




Abstract 

Doped graphene supports surface plasmons in the mid- to far-infrared that are both electrically 

and spatially tunable. Graphene has been shown to enable greater spatial confinement of the plasmon 

and fewer losses than typical noble metals.  Reduced-dimensional  graphene structures, including 

nanoribbons, nanodisks, and other allotropes including carbon nanotubes exhibit higher frequency 

plasmons  throughout the mid- and near-infrared regimes due to additional electronic confinement of the 

electrons to smaller length scales.  Recent theoretical predictions have suggested that further spatial 

confinement to dimensions of only a few nanometers (containing only a few hundred atoms) would 

result in a near-infrared plasmon resonance remarkably sensitive to the addition of single charge 

carriers. At the extreme limit of quantum confinement, picoscale graphene structures known as 

Polycyclic Aromatic Hydrocarbons (PAHs) containing only a few dozen atoms should possess a 

plasmon resonance fully switched on by the addition or removal of a single electron.  

This thesis reports the experimental realization of plasmon resonances in PAHs with the addition 

of a single electron to the neutral molecule.  Charged PAHs are observed to support intense absorption 

in the visible regime with geometrical tunability analogous to plasmonic resonances of much larger 

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

electrochemical cell with optical access was designed, where current is passed through a nonaqueous 

electrolyte solution that contains a known concentration of PAH molecules.  In contrast to larger 

graphene nanostructures, the PAH absorption spectra possess a rich and complex fine structure that we 

attribute to the coupling between the molecular plasmon and the vibrational modes of the molecules.  

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, even vehicles, a practical technology. 
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1. Introduction 

 

Optically induced coherent oscillations of electrons, known as plasmons, confine light to 

dimensions substantially below the diffraction limit and produce large near-field enhancements with 

impressive geometrical tunability in various nanoscale morphologies.
1
  An increasing body of literature 

exists for the application of plasmonic systems.  Though such systems have many properties useful in 

optoelectronics an as-yet developed property is the ability to significantly modify a plasmon electrically; 

and certainly, no structure is known which can turn on and off their plasmonic resonance in response to 

external electrical stimulation.  It is this need which has acted as the primary motivation for our 

research.  And graphene has been our jumping off point since it has so far seen the most dynamic 

response to electrical stimulation. 

 

Graphene has recently surfaced as an outstanding material for supporting surface plasmons. 

Graphene nanoribbons have been shown to possess surface plasmons in the far-infrared region of the 

spectrum. Lithographically defined graphene nanodisks possess tunable surface plasmons in the mid-

infrared spectral range that can be achieved by electrical or optical doping.
2,3

 However, many promising 

applications of plasmonics exploit the visible and near-infrared regions of the spectrum, such as 

sensing
4,5

, on-chip communications
6
, even photocatalysis.

7
 This motivates us to reduce the dimensions 

of graphene even further, well below the nanoscale limits of fabrication methods such as electron beam 

lithography, to access this region of the spectrum.  While beyond the limit of even the most high 

precision top-down fabrication methods, this length scale is naturally commensurate with that of 

polycyclic aromatic molecules, which can be easily and modestly obtained in extremely high purity. As 

neutral molecules, polycyclic aromatic hydrocarbons (PAHs) possess large energy gaps rendering most 



transparent in the visible region of the spectrum. Aromatic molecules possess overlapping pi orbitals, 

which support their remarkable chemical stability, resulting in a delocalized valence electron ring above 

and below the planar six-member benzene ring.   If this repeat unit is extended to an infinite lattice of 

hexagonally packed rings, the extended population of delocalized electrons would recover the well-

known band structure of graphene.   However, as a discrete molecule, with the addition or removal of 

one or more electrons, a PAH molecule is predicted to support visible molecular plasmons due to its 

highly polar induced charge and dependence on the strength of the electron-electron interaction 
8–10

.  

The addition of a single electron to the molecule allows the PAHs to support this low-energy collective 

electron resonance. 

