result in some 

discoloration from byproduct formation with successive switching cycles. However, we 
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have verified that reasonable attempts to reduce water content and impurities can 

significantly improve this performance. Optimization of the conductive polymer
43

 and 

electrodes
44

 should result in further improvements in transmission, cycling endurance, 

and switching speed.  

The excitations here studied involve collective motion of several electrons driven 

by their mutual Coulomb interaction, and thus we brand them as molecular plasmons, 

governed by the same principles as their plasmonic excitation counterparts sustained by 

larger PAHs (eventually reaching nanographene sizes) and metallic nanoparticles. This 

insight paves the way for using PAHs in new applications relying on plasmonic rather 

than excitonic properties. For instance, because these excitations involve strong induced 

charge densities, the field enhancements can be made larger, which may have 

implications for sensing applications. Additionally, as the plasmon is sustained by long-

range Coulomb interactions, it may be possible to use PAH molecules in waveguiding 

and energy transfer applications.  

Our experimental observations confirm the existence of molecular plasmons in 

charged aromatic molecules
14

 and establish this system as a stable medium that is 

switchable between transparency and vivid absorption at safe, easily accessible voltages 

in electrolytic environments. Because this dramatic change in optical absorption is 

triggered by a single electron transfer process, we anticipate that it is likely to be a 

fundamentally fast process at the molecular scale, analogous to the subpicosecond charge 

transfer processes proposed for plastic solar cells.
45

 Unlike other better-known but far 

slower electrochromic mechanisms, devices based on switchable molecular plasmons 
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could ultimately find use as optical filters and shutters in a range of consumer 

applications. The natural abundance, low cost, and extremely large variety of PAH 

molecules available could make extremely large-area active color-switching applications, 

such as walls, windows, or other architectural elements, and even vehicles, a practical 

technology. 
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Chapter 3  

Molecular Plasmon-Phonon 

Coupling 

Reproduced with permission from Cui, Y.; Lauchner, A.; Manjavacas, A.; Garcia 

de Abajo, F.J.; Halas, N. J.;  Nordlander, P.; Nano Letters 2016, 16(10), 6390-

6395. Copyright 2016 American Chemical Society. 

http://pubs.acs.org/doi/abs/10.1021/acs.nanolett.6b02800 

3.1 Introduction 

Plasmons, collective oscillations of electrons,
46,47

 provide a mechanism for 

subwavelength light confinement and manipulation. Plasmon resonances in nanoparticles 

can be tuned by changing the morphology or composition of the nanostructure.
48–53

 

Recent studies have shown that charged polycyclic aromatic hydrocarbons (PAHs) 

support a set of collective resonances that are strongly dependent upon the electron-

electron interaction strength
54,55

 and are derived from a superposition of multiple in-phase 
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electron excitations.
56

 In molecules composed of less than ~50 carbon atoms, these 

molecular plasmon resonances lie in the visible region of the spectrum and have energies 

that depend on the charge state of the molecules in a manner analogous to the dependence 

of graphene plasmons on doping. As the smallest examples of graphene and as readily 

available chemical species, PAHs provide an ideal platform for molecular plasmonics. 

 Experimental observations of molecular plasmons in charged aromatic PAHs 

have revealed rich spectral features resulting from the coupling of collective electronic 

modes and atomic vibrations.
57

 In our previous work, we used Time-Dependent Density 

Functional Theory (TDDFT) to demonstrate that coupling of the molecular plasmon 

resonance to vibrational modes of the molecule produces an energy level splitting 

observed in the experimental measurements.  The calculated plasmonic-vibronic energy 

levels agreed qualitatively with the observed extinction spectra and with previous 

TDDFT investigations of PAH phonon modes.
58,59

 This approach relied on the Franck-

Condon principle and is referred to here as TDDFT-FC.
37

  

 Substrate lattice phonons are well known to affect the electro-optic properties of 

graphene,
60

 while its intrinsic phonons, as measured using Raman spectroscopy, serve as 

key indicators of structural integrity and chemical purity.
61

 However, limited effort has 

been invested to examine the effect of intrinsic phonon coupling with electronic and 

plasmonic resonances in carbon allotropes, such as graphene
62–65

 and nanotubes.
66

 Here 

we present a comprehensive experimental and theoretical investigation of the molecular 

plasmon-phonon coupling for different PAH molecules, We also provide a microscopic 

analysis of this coupling based on the Independent-Boson Model  (IBM),
67

 originally 

introduced to describe the coupling between electronic excitations and bosonic phonon 
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modes in solids. This exactly solvable analytical model provides a simple, intuitive 

expression for molecular plasmon-phonon coupling and enables semi-quantitative 

agreement with experimental data. 

 

Figure 3.1 Molecular plasmon-phonon coupling. Schematics illustrating the absorption 

spectrum of a molecule in the absence (a) and in the presence (b) of coupling to 

molecular vibrations.  

 

The impact of molecular plasmon−phonon coupling on the absorption spectra is 

illustrated schematically in Figure 3.1. Without molecular vibrations, the electronic 

transition, shown in panel (a), gives rise to a single absorption peak. By including the 

coupling to vibrations, the ground state can be connected to different vibrational levels in 

the excited state, which results in different peaks in the spectrum, as shown in panel (b). 

As a consequence of this, the dominant peak is red-shifted compared to the analysis 

without vibrations. In recent work on molecular plasmonics, we measured the absorption 

spectra of isomeric three- and four-unit planar aromatic ring molecules dissolved in 
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tetrahydrofuran (THF). We interpreted these spectra using TDDFT calculations. For the 

charged linear three- and four-ring molecules anthracene and tetracene, the vibrationally 

resolved absorption spectra were simulated by only considering the coupling between the 

strongest molecular plasmon and the vibrations of the molecule within the spectral region 

under consideration (1.2−3.0 eV). Here, we go beyond that approximation and investigate 

both molecules in a more detailed manner, analyzing the vibrational structure of 

additional molecular plasmon peaks. 

3.2 Theoretical Derivation 

Independent Boson Model (IBM). The independent boson model derived by 

Mahan
68

 for a fermionic excitation interacting with bosonic modes can be extended to the 

case of a bosonic plasmon excitation interacting with bosonic vibrational modes. The 

Hamiltonian for a plasmonic mode of energy ℏ𝜔0 interacting with vibrational modes of 

energies ℏ𝜔𝑞 with a coupling strength 𝑀𝑞 is  

𝐻 = 𝑐+𝑐 [ℏ𝜔0 + ∑ 𝑀𝑞(𝑎𝑞 + 𝑎𝑞
+)

𝑞

] + ∑ ℏ𝜔𝑞𝑎𝑞
+𝑎𝑞 ,

𝑞

 

where 𝑐 , 𝑐+, 𝑎𝑞 and 𝑎𝑞
+ are the bosonic annihilation and creation field operators for the 

plasmonic and vibrational modes, respectively. Using the canonical transformation 

�̃� = 𝑒𝑠𝐻𝑒−𝑠 with  

𝑠 = 𝑐+𝑐 ∑
𝑀𝑞

ℏ𝜔𝑞
𝑞

(𝑎𝑞
+ − 𝑎𝑞), 
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we obtain 

�̃� = 𝑐+𝑐(ℏ𝜔0 − ℏΔ𝑐+𝑐) + ∑ ℏ𝜔𝑞𝑎𝑞
+𝑎𝑞,

𝑞

 

where we have defined Δ = ∑ 𝑀𝑞
2 (ℏ2𝜔𝑞)⁄𝑞 . We can separate this Hamiltonian as 

�̃�(𝑡) = 𝐻1 + 𝐻2 with 𝐻1 = 𝑐+𝑐(ℏ𝜔0 − ℏΔ𝑐+𝑐) and 𝐻2 = ∑ ℏ𝜔𝑞𝑎𝑞
+𝑎𝑞 𝑞 . Using the 

same transformation for the operators  𝑐 and 𝑐+, we obtain �̃� = 𝑐𝑋 and �̃�+ = 𝑐+𝑋+, being 

𝑋 = exp [− ∑
𝑀𝑞

ℏ𝜔𝑞
𝑞 (𝑎𝑞

+ − 𝑎𝑞)]. 