The identification of a general class of plasmonic excitations in ultra-small graphene permits us 

to extend the versatility of graphene plasmonics into the visible and ultraviolet. Thus, graphene emerges 

as a robust, novel platform for light modulation and photonic devices over a remarkably broad spectrum, 

from the infrared to the ultraviolet.  

1.1. Molecular Plasmons 

 

The archetypal plasmonic system, noble metal nanoparticles, contain 100s of thousands of 

metallic atoms, each typically contributing one or more electrons to the total valence band.  Within this 

picture, it is straightforward to envision the large negative charge cloud oscillating against the periodic 

potential defined by the metal ion cores and this is the cartoon typically drawn to illustrate the concept 

of a plasmon in a nanoparticle. Small PAHs, however, represent a fascinating system for investigating 

the limits of what can be considered “a plasmon” since the finite nature of their molecular structure 

results in a conceptual breakdown of the “periodic potential” we normally assume for plasmons.  Yet, as 



both the smallest examples of graphene and also as robust molecules on which to perform further 

chemistry, PAHs represent an ideal “jumping off” point for the application of molecular plasmonics to 

more complex and more exciting systems.  The degree to which the resonances on small PAHs can be 

considered plasmons will determine how much of the increasingly well-developed tools of plasmonic 

device engineering could be applied to these families of molecules and how effectively these molecules 

can be considered for new applications.  

 

Insights from recent TDDFT
9,11,12

, and RPA
10,13,14

 theoretical work implies that molecular-scale 

systems support some excitation modes which are indeed collective in nature. Guidez et al. have used 

TDDFT to examine the 2-6 ringed linear PAHs and observe that the UV resonances (in the 4-6 eV 

range) of the neutral molecules are plasmonic.  In contrast to the other approaches, Bursi et al. focused 

on the electric field enhancement produced by optical resonances on molecules.  Within their definition, 

the optical resonances which interfere constructively to produce strong field enhancements are those 

which are most plasmonic in nature concluding, in agreement with Guidez, that the 4-6 eV excitations 

should be considered “molecular plasmons” even though the total field enhancement near a single 

molecule is “rather small and decreases when the size of the system is increased.”
11

  These resonances 

are analogous to the high energy plasmons in graphene/fullerenes (~5 eV).  Interestingly, Krauter et al. 

use RPA to compare molecule plasmons with the proto-typical plasmon consisting of oscillations in a 

homogeneous electron gas.  They found a class of excitations for which multiple individual electron-

hole pairs with the same momentum transfer share the energy of an incident photon resulting in a 

coherent superposition of these states.  Considered together, these theoretical insights develop the 

description of a “molecular plasmon”, particularly as a collective electronic effect, being supported by 

two primary features: 



 

1. The strong dependence on the electron-electron interaction strength (of the appearance and 

energy dependence for the set of resonances)  

2. The superposition of many elementary charge excitations (particularly with the same 

momentum transfer)  

 

A ramification of these characteristics is the highly polar nature of the induced charge distribution upon 

excitation which is consistent with the quintessential illustration of a localized plasmon in nanoscale 

particles.  These descriptions lead to the specific result predicted by Manjavacas et al. (2013) that 

charged PAH molecules possess a set of molecular plasmon resonances that are remarkably sensitive to 

their charge state.  This result has yet to be experimentally validated and it is thus the primary goal of 

this thesis to report the observation and characterization of molecular plasmons in PAHs. 

2. Spectroelectrochemical Observation of Molecular Plasmons 

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

with optical access was designed, where current is passed through a nonaqueous electrolyte solution that 

contains a known concentration of PAH molecules.  This setup enables concerted UV-Vis transmission 

measurements and electrochemical measurements.  We use the results obtained with this method as 

evidence of several plasmon-like behaviors of charged PAHs (passive tunability with shape, size, and 

dielectric environment) as well as to probe their active tunability and examine potential applications of 

molecular plasmons in electrochromic switching.  This is illustrated in Figure 1a, 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 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. 

 



 

PAH molecules are 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 current to and from an auxiliary electrode and 

measured relative to an Ag wire pseudo-reference electrode.  The addition and removal of an electron to 

the molecule is confirmed by the observation of reduction and re-oxidation peaks in a cyclic 

voltammogram.
15

 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 x 1 cm electrode, making the spectral changes easily 

observable to the naked eye.   

A three electrode measurement is taken using platinum mesh working- and counter-electrodes 

with a Ag-wire pseudo-reference electrode.  Three electrode electrochemical measurements establish an 

applied voltage difference between the working electrode and counter electrode.  This voltage difference 

is measured and actively maintained via a feedback loop between the working electrode and the 

reference electrode.  The “working” electrode hosts the reaction or process of interest (and traditionally 

in electrochemistry may have been composed of a material intentionally designed to react 

electrochemically) and the reference and counter electrodes are typically assumed to be 

electrochemically inert and highly conductive.  In our case, the working electrode is also 

electrochemically inert since we are concerned only with the electron-transfer process at the PAH 

molecule.   Our working electrode has the added requirement of being transparent, or nearly transparent, 

since we are probing the electron-transfer process optically.  We initially used Indium-doped Tin Oxide 

(ITO) from Delta Technologies, 15-25 W, but found that at the low voltages necessary for reduction of 



many of the test PAHs (below approximately -2.5 V) the ITO breaks down in the solvent resulting in a 

brown hue on the electrode, compromising the spectral signal from the PAHs.  Pt-mesh electrodes have 

showed no indication of reduction to -4.5V.  Further, the mesh provides significantly more surface area 

for electron transfer than did the single sided ITO electrode such that we are able to observe 

significantly higher S/N using the Pt-mesh. 

Ag wire was used to prevent side reactions from occurring between PAHs 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 (Fc/Fc+). All reduction potentials are reported relative to this value.  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.   The spectroelectrochemical cell utilizes a quartz optical cell capped with 

polydimethylsiloxane (PDMS) so as to make an air-tight seal.  The electrode wires are stuck through the 

PDMS and two needles are used as flow-ports for flowing Ar through the cell in between 

electrochemical measurements. 



Figure 2: Spectroelectrochemistry. (left) 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.  (right) 

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). 

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 

dimethylsulfoxide 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 (tetra butyl 

ammonium perchlorate, TBAP), unless otherwise noted.  All solutions were prepared, stored, and 

transferred under inert (N2 or Ar gas) conditions.  The dryness of the solvents and precursors during the 

reduction is critical to avoid the creation of side-products since radical anions can be very reactive in the 

presence of water and oxygen; many of these side-products also have absorption bands in the visible 

thus “contaminating” our desired spectral measurement.  As an added benefit of having very dry 

solvents, we have seen that the anions can remain quite stable in solution for many seconds (sometimes 

even minutes) after the voltage has been removed.   

Fortunately, many organic solvents are capable of dissolving PAHs and are largely transparent in 

the visible regime, however several considerations limit the number of useful solvents for molecular 

plasmons investigations including structure, permittivity, viscosity, and absorbance.  In general, protic 

solvents (those containing a hydroxyl or amine group) should be avoided since these groups readily 

donate H+ to anions resulting in unwanted byproducts.  Solvents with a high relative permittivity (εr  

10) favor dissociation of the supporting electrolyte which results in decreased resistance of the solution. 

Low viscosity enables faster mass transport of ions enabling quicker, more dense optical response since 

the rate and number of anions are both highly dependent upon the ion diffusion at the electrode. Final 

the electrochemical window of many solvents is well defined, being the range within which the solvent 

is known not to reduce or oxidize. Many organic solvents have a UV-cutoff (that is, the wavelength 

below which the solvent becomes highly absorbing) between 350 nm and 400 nm making them ideal for 

many of the small PAHs which exhibit their molecular plasmon in the visible and NIR.   For some 



experiments, however, we desire to simultaneously observe the onset of the molecular plasmon with the 

shift of the energy of the primary electronic transition (in the near-UV); for these measurements lower 

UV-cutoff is much more important. 