In order to obtain the absorption spectrum of the system we first need to calculate the 

following Green function 

ℊ(𝑡) = −𝑖〈Τ𝑐(𝑡)𝑐+(0)〉, 

where Τ is the time-ordering operator. Therefore, for 𝑡 > 0, we have 

ℊ(𝑡) = −𝑖𝑁𝑇𝑟{𝑒−𝛽𝐻𝑒𝑖𝐻𝑡/ℏ𝑐𝑒−𝑖𝐻𝑡/ℏ𝑐+}. 

Here, 𝑁−1 = 𝑇𝑟{𝑒−𝛽𝐻} and 𝛽 = 1/𝑘𝐵𝑇, being 𝑘𝐵 the Boltzmann constant and 𝑇 the 

temperature of the system. This expression can be rewritten using Eqs. (1) and (2) as  

ℊ(𝑡) = −𝑖𝑁𝑇𝑟{𝑒−𝛽�̃�𝑒𝑖�̃�𝑡/ℏ𝑐𝑋𝑒−𝑖�̃�𝑡/ℏ𝑐+𝑋+}. 
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Now, taking into account that [𝑐, 𝐻2] = 0, [𝑐, 𝑋] = 0, and [𝑋, 𝐻2] = 0, we can separate 

the expression above into two parts: one involving the trace over the plasmon mode, 

Π(𝑡), and the other involving the trace over the vibrational modes, 𝑒−Φ(𝑡), 

ℊ(𝑡) = −𝑖𝑁𝑃𝑇𝑟𝑃 {𝑒−𝛽𝐻1𝑒
𝑖𝐻1𝑡

ℏ 𝑐𝑒−
𝑖𝐻1𝑡

ℏ 𝑐+} 𝑁𝑉𝑇𝑟𝑉 {𝑒−𝛽𝐻2𝑒
𝑖𝐻2𝑡

ℏ 𝑋𝑒−
𝑖2𝑡

ℏ 𝑋+} = −𝑖Π(𝑡)𝑒−Φ(𝑡), 

where we have also separated the normalization constant as 𝑁 = 𝑁𝑃𝑁𝑉, with 𝑁𝑃
−1 =

𝑇𝑟𝑃{𝑒−𝛽𝐻1} and 𝑁𝑉
−1 = 𝑇𝑟𝑉{𝑒−𝛽𝐻2}. The trace over the vibrational modes can be 

evaluated using Feynman’s method for disentangling of operators, as shown by Mahan.
68

 

This leads to  

𝑁𝑉𝑇𝑟𝑉 {𝑒−𝛽𝐻2𝑒
𝑖𝐻2𝑡

ℏ 𝑋𝑒−
𝑖2𝑡

ℏ 𝑋+} = 𝑒−Φ(𝑡), 

Where Φ(𝑡) = ∑ 𝑔𝑞[𝑁𝑞(1 − 𝑒𝑖𝜔𝑞𝑡) + (𝑁𝑞 + 1)(1 − 𝑒−𝑖𝜔𝑞𝑡) ],𝑞  with 𝑔𝑞 = (
𝑀𝑞

ℏ𝜔𝑞
)

2

, 

and 𝑁𝑞
−1 = 𝑒𝛽ℏ𝜔𝑞 − 1. Similarly, the trace over the plasmon mode can be evaluated 

directly as  

Π(𝑡) = 𝑁𝑃𝑇𝑟𝑃 {𝑒−𝛽𝐻1𝑒
𝑖𝐻1𝑡

ℏ 𝑐𝑒−
𝑖𝐻1𝑡

ℏ 𝑐+} = 𝑁p ∑ (𝑛 + 1)𝑒−𝛽ℏ(𝜔0−Δ𝑛)𝑛𝑒−𝑖[𝜔0−Δ(2𝑛+1)]𝑡
𝑛 . 

Using these expressions, the absorption spectrum is obtained from the imaginary part 

of the Fourier transform of ℊ(𝑡) 

𝐴(𝜔) ∝ Im {𝑖𝑁p ∑ (𝑛 + 1)𝑒−𝛽ℏ(𝜔0−Δ𝑛)𝑛𝑒− ∑ (2𝑁𝑞+1)𝑞∞
𝑛=0 ∫ 𝑑𝑡

∞

0
𝑒𝑖𝜔𝑡𝑒−𝑖[𝜔0−Δ(2𝑛+1)]𝑡 ×

∑
1

𝑙!
[∑ 𝑔𝑞𝑁𝑞𝑒𝑖𝜔𝑞𝑡,𝑞 ]∞

𝑙=0

𝑙
∑

1

𝑚!
[∑ 𝑔𝑞(𝑁𝑞 + 1)𝑒−𝑖𝜔𝑞𝑡,𝑞 ]∞

𝑚=0

𝑚
}. 
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In realistic situations the plasmon energy is much larger than the thermal energy (i.e. 

ℏ𝜔0 ≫ 𝑘𝐵𝑇). Furthermore, for the cases that we analyze in this project it is sufficient to 

consider 𝑙, 𝑚 ≤ 3 in the summations, which corresponds to a maximum population of 3 

in the vibrational modes. Under these conditions, the absorption is given by  

𝐴(𝜔) ∝

𝑒− ∑ 𝑔𝑞(2𝑁𝑞+1)𝑞 Im {𝑖 ∫ 𝑑𝑡
∞

0
𝑒𝑖(𝜔−𝜔0+∆)𝑡 [1 +

∑ 𝑔𝑞𝑁𝑞𝑒𝑖𝜔𝑞𝑡 +𝑞

1

2
∑ 𝑔𝑞𝑔𝑞′𝑁𝑞𝑁𝑞′𝑒

𝑖(𝜔𝑞+𝜔
𝑞′)𝑡

+
1

6
∑ 𝑔𝑞𝑔𝑞′𝑔𝑞′′𝑁𝑞𝑁𝑞′𝑁𝑞′′𝑒

𝑖(𝜔𝑞+𝜔
𝑞′+𝜔

𝑞′′)𝑡
𝑞,𝑞′,𝑞′′𝑞,𝑞′ ] [1 +

∑ 𝑔𝑞(𝑁𝑞 + 1)𝑒−𝑖𝜔𝑞𝑡 +𝑞

1

2
∑ 𝑔𝑞𝑔𝑞′(𝑁𝑞 + 1)(𝑁𝑞′ + 1)𝑒

−𝑖(𝜔𝑞+𝜔
𝑞′)𝑡

+
1

6
∑ 𝑔𝑞𝑔𝑞′𝑔𝑞′′(𝑁𝑞 + 1)(𝑁𝑞′ +𝑞,𝑞′,𝑞′′𝑞,𝑞′

1)(𝑁𝑞′′+1)𝑒
−𝑖(𝜔𝑞+𝜔

𝑞′+𝜔
𝑞′′)𝑡

]}. 