2.1. PAH Molecular Plasmon Spectra 

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

Tetrahydrafuran (THF) were measured in their neutral and negatively charged states (Figure 3). These 

molecules have well-known electronic absorption bands in the near-UV corresponding to HOMO-

LUMO transitions
16

; the linear four-ring molecules, tetracene and tetraphene, have comparably 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 creates a negatively-charged radical anion and a dramatic 

color change, corresponding to the excitation of the visible frequency molecular plasmon resonance.  

The observed resonance energies for both the neutral and charged molecules are in agreement with the 

transition energies calculated by Time-Dependent Density Functional Theory (TDDFT).
8
  



 

Figure 3: Electrical tunability of visible light absorption in PAHs. Five different PAHs were studied 

(from top to bottom): anthracene, phenanthrene, tetracene, tetraphene, and triphenylene. All solutions 

contain 5mM PAH in THF with 500 mM supporting electrolyte. (a) Visible images of the PAH solution 

in the neutral state (left, grey borders) and -1 charge state (right, colored borders) for each molecule. (b) 

Measured absorption spectra for the neutral (grey) and -1 charge-state (colored) PAH molecules. (c) 

TDDFT calculated spectra for the PAH molecules in THF. 

 



The shape of the absorption band in tetracene above ~ 2.75 eV in Figure 3b was unreliable due to 

the concentration of the neutral solution.  The HOMO-LUMO transition is strongly absorbing, resulting 

in low transmission at that energy for a 5mM solution with a 10mm topical path length and a weak, 

noisy signal for the anion when the neutral spectrum was subtracted from the total measured spectrum. 

Also, the apparent discrepancy between the heights of the neutral and anion peaks for tetracene 

compared to theory is due to the differences in concentration between the anion and the neutral molecule 

(concentration of  anion was much lower than the concentration of the neutral molecule).  The diffusion 

length around the electrode is much less than the 10mm optical path length; thus, even when the 

electrode was saturated with charged molecules, only a small fraction of the total molecules along the 

optical path were charged. 

The measured reduction potential for the tested molecules is consistently in agreement with 

previously reported experimental values
17

 as well as predicted reduction potentials and the single 

electron affinity calculated using Density Functional Theory (DFT). For example, reduction and re-

oxidation occur at approximately -2.4 V and -1.2 V, respectively, for anthracene in THF; the theoretical 

reduction potential for this molecule and solvent combination is -2.08 V.  The electrochemical potential 

ranges accessible in many organic solvents readily support the reduction of small PAHs and the 

observation of their (-1) molecular plasmon.  Anthracene’s electron affinity, for example, was calculated 

to be between -2.0 V and -2.4 V for the solvents reported in Figure 5.  Our calculations also reveal the 

limitations of typical electrodes and organic solvents for the -2 reduction state, which are on the order of 

-2.9 V for THF and -3.75 V for DMF.  Few organic solvents support positive potentials greater than 3 V.  

Negative potentials as low as -4 V can be accessible with some organic solvents, but electrode damage 

and solution impurities render further extension of this potential range a substantial experimental 

challenge.  



 

2.2. Cross Section and Switching Endurance  

In addition to cyclic voltammetry measurements, we have made a series of measurements 

wherein a constant voltage is applied for some amount of time (chronoabsorptometry in 

electrochemistry parlance), during which we measure the resulting current and optical absorbance.  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).  This is true for 

planar electrodes, so we for these measurements, we use ITO-covered glass slide (Delta Technologies, 

15-25W) as the working electrode.  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
18

:   

 

 Molar absorptivity, 1/(M cm) 

 

= Diffusion Coefficient, cm
2
/s 

 

 



We used the diffusion coefficient calculated from the measured current over the same time 

period as the absorption measure so that, as expected, the diffusion constant remained uniform over the 

calculation region.  The molar absorptivity of neutral and charged anthracene was obtained of solutions 

in DMF with 100 mM TBAP as the supporting electrolyte.   

The molar absorptivity obtained using this approach is nominally 3,500 M
-1

 cm
-1

, translating to 

an absorption cross-section of 0.0006 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 ~360 nm.  