This expression can be simplified even more if we neglect the effect of the temperature 

(i.e. if we take T=0), which as shown in Figure S3, has a small impact in the systems 

under consideration. Therefore, within that limit, and making use of ∫ 𝑑𝑡
∞

0
𝑒𝑖Ω𝑡 =

limγ→0
𝑖

Ω+𝑖𝛾
, the absorption reduces to  

𝐴(𝜔) ∝

−𝑒− ∑ 𝑔𝑞𝑞 Im {limγ→0 [
1

ω−𝜔0+Δ+𝑖𝛾
+ ∑

𝑔𝑞

ω−𝜔0+Δ−𝜔𝑞+𝑖𝛾
+

1

2
∑

𝑔𝑞𝑔
𝑞′

ω−𝜔0+Δ−𝜔𝑞−𝜔𝑞′+𝑖𝛾
+𝑞,𝑞′𝑞

1

6
∑

𝑔𝑞𝑔
𝑞′𝑔

𝑞′′

ω−𝜔0+Δ−𝜔𝑞−𝜔𝑞′−𝜔𝑞′′+𝑖𝛾𝑞,𝑞′,𝑞′′ ]}. 
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This is the equation we use to generate the IBM spectra shown in the right column of 

Figure 3.7. The different parameters appearing in this expression are obtained as follows: 

the phonon energies are taken from the corresponding TDDFT-FC calculations, while the 

coupling parameters are determined by fitting the TDDFT-FC vibrationally-resolved 

absorption spectra using a genetic algorithm. The maximum value of l used in the model 

varies for the different molecules. For anthracene and pentacene, we use a maximum l = 

2, which is enough to reproduce the TDDFT-FC spectrum; while for naphthalene and 

tetracene, we sum up to l = 3 in order to get all the peaks appearing in the spectra. In all 

cases we fix ℏ𝛾 = 135 cm
-1

.  

 

3.3 Methods 

Experimental. For spectroelectrochemical characterization, PAH molecules were 

dried and dissolved in dry solvent at 5 mM concentration with 500 mM supporting 

electrolyte (Tetrabutylammonium perchlorate, TBAP) purchased from Sigma Aldrich and 

dried by recrystallization from dry diethyl ether.  Room temperature Tetrahydrofuran was 

used as the solvent for all molecules except pentacene, which was dissolved in o-

dichlorobenzene (at the same concentrations of PAH and TBAP), heated to 160°C, and 

subsequently measured before cooling. Charge transfer was accomplished by three-

electrode cyclic voltammetry (Pt mesh electrodes with Ag wire pseudo reference) 

performed concurrently with absorbance spectroscopy under white-light illumination.  

The experimental absorption spectra presented in this paper were obtained at voltages just 
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below the reduction potential of each molecule.  For additional details see Lauchner et 

al.
57

 

Quantum Mechanical Calculations. All quantum mechanical calculations were 

performed using Gaussian 09.
34

 Full geometry optimizations and harmonic frequency 

calculations were conducted for all molecules in vacuum and in both ground and excited 

states using DFT and TDDFT methods, respectively. The absorption spectra and 

transition densities were calculated using TDDFT. The vibrationally resolved absorption 

spectra were obtained within the framework of the Franck-Condon (FC) principle
37,69

 

upon TDDFT-based overlap integrals between the vibrational wave functions of the 

ground and the excited states, as proposed by Barone et al.
37

 The rendered spectra were 

calculated by convoluting the resonant energy intensity with a Gaussian with a half width 

at half maximum (HWHM) of 135 cm
-1

, which still allows us to assign individual 

vibronic contributions to the total spectrum. The hybrid B3LYP functional and the 6-

31+G(d) basis set were used throughout all calculations following previous works.
70,71

 

 Independent Boson Model. The Independent Boson Model
67

 was extended from 

the standard fermion-boson coupling to also describe boson-boson interactions, as 

appropriate for plasmon excitations in the many electron limit. The phonon energies were 

obtained from TDDFT-FC calculations, while the coupling parameters were determined 

by fitting the calculated vibrationally resolved absorption spectra using a genetic 

algorithm.  
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3.4 Results  

 

 

Figure 3.2 Absorption spectra of singly charged PAHs. Induced charge density plots for 

molecular plasmonic resonances oriented along the longitudinal and transverse axes of 

(a) tetracene, (b) anthracene, and (c) coronene. Experimental extinction spectra (gray) are 

compared with TDDFT-FC absorption spectra (black) obtained by coupling to two 

different vibrationally expanded transverse plasmon resonances (TP, green) and 

longitudinal molecular plasmon resonances (LP, orange) for (d) tetracene, (e) anthracene, 

and (f) coronene. 

 

We start our study by analyzing the electronic modes of tetracene, anthracene, and 

coronene doped with one electron. In panels (a), (b), and (c) of Figure 3.2 we show the 

induced charge densities of tetracene, anthracene, and coronene, respectively.   The 
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induced charge densities of the strongest molecular plasmon of tetracene and anthracene, 

polarized along the long axis of each molecule, are shown.  We label this mode as the 

longitudinal molecular plasmon (LP).  Tetracene and anthracene present an additional 

weaker molecular plasmon peak, located at 1.96 eV for the anthracene anion and at 1.38 

eV for the tetracene anion. Examining the induced charge of these excitations, we 

observe that they correspond to oscillations along a direction perpendicular to the 

molecular axis, and therefore we label them as transverse molecular plasmons (TP).  

Panels (d) and (e) of Figure 3.2 show their corresponding measured absorption spectra in 

tetrahydrofuran (THF) (grey curves), together with the TDDFT-FC calculations for the 

longitudinal (orange curves) and transversal (green curves) spectra. For both molecules, 

the main features of the experimental spectra are well reproduced (within the expected 

error for TDDFT calculations
72

) by the sum of the vibrationally-resolved TDDFT spectra 

associated with each of the two molecular plasmon modes (black curves). 

As a model molecule for studies on graphene surfaces, coronene belongs to the 

class of pericondensed benzenoid aromatic molecules C6𝑠2H6𝑠
, 

with s=2 and has D6h 

symmetry. Due to its planar 6-fold symmetry, the molecular plasmon modes for coronene 

anion cannot be classified as longitudinal or transverse. Instead, the induced charge 

densities for the two modes within the region 1.2-2.4 eV oscillate along the x-axis and y-

axis, respectively (Figure 3.2(c)). The strength of the two modes does not display the 

large asymmetry exhibited by the LP and TP modes in the linear PAHs, although the 

magnitudes of their respective molecular plasmon-phonon couplings differ significantly, 

with the higher-energy molecular plasmon resonance exhibiting a more pronounced 

coupling to vibrational modes. Figure 3.2(f) shows the absorbance spectrum of coronene 
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(C24H12) anion measured in THF solvent and the vibronic spectra for all peaks within the 

relevant spectral region, as calculated with the radical in vacuum. 