Several sources of experimental error, such as lack of a well-modeled, highly planar electrode, could 

result in an increase of this value by nominally a factor of 2.  Incidentally, the measured absorption 

cross-section turns out to be lower than previous theoretical predictions, which were based on the 

absorptivity of extended graphene, which is clearly much smaller than the absorptivity observed for 

PAHs.  

Using a similar procedure, we have repeatedly applied a series of voltages to switch the 

molecular plasmon resonance on and off over an extended period of time to examine its endurance.  

These results are shown below.  Note that in an electrochemical cell, the charge injection process is 

dominated by molecular diffusion
15

 within the solution and thus the optoelectronic response of such 

system will be very slow compared to speeds which could be achieved is solid-state systems. 



 

Figure 4: Plasmon switching endurance in electrochemical cell. A 10 mM Anthracene 

solution (in THF, 500 mM TBAP) was monitored spectroscopically during alternating applied voltages 

of -2.6 V for 3s and 0.4 V (vs. Fc/Fc+) for 20 seconds, over the course of 30 minutes.  The differential 

absorbance during this period is plotted as measured at 1.71 eV (i.e., at the peak resonance of the 

molecule plasmon in Anthracene).  

2.3. Passive Plasmonic Tunability 

Since the resonant frequencies of metallic surface plasmons are well known to be highly 

sensitive to size, shape, and surrounding dielectric environment, we examined this “passive tunability” 

in molecular plasmons (Figure 5).  Here we refer to passive tunability as the ability to tune the plasmon 

LSPR during design/fabrication by choice of materials and construction; this is contrasted with the 



“active tunability” we present in this paper by the electrical switching of the molecular plasmon.  The 

molecular plasmon resonances redshift with increasing molecule length from ~1.05 nm (anthracene; 

absorption peak at 724 nm) to ~1.16 nm (tetracene, absorption peak at 813 nm) (Figure 5a, c).  This 

correlation is a direct analog to the nearly-linear relationship between metal nanorod length and plasmon 

wavelength.
19

  We also observed a linear redshift with increasing index of refraction of the surrounding 

environment.
20

 Spectra of the negatively-charged PAHs were recorded for solutions in a series of 

organic solvents with increasing indices of refraction (Figure 5b, 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 (dimethylsulfoxide, 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 5a and 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 ring molecules (C5H5N), and which possess substantial vibrational 

mode overlap with the plasmonic molecules.    

 



 

Figure 5: Tunability of the molecular plasmon. (a,b) The peak energy of the plasmon resonance can 

be redshifted by increasing the dielectric constant of the environment. (b,d) The peak energy of the 

leading spectral maximum in (a) and (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). 

 

It is worth noting here that molecular absorption resonances have long been known to be shift in 

dielectric environments
21

.  However, due to the sensitivity of plasmonic resonances we had proposed 



that a “plasmonic resonance” may display a greater shift than a “non-plasmonic resonance”. To 

investigate this, we modified our spectroelectrochemical setup by adding a UV light source (Energetiq 

laser-driven light source), a nitrogen purge box (to minimize UV absorption from oxygen and minimize 

ozone production), and a thinner optical cell so that we could monitor the homo-lumo resonance (~3.5 

eV) and the anion resonance (~1.7 eV) simultaneously. Unfortunately, the three resonances (the 

molecule plasmon resonance for the charged molecule, the homo-lumo resonance for the charged 

molecule, and the homo-lumo resonance for the neutral molecule) all displayed approximately the same 

shift with dielectric environment.  

 



Figure 6: Resonance shift. The resonance of three anthracene peaks (top-to-bottom: anthracene anion 

homo-lumo, anthracene anion molecular plasmon, and neutral anthracene homo-lumo) in two solvents 

(THF, and Pyridine) of differing index of refraction. 

 

2.4. Concentration effects 

The concentration of the electrolyte is considerably higher than the concentration of the analyte.  

To avoid potential issues this could cause we used an electrolyte (TBAP) which is commonly used in the 

non-aqueous electrochemistry literature as being resistant to reduction, highly soluble, and have no 

spectral resonances in the visible.  However, to ensure that the concentration of the electrolyte (and to a 

lesser extent, the analyte) do not significantly impact the results, we have performed a series of 

measurements are different concentrations as shown in the figure below.  Note that the figures present 

the normalized spectra even though, as would be expected, the measured absorbance intensity decreases 

significantly at low concentrations of either the analyte or the electrolyte; in particular, a 0.5 mM 

anthracene solution was attempted but it had no observable absorbance. 

 All measurable concentrations yield nearly identical results (with the exception of absolute 

intensity).  We do see, however, a very slight blueshift at the highest electrolyte concentrations.   This is 

due to the fact that large-molecule electrolytes (e.g. TBAP) dissociate in solution into the cation (C4H9) 

4N
+
 and anion ClO4

-
 which associate with solvent molecules.  The associated solvent molecules thus 

become unavailable for association with PAH molecules resulting in an increase in the average effective 

distance between a PAH molecule and solvent molecule, yielding a decrease in the net potential induced 

on the PAH.  This is similar to the effect of using a solvent with a lower dipole moment, D, which 

frequently results in a blueshift of the expected spectrum. 

 



 Figure 7: Electrolyte Concentration. The electrolyte concentration was varied from 5mM to 

1,000 mM at constant Anthracene concentration (in DMF).  While the system response is slightly slower 

at lower electrolyte concentration, the energy of the peak resonance redshifts only very slightly with 

increasing concentration. 

 



 

Figure 8: Analyte Concentration. The absorption spectrum was obtained for anthracene 

solutions at 5 mM and 50 mM concentration with constant electrolyte concentration (in DMF).  A 0.5 

mM solution was also prepared and tested but the concentration was too long to detect any absorption 

signal. 

 

2.5. Previous Experimental Evidence 

 

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

been interpreted within the realm of molecular orbital theory
23–25

.  The spectra we observe are consistent 

with the previous literature confirming that the molecular plasmon is switched on by the addition of a 

single electron to the molecule, validating a radically new understanding of plasmons encompassing 

molecular-size systems.   
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In the late 1950s, several groups reacted alkali metals (primarily Na) with PAHs, forming 

conjugated radicals (in which most of the Na charge is held by the PAH), to investigate their electronic 

spectra using UV-Vis spectroscopy
22,23

.  With remarkable effort toward the purity and dryness of the test 

apparatus and constituents they were able to observe the anion and dianion for many PAHs including 

anthracene.  Subsequently, a significant amount of experimental theoretical effort was expended to 

assign these observed resonances to molecular energy levels
22,24–26

.  It is of particular interest to note 

that although many MO-based semiempirical calculations were able to approximate the resonances of 

aromatic radicals, several studies noted that the agreement of these approaches was much better for the 

neutral molecule HOMO-LUMO resonances than for the radical anions
26,27

. It is also noteworthy from 

the early theoretical calculations that various methods differed in their precise assignment of energy 

levels to the observed spectra
28

. 

Our first experimental attempts at charge transfer into the molecule employed the same basic 

approach used in early literature.  After drying the components, we dissolved the PAH in organic solvent 

and added an excess of sodium.  After stirring for 5-20 minutes, the sodium would dissolve and 

conjugate with the PAH changing the color of the solution from transparent to the observed color of the 

anions (e.g. blue for anthracene).  Spectra of the solution was subsequently taken in the UV-Vis 

spectrometer (Cary).   The figure below shows (a) the Na-Anthracene signal compared to the 

electrochemical anthracene anion spectrum and (b) the anthracene anion signal reported by Hoijtink et 

al. While this method was adequate, we found that exceptionally dry starting components were required 

to maintain the anion.  Even then, very small amounts of air leakage into the cuvette would cause the 

anion to “crash out”. 
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Figure 9.  Comparison of Experimental Spectra. (left) One of the first reports of the anthracene anion 

absorption spectrum as measured in a solution of anthracene and Na.
22

  Absorbance (reported as ε/σ; the 

integral of which is proportional the dipole strength) plotted against the wave number, σ (1 Kilo Kaiser, 

kK = 1000 cm
-1

).  (right) Absorption spectrum of liquid solution of anthracene in DMF with excess Na 