 

 

Figure 3.3 Vibrational mode coupling of the anthracene molecular plasmon. Assignment 

of the main vibrational bands of (a) the longitudinal molecular plasmon mode and (b) the 

transversal molecular plasmon mode. The vibronic modes are denoted n-x, where n is the 

excited normal vibrational mode and x is its population. The horizontal axis shows the 

energy relative to the 0-0 transition. (c, d) Induced charge density plots for the two 
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plasmon resonances. (e, f) Atomic displacement vectors for the three most prominent 

vibrational modes of (a) and (b). 

 

Table 3.1 Energies and intensities of the different phonon modes appearing in the 

spectrum of the longitudinal molecular plasmon of anthracene (≈ 1.75 eV).  

Mode-Harmonic Energy (cm-1) Energy (eV) Intensity (dm3mol-1cm-1) 

0-0 0 0 51520 

7-1 387 0.048 1341 

17-1 630 0.078 15070 

17-2 1261 0.156 2247 

23-1 762 0.094 1702 

42-1 1272 0.158 10190 

48-1 1425 0.177 10520 

42-1;17-1 1902 0.236 3131 

48-1;17-1 2055 0.255 2977 

48-1;42-1 2697 0.334 1887 

 

Table 3.2 Energies and intensities of the different phonon modes appearing in the 

spectrum of the transverse molecular plasmon of anthracene (≈ 1.96 eV).  

Mode-Harmonic Energy (cm-1) Energy (eV) Intensity (dm3mol-1cm-1) 

0-0 0 0 3013 

8-1 385 0.048 1705 

8-2 770 0.095 460 

33-1 1019 0.126 215 

48-1 1428 0.177 972 

48-2 2855 0.354 173 

52-1 1509 0.187 1068 

52-2 3017 0.374 184 

55-1 1614 0.2 584 

48-1;8-1 1813 0.225 533 

52-1;8-1 1894 0.235 574 

55-1;8-1 1999 0.248 331 

52-1;48-1 2936 0.364 355 

55-1;48-1 3042 0.377 197 

55-1;52-1 3123 0.387 197 

52-1;48-1;8-1 3321 0.412 185 
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Figure 3.3 shows the main vibrational modes that couple to the LP and the TP 

resonances in the anthracene anion.  The peak structure is dominated by coupling to only 

a few vibrational modes. For the longitudinal molecular plasmon (~1.75 eV), one of the 

most intense bands (at 630 cm
-1

) is assigned to mode 17-1 (here we use the notation 

𝑛 − 𝑥 where 𝑛 is the excited normal vibrational mode in the Gaussian standard 

nomenclature
73

 and 𝑥 is its population). The atomic displacements associated with this 

vibrational mode (Figure 3.3(c)) involve a CCC deformation of the aromatic rings, with 

outer ring deformation being out-of-phase relative to the center ring deformation. Doubly 

populated vibrational modes, such as the 17-2, also contribute to the spectrum (see 

Supporting Information for more details). The peak at 1272 cm
-1

 corresponds to the 42-1 

mode, associated with the C-H bending in which the center ring evolves in a breathing 

mode. Similarly, the mode at 1425 cm
-1

, labeled as 48-1, corresponds to the C=C 

stretching of the aromatic group. A doubly excited mode resulting from the combination 

of modes 42-1 and 48-1 contributes to the vibrationally resolved absorption peak around 

1.9 eV, which leads to a high amplitude compared to the ~1.83 eV peak. For the 

transverse molecular plasmon (~1.96 eV), the vibronic spectrum displays similar features 

but with much smaller amplitude. The most intense bands are associated with the singly 

and doubly populated 8, 48, and 52 vibrational modes, which correspond to CCC 

deformations (with all three rings deforming in phase), C=C stretching, and C-H bending 

(with the center ring in a C=C stretching mode), respectively. A comprehensive 

description of all vibrational modes is provided in Table 3.1 and Table 3.2. 

The strongly coupled modes correspond almost exclusively to in-plane vibrations. 

Examining the most strongly coupled vibrational mode for each molecular plasmon, we 
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observe that the longitudinal molecular plasmon interacts strongly with vibrational modes 

in which the atomic displacements are aligned primarily along the transverse axis. 

Similarly, for the transverse molecular plasmon, the atomic displacements of the coupled 

vibrational modes are aligned along the longitudinal axis. To provide a more intuitive 

understanding of the molecular plasmon-phonon coupling we use the IBM to describe 

plasmonic excitations interacting with vibrational modes (for more details, see the 

Theoretical Derivation). Briefly, in this approach the system is described using a model 

Hamiltonian consisting of the bare plasmon and the relevant vibrational modes 𝑞, 

𝐻 = 𝑐+𝑐 [ℏ𝜔0 + ∑ 𝑀𝑞(𝑎𝑞 + 𝑎𝑞
+)

𝑞

] + ∑ ℏ𝜔𝑞𝑎𝑞
+𝑎𝑞 ,

𝑞

 

where 𝑐+and 𝑐 and are the field operators for the plasmon mode of energy ℏ𝜔0, whereas 

𝑎𝑞
+ and 𝑎𝑞 are the field operators for the bosonic vibrational modes of energies ℏ𝜔𝑞 

calculated using the TDDFT approach.  The coupling coefficients 𝑀𝑞 between the 

plasmon and vibrations are treated as adjustable parameters. The Hamiltonian can be 

solved analytically, providing absorption spectra that can be compared directly with the 

TDDFT-FC results and experimental data. To simplify the equations we introduce the 

two parameters 𝑔𝑞 = (
𝑀𝑞

ℏ𝜔𝑞
)

2

and Δ = ∑ 𝜔𝑞𝑔𝑞𝑞 . For finite temperature 𝛽 = 1/𝑘𝐵𝑇, the 

optical absorption spectrum is obtained from the Fourier transform of the Green function, 

which can be written as the product of the traces over the plasmonic and vibrational 

degrees of freedom as 

𝐴(𝜔) ∝ −Im {− ∫ 𝑑𝑡

∞

0

𝑒𝑖𝜔𝑡Π(𝑡)𝑒−Φ(𝑡)} , 
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where the vibrational trace takes the form 𝑒−Φ(𝑡), where 

Φ(𝑡) = ∑ 𝑔𝑞[𝑁𝑞(1 − 𝑒𝑖𝜔𝑞𝑡) + (𝑁𝑞 + 1)(1 − 𝑒−𝑖𝜔𝑞𝑡) ],

𝑞

 

and 

Π(𝑡) = 𝑁p ∑(𝑛 + 1)𝑒−𝛽ℏ(𝜔0−Δ𝑛)𝑛𝑒−𝑖[𝜔0−Δ(2𝑛+1)]𝑡

∞

𝑛=0

.                  (1) 

In these expressions, 𝑁𝑞
−1 = 𝑒𝛽ℏ𝜔𝑞 − 1 and 𝑁p

−1 = ∑ 𝑒−𝛽ℏ(𝜔0−Δ𝑛)𝑛∞
𝑛=0 . Equation (1) 

represents a generalization of the conventional IBM to account for the bosonic statistics 

of the plasmon, which is useful in many-electrons systems.  For the present case of small 

molecules, for which the molecular plasmon has a strongly anharmonic character, as it 

supported by a small number of electrons, we must restrict the summation to the 𝑛 = 0 

term. 
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Figure 3.4 Effect of the population of the vibrational modes on the spectrum. (a) 