(blue curve) illustrating that it is qualitatively similar to the spectrum observed by pervious experiments 

(left) and to the spectra later observed by us using electrochemical reduction (red dash curve, right) 

3. Plasmon-Phonon Coupling 

In contrast to larger graphene nanostructures, the PAH absorption spectra possess a rich and 

complex fine structure. A series of nearly equally spaced peaks is observable in virtually all molecules 

studied, that we attribute to the coupling between the molecular plasmon and the vibrational modes of 

the molecules. This hypothesis is well supported by theoretical calculations of the vibrationally-resolved 

absorption spectrum (Figure 10), and presents an excellent agreement with the structure of the 



experimentally measured molecular plasmon resonances for anthracene and tetracene. The vibrationally 

resolved spectra take into account only the strongest transition peak for each molecule (within the region 

considered), which is determined from the theoretical results to be the longitudinal mode.  However, as 

seen in Figure 3, both anthracene and tetracene possess additional weaker peaks (transverse modes) 

within ~0.5 eV or less of the strongest peak.  We would expect the addition of these additional peaks 

and their vibrational spectra to further improve the agreement between theory and experiment.  

 



Figure 10. 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. 

 

Vibrational modes of molecules and phonon modes of bulk or surface structures are both 

manifestations of the interatomic forces binding molecules/lattices together.  Thus, it is reasonable to 

consider the vibrational mode resolution as plasmon-phonon coupling.  In large structures (such as metal 

nanoparticles) the plasmon-phonon coupling is miniscule due to the momentum mismatch and the 

phonon modes therefor interact most strongly as a relaxation component after plasmon dephasing
29

.  

However, it has recently been shown that as the size of structure is decreased, plasmon-phonon coupling 

does indeed result in splitting of the energy levels resulting in the fine spectral features observed in UV-

Vis spectroscopy of small plasmonic structures such graphene nanodots
30

. 

All theoretical calculations were performed using Gaussian 09.
31

 We performed Density Functional 

Theory (DFT) calculations to optimize the molecular geometry and calculated the ground state 

properties (e.g. electron affinity, vibrational modes). We used the hybrid B3LYP functional, which is 

known to produce accurate results for PAH molecules
32,33

, and the 6-31+G(d) basis set consisting of a 

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

functions for the carbon atoms. The absorption spectra and the induced charge density distributions were 

obtained using Time-Dependent Density Functional Theory (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 (PCM).
31

 The vibrationally-resolved absorption spectra were calculated 

following the procedure developed by Bloino et al.
34

, which relies on the Franck-Condon principle
35,36

 to 



obtain the strength of the transitions between the vibrational levels of the ground and the excited 

electronic states. 

4. Electrochromic Device 

 

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 11a.  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 11b-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 have seen that reasonable 

attempts to reduce water content and impurities can significantly improve this performance. 

Improvements to the conductive polymer
37

 and electrodes
38

 should result in further improvements in 

transmission, cycling endurance, and switching speed.  

 



 

Figure 11: 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 ~1cm x 1cm. The white spot in the middle is from 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. 

 



 

Figure 12: Comparison of solution-state and gel device molecular plasmon spectra.  

Normalized absorption spectra of the anthracene anion molecular plasmon as recorded in solution with 

the electrochemical cell (blue curve) and the ITO-anthracene gel-ITO device. 

5. Summary and Conclusion 

Not only do our experimental observations confirm earlier predictions of molecular plasmons
8
, 

they also establish this system as a stable medium that is switchable between transparency and vivid 

absorption at safe, easily accessible voltages. Because this dramatic change in optical absorption is 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.
39

 We have established the robust plasmon-like properties of PAH molecular plasmons and have 



shown that the observed signal agrees with theory. Finally, a proof-of-principle electrochromic device 

was prepared which demonstrates the potential of the switchable molecular plasmon. 

Unlike other better-known but far slower electrochromic mechanisms, devices based on 

switchable molecular plasmons could ultimately find use as 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 applications, such as smart windows or full-color-switchable, “active” 

structures, such as architectural elements, even objects such as vehicles or consumer products, a 

practical technology. 
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