Longitudinal molecular plasmon of anthracene: the black curve shows the TDDFT-FC 

calculation, while the blue, yellow, and green curves represent the IBM fitted spectrum 

with maximum population equal to 2, 1, and 0, respectively. (b) Longitudinal molecular 

plasmon of tetracene: the black curve shows the TDDFT-FC calculation, while the red, 

blue, yellow, and green curves represent the IBM fitted spectrum with maximum 

population equal to 3, 2, 1, and 0, respectively. 
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Figure 3.5 Effect of the different plasmon-phonon coupling constants Mi on the spectrum 

of the longitudinal molecular plasmon of anthracene. The dark blue curve shows the IBM 

spectrum obtained with the five most significant phonon modes, while the other curves 

show the IBM fitted spectrum obtained by setting the plasmon-phonon coupling constant 

Mi to zero, one at a time, as indicated in the legend. 
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Figure 3.6 Effect of temperature on the spectrum of the longitudinal molecular plasmon 

of anthracene. The dark blue curve shows the IBM spectrum obtained with the 

temperature T = 0K while the yellow and green curves show the IBM fitted spectrum 

obtained by setting the temperature T = 300K and T = 1000 K, respectively. 

 Due to its analytical structure, this model provides a direct and intuitive account 

for how the temperature, the couplings, and the population of the vibrational modes 

influence the absorption spectra (see Figures 3.4-3.6).  
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Figure 3.7 Absorption spectra of charged linear PAHs. Experimental extinction spectra 

(left), calculated TDDFT-FC absorption spectra (center), and calculated IBM absorption 

spectra (right) for PAH molecules with 2-5 benzene rings (top-to-bottom: naphthalene, 

anthracene, tetracene, and pentacene). 

Table 3.3 Energies of the different phonon modes and the corresponding coupling 

constants for the IBM spectrum of naphthalene shown in Figure 3.7.  

Phonon energy (eV) Coupling constant Mi (eV) 

0.062 0.0355 

0.094 0.0013 

0.179 0.1251 

0.184 0.1012 
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Table 3.4 Energies of the different phonon modes and the corresponding coupling 

constants for the IBM spectrum of anthracene shown in Figure 3.7. 

Phonon energy (eV) Coupling constant Mi (eV) 

0.078 0.0371 

0.158 0.0677 

0.177 0.0957 

0.048 0.0002 

0.094 0.0093 

 

Table 3.5 Energies of the different phonon modes and the corresponding coupling 

constants for the IBM spectrum of tetracene shown in Figure 3.7.  

Phonon energy (eV) Coupling constant Mi (eV) 

0.072 0.0268 

0.051 0.0364 

0.076 0.0124 

0.107 0.0251 

0.169 0.0839 

0.176 0.0414 

0.191 0.0534 

0.023 0.0008 

0.072 0.0049 

0.094 0.0066 

0.149 0.0027 

0.195 0.0286 

 

Table 3.6 Energies of the different phonon modes and the corresponding coupling 

constants for the IBM spectrum of pentacene shown in Figure 3.7.  

Phonon energy (eV) Coupling constant Mi (eV) 

0.032 0.0001 

0.075 0.0011 

0.094 0.0002 

0.098 0.0209 

0.151 0.0009 

0.161 0.001 

0.175 0.0027 

0.177 0.0807 

0.192 0.0115 

0.194 0.0012 
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We further measured the absorbance spectra of singly charged linear PAHs with 

increasing lengths (two- to five-unit planar aromatic rings) in THF solution (Figure 3.7). 

Vibrationally resolved absorption spectra calculated by TDDFT-FC take into 

consideration only the strongest transition peak in the electronic spectrum for each 

molecule within the spectral region under examination. By considering the most 

prominent phonon energies from the TDDFT-FC output, the IBM is capable of modeling 

the fine structure in both measured and TDDFT-FC spectra (see Tables 3.3 – 3.6 for more 

details). The addition of an extra benzene ring (n=3, 4, 5) causes a redshift of the 

longitudinal plasmon in the linear PAHs, which agrees well with previous results 

showing that the low-energy peak appears at a wavelength that scales almost linearly 

with the number of benzene rings.
55

 This is similar to the behavior observed in gold 

nanorods for which there exist an approximate proportionality between the nanorod 

length and the dipolar plasmon frequency.
74

  

In this study we have adjusted the coupling coefficients Mq to the TDDFT-FC-

derived absorption spectra (see Methods).  However, it would be equally valid to fit these 

parameters to experimental data, providing a quick method for characterization of the 

coupled modes observed in the absorption spectra. Such characterization based on the 

IBM provides UV-Vis spectroscopy with a degree of molecular specificity typically 

observed with infrared vibrational spectroscopy. 
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Figure 3.8 Absorption spectra of geometrically similar molecules. (a) Experimental 

(dashed) and TDDFT-FC (solid) absorption spectra for benzo[a]pyrene (red) and pyrene 

(green). (b) Simulated vibronic resonances for benzo[a]pyrene (red) and pyrene (green). 

Vibration vectors for the two strongest vibrational states, (c) in-phase CCC deformation 

and (d) C=C stretching, for pyrene and benzo[a]pyrene (top and bottom, respectively). 

 

 

 

 

 

 

 

 



61 
 

Table 3.7 Energies and intensities of the different phonon modes appearing in the 

spectrum of the longitudinal molecular plasmon of pyrene (≈ 2.54 eV).  

Mode-Harmonic Energy (cm-1) Energy (eV) Intensity (dm3mol-1cm-1) 

0-0 0 0 131000 

9-1 418 0.052 11950 

41-1 1131 0.14 3458 

45-1 1217 0.151 4141 

51-1 1417 0.176 3706 

62-1 1798 0.223 30490 

62-2 3597 0.446 5667 

62-1;9-1 2216 0.275 3631 

0-0 0 0 131000 

 

Table 3.8 Energies and intensities of the different phonon modes appearing in the 

spectrum of the longitudinal molecular plasmon of benzo(a)pyrene (≈ 2.14 eV).  

Mode-Harmonic Energy (cm-1) Energy (eV) Intensity (dm3mol-1cm-1) 

0-0 0 0 81800 

10-1 337 0.042 13920 

11-1 375 0.046 3829 

13-1 454 0.056 3324 

64-1 1382 0.171 6487 

78-1 1867 0.232 13300 

78-2 3735 0.463 2877 

78-1;10-1 2204 0.273 2792 

0-0 0 0 81800 

 

We also examined molecular plasmon-phonon coupling in PAH molecules for the 

case of pyrene and its benzene-fused derivative benzo[a]pyrene (Figure 3.8).  The 

experimental spectra of the two molecules as singly charged anions are very similar, with 

the primary difference being that benzo[a]pyrene exhibits a redshift relative to pyrene, 

similar to the redshift observed with increasing aspect ratio for linear PAHs.  From 

TDDFT-FC simulations, we find that not only are the vibronic spectra similar 

qualitatively, but so are the atomic displacements in the vibrational modes and their 

relative couplings. This is shown in Figure 3.8, where the primarily vibronic components 
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come from a longitudinal stretching mode (9-1 in pyrene, 10-1 in benzo[a]pyrene) and a 

C=C stretching mode (modes 62-1 and 78-1 in pyrene and benzo[a]pyrene, respectively).  

The additional benzene ring has significantly shifted the molecular plasmon resonance 

with almost no modification of the molecular plasmon-phonon coupling.   

In conclusion, we have examined and analyzed the complex vibrational structure 

observed in molecular plasmon absorption spectra for a variety of charged PAHs. We 

find that molecular plasmons tend to couple more strongly to phonon modes whose 

vibrational motion is perpendicular with respect to the main direction of polarization 

associated with the molecular plasmon. By using spectral information from TDDFT-FC 

simulations, we have determined a few parameters that bring the analytical IBM into 

close agreement with the experimental spectra, thus resulting in a simple and intuitive 

expression that allows us to conclusively elucidate the effect of molecular plasmon-

vibrational coupling in these systems.  
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Chapter 4  

Ultralow Power, Multistate 

Electrochromic Devices Based on 

Molecular Plasmonics 

Reproduced with permission from Stec, G.J.; Lauchner, A.; Cui, Y.; Nordlander, 

P.; Halas, N. J. Submitted. Copyright 2017 Corresponding journal that will be 

accepting this work.  

4.1 Introduction 

Electrochromic devices (ECDs) enable electrically controllable optical 

transmittance in applications including smart windows,
75

 antiglare mirrors
76

, and 

information displays.
77

 The electroactive component of these devices typically consists of 

inorganic films, polymers, or 4,4’-bipyridine derivatives (viologens).
78

  Polymers and 

viologens require complicated syntheses to produce a breadth of molecules to access a 

large variety of colors and only a small number of electrochromic inorganic species exist 
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(e.g., Prussian blue), thus limiting the range of colors they can provide. In contrast, a 

large variety of polycyclic aromatic hydrocarbons (PAHs) exist naturally and have 

recently been predicted and shown to support collective excitations
16,25,79

 highly sensitive 

to their charge state.
21

 Most neutral PAHs are colorless in the visible region of the 

spectrum due to their large HOMO-LUMO energy gaps. However, in their anionic and 

cationic charged states, they can exhibit vivid, colorful molecular plasmon resonances. 

Our recent experimental work demonstrates the broad spectrum of colors available by 

charging  PAHs electrochemically.
80

   

 

 
Figure 4.1 Multicolor Perylene electrochromic molecular plasmon device. a, Perylene is 

reversibly switched between royal blue, nearly colorless, and olive by application of -3.5 

V, 0 V, and +4 V at the ITO electrode. b, The observed colors are the result of anion 

(left) and cation (right) formation which exhibit highly polar induced charged densities in 

the visible regime. c, The electrochromic device consists of a perylene ion gel 

sandwiched between two transparent conducting layers (ITO on glass and platinum-frame 

on glass). 
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Figure 4.2 Multichromic perylene electrochromic device. Full images of the device with 

electrodes for the images from Figure 4.1. 

 

Here we report a multicolor ECD using perylene, a single PAH species, as the 

sole electroactive component within the device. The nearly colorless device is reversibly 

switched to royal blue or olive by application of a low (<5 V) negative or positive voltage 

polarity, respectively (Figure 4.1a, 4.2).  At the reduction (oxidation) potential of 

perylene, an electron (hole) is selectively injected to the PAH, enabling excitation of a 

plasmon upon exposure to light. From either excited state, removal of the applied voltage 

permits the device to return to its nearly colorless state which has a slightly yellow color 

due to the absorption of neutral perylene at the blue edge of the visible spectrum.  

 

 

4.2 Methods 

Ion Gel Preparation. These were dried under vacuum with stirring at 60°C for 

12 h then the ion gel was prepared via cosolvent evaporation with 2 mL anhydrous 

tetrahydrofuran (THF) (Sigma-Aldrich) from a high-pressure solvent purification system.  

This solution was stirred for 2-3 h under Ar gas after which the THF cosolvent was 
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removed at room temperature under vacuum.  The ion gel was then stored under vacuum 

and transferred into a N2 glove box.  

Device Fabrication. Glass microscope slides and ITO-coated glass (Sigma-

Aldrich, 8-12 Ω/sq) were cut to 1.25 x 1.5 cm and cleaned by 5 minutes sonication in 

each acetone followed by isopropyl alcohol.  Platinum-frame counter electrodes were 

fabricated by e-beam evaporation (60 nm platinum, with a 2 nm titanium adhesion layer) 

on glass. A 120 μm adhesive spacer layer (Grace Biolabs, SecureSeal) was placed around 

the perimeter of the platinum-frame to prevent electrical shorts and adhere the electrodes 

together during assembly. The following steps were performed inside a N2 glove box. A 

small amount of ion gel was dropcast onto the platinum-frame electrode, the ITO-coated 

glass was placed on top and pressed firmly to adhere it to the spacer layer. The two 

electrodes were offset so that each electrode had an exposed edge for electrical 

measurement contacts. The edges of the device were sealed with a dielectric gel (Dow 

Corning 3-4207) and then removed from the glove box for spectroelectrochemical 

measurements. 
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Figure 4.3 Cyclic Voltammogram. A two-electrode (Pt, ITO) cyclic voltammogram, and 

a 3-electrode (Pt, Pt, ITO) cyclic voltammogram for the perylene ion gel electrochromic 

device. For the 2-electrode device, the Pt-frame counter electrode serves as the reference. 

For the 3-electrode device, a 2nd Pt electrode on the same plane as the counter electrode 

serves as the reference. In both cases, ITO is the working electrode which is separated by 

the ion gel and double-sided tape/spacer (~140um thick) from the counter/reference 

electrodes. In the 3-electrode device, the ~3.3 V peak is not observed suggesting that it is 

actually reduction occurring at the counter-electrode in the 2-electrode measurement. The 

2-electrode potentials are reported relative to the Pt-counter electrode; this is consistent 

with the voltages reported within the body of the paper. The 3-electrode potentials are 

reported relative to a secondary Pt electrode on the same plane as the Pt-frame counter 

electrode but electrically isolated from it; the measured voltages have been shifted by 

0.25 V (to approximately match the 0 V position of the 2-electrode device) and doubled 

(to provide the “full cell” potential). 

-0.0006

-0.0005

-0.0004

-0.0003

-0.0002

-0.0001

0

0.0001

0.0002

0.0003

-0.006

-0.005

-0.004

-0.003

-0.002

-0.001

0

0.001

0.002

0.003

-4 -3 -2 -1 0 1 2 3 4 5

C
u

rr
e
n

t 
(A

) 

C
u

rr
e

n
t 

(A
) 

Voltage (V) 

3 electrode
device



68 
 

Spectroelectrochemical Measurements. All measurements were performed 

under ambient conditions.  The device electrodes were connected to a potentiostat using 

alligator clips, and the devices were tested in a two-electrode configuration wherein the 

ITO-coated glass served as the working electrode and platinum-frame served as both the 

counter and reference electrodes. The polarity and magnitude of the applied potential at 

the working electrode is measured relative to this counter electrode. Cyclic voltammetry 

was performed to identify the reduction and oxidation potentials of perylene relative to 

the counter/reference electrode of the device as shown in Figure 4.3. Switching cycles 

between open cell potential and potentials slightly greater in magnitude than perylene’s 

reduction and oxidation potentials were performed with concurrent absorbance 

measurements using a halogen lamp incident on the device and transmitted to a 

spectrometer. The devices were switched between -3.5 V (10 s) and 0 V (60 s) for five 

cycles, then between +4 V (10 s) and 0 V (60 s) for five cycles. The devices were 

switched alternating between these five-cycle anion and cation sets for a total of ten sets 

each. Coloration efficiencies were calculated from plots of absorbance versus the 

integrated current per electrode area (charge density) from the fifth cycle of the fifth set 

for both the anion and cation. Perylene anion switching endurance was measured over 

100 cycles by switching between -3.5 V (5 s) and 0 V (60 s). 

Theoretical Calculations. All theoretical calculations were performed using 

Gaussian 09.
81

 Induced charge densities were computed using Time Dependent Density 

Functional Theory (TDDFT) after full geometry optimizations for ground state in 

vacuum. The absorption spectra were calculated in the framework of the Franck-Condon 

(FC) principles
82,83

 upon TDDFT, which incorporates the interactions between the 



69 
 

vibrational levels of the ground state and the excited state. The hybrid B3LYP functional 

and the 6-31+G(d) basis set were used throughout all calculations, as also done in 

previous work.
84–86

 

 

4.3 Results  

To support charge transfer to and from perylene, the perylene molecules are 

dissolved in a conductive ion gel consisting of a room-temperature ionic liquid (RTIL) 

intercalated in a triblock copolymer, and this gel is laminated between two electrodes 

(Figure 4.1c). Charge transfer occurs at the working electrode of the device (Indium-Tin 

Oxide (ITO)-coated glass) by applying negative and positive electrical potentials greater 

than or equal to perylene’s reduction and oxidation potentials, respectively. A rectangular 

platinum frame around the device’s active area serves as the counter electrode and 

facilitates charge transfer through the device. Fabricating the platinum counter electrode 

as a frame around the perimeter of the device (Figure 4.1a) removes the complimentary 

redox process at the counter electrode from the optical path, so only the molecular 

plasmon resonance selectively formed at the ITO working electrode is observed.  

The use of an ion gel provides benefits over other similar conductive materials
43

 

for three main reasons.  First,  ion gels are free of organic solvents, so both hazardous 

evaporation of the solvent and the consequent decrease in conductivity, shortening device 

lifetime, are avoided.  Second, the small amount of dissolved electrolyte in solvent-based 

systems is replaced by an excess of RTIL in the ion gel, which allows for increased 

conductivity.  Third, ionic liquids possess larger electrochemical windows than organic 

solvents, which allow them to be subjected to larger electrical potentials  before 
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degrading, permitting the investigation of a wider array of charged states.
87

 The RTIL 1-

butyl-1-methylpyrrolidinium tris(pentafluoroethyl)trifluorophosphate (BMPL-FAP) was 

chosen for its large electrochemical window relative to other RTILs,
88

 and the aprotic 

BMPL cation prevents reaction between acidic protons and the perylene charged states. 

 
Figure 4.4 Reversibility of the multistate switching in a perylene electrochromic device. 

a, Absorbance intensity measured at 574 nm (the anion peak wavelength) and 530 nm 

(the cation peak wavelength). b, Absorbance spectra of the perylene device measured at 0 

V, +4 V, and -3.5 V. Dashed lines at 530 nm and 574 nm in (b) show the position used to 

report the absorbance in (a). c, Vibrationally resolved absorption spectra for neutral and 

charged perylene. 

 

 

Reversible multistate switching is achieved by switching between electric 

potentials of different polarity at magnitudes slightly greater than perylene’s reduction 

and oxidation potentials, -1.7 V and +1.35 V, respectively, which correspond to an 

applied device potential (full cell potential) of -3.4 and +2.7 V, respectively (Figure 4.4a). 

The device can alternate between the anion and cation states of perylene, each with their 

own visible molecular plasmon resonance (Figure 4.4b). The HOMO-LUMO transition 

of neutral perylene lies within the visible resulting in the slight deviation from a pure 

colorless device in the “off” device (Figure 4.4b).  Increasing the proportion of 

reduced/oxidized molecules in the “on” states would allow the use of a lower perylene 

concentration (and more colorless “off” state) to achieve the same absorbance in the “on” 
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state. As seen by the increasing baseline absorbance in successive switching cycles, 

notably for the 574 nm (anion) absorbance, the perylene ECD exhibits some optical 

memory. This is due to the relatively slow rate of anion diffusion back to the working 

electrode upon removal of the applied voltage, leaving some perylene still in the charged 

state before the device is switched back “on” after 60 s. The perylene cation exists both 

as a monomer with a peak at 530 nm and as a non-covalent dimer with a peak at 500 nm 

(Figure 4.4b), a well-known phenomenon for the perylene cation.
89

 The absorbance 

intensity during switching is plotted only at the peak wavelength of the cation monomer 

(530 nm), resulting in a much lower reported peak intensity for the positive polarity than 

for the negative.  Further, the efficiency of hole transfer across the ITO interface is rather 

poor
90

 which contributes to the cation’s lower coloration efficiency and resultant lower 

peak absorbance during the 10 s “on” cycle relative to the anion.  In Figure 4.4a we have 

shown only the wavelength of interest during the respective anion/cation switching 

cycles; the trace for the full set of reversible switching at each wavelength is shown in 

Figure 4.5. 
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Figure 4.5 Multistate switching in a perylene electrochromic device. Absorbance 

intensity measured at 574 nm (the anion peak wavelength) and 530 nm (the cation 

monomer peak wavelength), and 500 nm (the cation dimer peak wavelength) 

continuously through cycling of the three voltage states. 

 

Our assignment of the observed spectral peaks is supported by the calculated 

vibrationally resolved absorption spectra. This also confirms that the 500 nm peak is not 

related to the cation monomer and may indicate that the cation absorption could be as 

spectrally narrow as the anion if the monomer could be isolated. The calculated relative 

peak positions agree with experiments. The vibrationally resolved absorption spectra 

suggest strong molecular plasmon-phonon coupling
86

 in neutral perylene which appears 

to be weaker in charged molecules. A more detailed study on cation dimers is currently 

underway. 
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Figure 4.6 Mechanisms of coloration. a, Coloration efficiency of the electrochromic 

device upon injection of an electron (royal blue) or hole (olive) to perylene demonstrates 

two distinct coloration processes as demonstrated by the plot of absorbance vs. charge 

density. b, Schematic of adsorption-limited coloration: neutral perylene adsorbed onto 

ITO surface readily accepts a charge carrier, then diffuses away from electrode surface, 

resulting in a high coloration efficiency. c, Schematic of diffusion-limited coloration: 

neutral perylene in the ion gel may diffuse to the electrode and accept a charge carrier. 

 
 

The absolute absorption intensity of our perylene ECD is dependent upon both the 

perylene concentration and the gel thickness. A more useful parameter to characterize 
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and compare ECD performance is the coloration efficiency η, the amount of color change 

per charge consumed per unit area of the device.
91

 Some values of η in the literature 

relate coloration only to faradaic charge density (i.e., faradaic-corrected charge density),
92

 

but given the important role of the ion gel and our specific choice of ionic liquid, the η 

values we report include the total charge involved in switching the device “on” (e.g., 

charging of the electrical double layer). In other words, our measurements of coloration 

efficiency are dependent upon the particular ion gel used and the device geometry. 

Switching a device “on” shows two distinct, approximately linear regions in the 

absorbance as a function of charge density, where the two distinct slopes correspond to 

different η values (Figure 4.6a). These slopes, which are consistent over many switching 

cycles, indicate that there are two coloration processes that take place in the device. We 

attribute these processes to (1) an adsorption-limited coloration and (2) a diffusion-

limited coloration. In the adsorption-limited case, neutral perylene adsorbed on the ITO 

surface readily accepts a charge carrier on a fast timescale, thus limiting the amount of 

charge lost to the surrounding ion gel (i.e., through charging of the electrical double 

layer), resulting in a high η of 590 cm
2
/C (Figure 4.6b). In the diffusion-limited case, the 

relatively slow process of perylene diffusing through the ion gel before contacting the 

working electrode, where it accepts a charge carrier, permits further charge accumulation 

of the electrical double layer, resulting in a lower η of 290 cm
2
/C (Figure 4.6c). The 

adsorption- and diffusion-limited η values for the perylene cation are 140 and 40 cm
2
/C, 

respectively. These measurements suggest that fabricating a device with perylene 

adsorbed onto the electrode, rather than being dispersed into the ion gel, should increase 

the overall coloration efficiency of the device. 
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By taking the weighted average of η for these two processes (weighted according 

to the amount of charge consumed for each process relative to the total charge consumed 

during a device on/off cycle), the overall coloration efficiency ηaverage for each state can 

be determined and compared to other ECDs. The ηaverage for the perylene anion is 350 

cm
2
/C, and the ηaverage for the cation is 60 cm

2
/C. In particular, ηaverage for the perylene 

anion is much higher than many other non-faradaic corrected η values for other small-

molecule organic ECDs. For example, viologen-based ECDs using ion gels exhibit η 

values ranging from 78 to 155 cm
2
/C,

93
 solution-phase viologen-based ECDs have been 

reported with an η of 169 cm
2
/C,

94
 and a viologen/polymer-hybrid ECD reported a 

maximum of 172 cm
2
/C.

95
 Values for η as high as 279 cm

2
/C have been reported in 

similar devices using solvent-based polymer gel electrolytes. 
96

 However, such devices 

are problematic due to their reliance on organic solvents with non-negligible vapor 

pressures whose evaporation over time results in the degradation of the electrochromic 

layer, a problem not present in our ion-gel-based devices.  Our reported coloration 

efficiency is also higher than that of recent inorganic-film ECDs
97,98

 and comparable to 

some polymer-based ECDs
99,100

 though at least a few of these have shown exceptionally 

high values.
101

  

By integrating the product of potential and current with respect to time, the 

average power was extracted and normalized to the device area to estimate the average 

power density required to switch the device “on” and “off.” These devices exhibit an 

average power density of ~115 μW/cm
2
 for the perylene anion, placing them in the same 

class as other ultralow-power display technologies.
102

 Although these devices fall within 

the overall class of ultralow-power displays, these perylene devices exhibit an average 
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power density that is an order of magnitude less than liquid crystal and e-paper displays 

which also qualify as ultralow-power displays,
93

 providing a further advantage of 

molecular plasmon ECDs. 

 
Figure 4.7 Cycling endurance of the anion colorless-to-royal blue switching. a, 

Absorbance measured at 574 nm while cycling between -3.5 V (5 s) and 0 V (60 s). 

Anion and neutral spectra during/after the b, 1st cycle and c, 100th cycle. 
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Figure 4.8 Cycling Behavior. a, The measured absorbance at 574 nm as a function of 

time for 4 switching cycles at -3.5 V. b, the “on” state spectrum recorded at t = 5 seconds 

for each cycle (at -3.5 V, just before switching off). c, the “off” state spectrum recorded 

at t = 65 seconds for each cycle (at 0 V, just before switching on the next cycle). The 

consistency of the “off” spectra and their similarity to the “on” spectra demonstrates that 

no byproduct signal has been unintentionally subtracted from Figure 4.7. 
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The device also maintains its optical characteristics for at least 100 switching 

cycles (Figure 4.7a), after which the observed spectrum of the colored and bleached 

states are essentially identical to those recorded during the first cycle.  Further, the 

coloration turn-on time is nearly identical between the first (Figure 4.7b) and last (Figure 

4.7c) cycles.  Only the bleaching turn-off time becomes slower with subsequent cycling, 

which we again attribute primarily to the optical memory effect of the stable, slowly 

diffusing perylene anion. The optical memory has been subtracted from each switching 

cycle in post-processing so that each cycle shown in Figure 4.7a would start from zero 

absorbance.   The uncorrected switching spectra are shown in Figure 4.8, confirming that 

only the optical memory of the anion state has been removed and no chemical byproducts 

have been formed. 

Our demonstration of a multicolor ECD based on perylene molecular plasmons 

appears to be the first demonstration of polarity-dependent reversible multichromism in 

an ECD.  This device is novel for its polymer-independent small-molecule 

electrochromism, its straightforward, single-layer device design, and its robust endurance 

through >100 switching cycles. Our device exhibits a very high η compared to similar 

small-molecule organic ECDs and other ion-gel-based devices. Both the high efficiencies 

and the operating voltages identify this type of device as a new, ultralow-power device 

made of standard, easy-to-obtain molecules.  Perylene is but a single member of a large 

family of PAHs shown or predicted to possess multiple charge-dependent molecular 

plasmonic responses, enabling a wide range of device colors without the need for 

extensive synthetic modification.  We envision that PAH molecular plasmonic devices 
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could have widespread practical uses, as unique, multicolor smart windows and in other 

colorful, ultralow power display technologies. 
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Chapter 6 

Conclusions 

The plasmonic properties of graphene in the limit of extremely small dimensions 

– polycyclic aromatic hydrocarbon (PAH) molecules – have been demonstrated in this 

thesis. We experimentally observe the existence of molecular plasmon resonances in the 

visible for charged PAHs, which we reversibly switch by adding, then removing, a single 

electron from the molecule. Theoretically we investigate the rich, highly structured 

spectral features in the PAH absorption spectra due to the coupling of the molecular 

plasmons with the vibrations of the molecule. We examine this molecular plasmon-

phonon interaction using a quantum mechanical approach based on the Franck-Condon 

approximation together with Time-dependent density functional theory. An independent 

boson model is derived and implemented to describe the complex features of the PAH 

absorption spectra, yielding an analytical and semi-quantitative description of their 

spectra features. This investigation provides an initial insight into the coupling of 

fundamental excitations – plasmons and phonons – in molecules. 

Finally, we present a low-voltage, multistate electrochromic device based on PAH 

plasmon resonances, which exhibits highly efficient color change compared to 

electrochromic polymers or metal oxides, lower power consumption than liquid crystals 

or e-paper. This work demonstrates the potential of PAH molecular plasmonics for the 
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development of active color-switching applications, such as smart windows, walls, even 

vehicles and sunglasses. 
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