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ABSTRACT  

Recent theoretical and experimental work has shown that polycyclic aromatic hydrocarbons 

(PAHs), a sub-nanometer, hydrogen passivated graphene-like system, can support a collective 

electron resonance, like a plasmon, with the addition or removal of at least a single electron. 

Here we more directly probe the plasmonic nature of these systems by taking excited state 

lifetime measurements of three molecular plasmon systems: the anion states of anthanthrene, 

benzo[ghi]perylene, and perylene. These systems exhibit, at minimum, bi-exponential ultrafast 

decay dynamics, both on picosecond timescales (orders of magnitude faster than typical single 

electron molecular excitations). The two components of the decay are attributed to the molecular 

plasmon dephasing and the vibrational relaxation of the molecule. One candidate, 

benzo[ghi]perylene, also exhibits an incomplete ground state recovery, shown to be a long-term 

lifetime, and attributed to lower excited state fluorescence. In total, this work explores the 

ultrafast dynamics of the molecular plasmon system and illuminates the distinction of molecular 

plasmons from single excitation systems, and emphasizes their similarity to other plasmonic 

materials, like metals and graphene. 
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1. INTRODUCTION 

An emerging area of interest in the field of plasmonics is molecular plasmons1-4,23,24. Recently, 

Polycyclic Aromatic Hydrocarbons (PAHs) have been predicted to support collective 

excitations1-3 with the addition or removal of an electron and experimental studies into the 

properties of such systems have supported this by demonstrating plasmon-like behavior in 

charged PAHs4. The objective of this paper is to further investigate the characteristics of the 

collective excitations of these systems via their excited state dynamics in order to better 

understand their fundamental behaviors and how they compare and contrast with traditional 

plasmonic and excitonic (single electron) systems. The ultimate goal of this line of research is to 

fully investigate and map the excitation and subsequent decay pathways for molecular plasmons 

in order to probe the nature of collective systems and help further define the limits of what 

makes a plasmon. 

 1.1 What is a Plasmon? 

The traditional definition of a plasmon is generally given as the collective, coherent 

oscillation of the conduction band electron density. Typically, light is used as the driving source 

of the resonance, but an electron beam, such as in electron energy loss spectroscopy (EELS) can 

also excite plasmon modes. A plasmon can also be excited via a coupled system, such as a 

plasmon-exciton hybrid, wherein the excitation of the exciton can also drive the plasmon and 

vice versa5. In the case of photoexcitation, a light wave comes in and irradiates the particle. The 

external E-field drives the electron cloud to one end of the nanoparticle as shown in Figure 1. 
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Figure 1. Simplified picture of a metallic plasmon excited by a resonant light wave. The 

incident irradiating EM wave induces a charge separation of the conduction band electrons (blue) 

on the surface of the metallic nanoparticle (gold). This charge separation coherently oscillates in 

time with the propagating E-field (red curve), and persists even after the E-field stops. This 

coherent oscillation of electrons in the nanoparticle is known as a localized surface plasmon 

resonance. 

 

As time progresses, the electric field of the light oscillates, reversing the direction of its 

exciting E-field on the particle. Likewise, the electron cloud of the particle also oscillates. 

Should the irradiating light have a frequency on resonance with the nanoparticle’s plasmon 

frequency, which can generally be calculated from equation 1:  

 

for a nanoparticle, a plasmon will form.  

For a nanoparticle, this is known as a localized surface plasmon resonance (LSPR) and is 

the case we are most interested in. We can tune the plasmon resonance of a particle either by 

changing the geometry of the system: including changing the shape of the nanoparticle, its 

orientation with respect to the incoming light, or creating coupling between nearby neighboring 
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particles; changing the environment surrounding the particle thereby changing the dielectric 

function of the media and causing small shifts in the plasmon resonance6; or by changing the 

material of the nanoparticle, shifting its fundamental plasma frequency. This ability to precisely 

control the plasmon resonance of a nanosystem with passive tuning gives researchers and 

industry a great deal of leyway in manipulating a chosen color of light when designing the 

specifications of a system to fit the appropriate application. One reason this is an intense area of 

interest for the past few decades arises from a plasmon’s unparalleled ability to focus and 

manipulate light on a sub-wavelength scale, as demonstrated in Figure 2.  

 

Figure 2. Representations of a plasmon’s ability to focus and manipulate light on a sub-

wavelength scale. A) Schematic representation of the Poynting vector when a metallic 

nanoparticle is resonantly excited. As seen, the localized surface plasmon redirects the flow of 

light towards and onto the nanoparticle’s surface, making the effective size of the absorption 

cross-section (dashed line) of the plasmonic nanoparticle far larger than its geometric size would 

otherwise suggest (circle). B) Schematic representation of the Poynting vector when a metallic 

nanoparticle is off-resonantly excited. There is little disturbance of Poynting field outside 

geometric cross-section C) Theoretical simulation of the electric field enhancement at the surface 

of a resonantly excited nanoparticle’s dipole mode. The electric field can be enhanced up to 10 

times that of the exciting light. (Images from Bohren7.) 

 

When on resonance a nanoparticle has an absorption cross-section far larger than its 

geometric cross-section. This means a plasmonic nanoparticle can focus energy over a far larger 
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volume than its size suggests. As a result, the resonantly oscillating electron cloud tightly 

confines the EM field near the structure in a far smaller volume, greatly enhancing the EM 

energy density many fold as compared to the field strength of the irradiating light (Figure 2B). 

 1.2 Plasmon Applications 

The ability of nanoparticles to concentrate and manipulate light on such a small scale has 

numerous and varied applications. This ranges from uses in solar energy generation via the rapid 

production of steam by concentrating incoming sunlight into a small area near the surface8, to 

photothermal cancer therapy treatments by either using plasmonic nanoparticles to contain drugs 

which can then be selectively released at a cancerous site or simply using the thermalization of 

the surrounding area by a decaying plasmon to burn the surrounding tissue9. Photocatalysis is 

another much used area for plasmonics by favorably driving an otherwise energy intensive 

process such as hydrogen dissociation via injecting a hot electron excited from the decay of the 

plasmon resonance10.  Another large area of research is the use of plasmonics in enhanced 

spectroscopy and biosensing applications. A surface plasmon resonance, as stated previously, 

leads to a concentration and increase in the electric field at the surface, which can be exploited 

for enhanced spectroscopy schemes, either via Surface Enhanced Raman Spectroscopy11 (SERS) 

or Surface Enhanced Infrared Absorption (SEIRA) spectroscopy12. Additionally, a well-

established approach in biosensing is monitoring the shift of the surface plasmon resonance due 

to molecular adsorption events or minute changes in changes in the dielectric media, known as 

LSPR sensing13. All three can be used to identify and detect even very small quantities of 

molecules via either their Raman footprints12 or shifts in plasmon energies. In brief, plasmons 

can be used for a variety of important and impactful application areas, and achieving a greater 
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and more varied understanding of what defines a plasmon and can support a plasmon is a 

worthwhile avenue of research to pursue. 

 1.3 Traditional Metallic Plasmons 

Most of the applications mentioned above have been achieved using metallic 

nanostructures, including silver, gold, and, more recently aluminum. These materials have a 

fairly wide tunable resonance ranging from the ultraviolet with aluminum, to the infrared regions 

with gold.  

 

Figure 3. Plasmon tunability range. Extent of tunability ranges of traditional plasmonic 

materials silver, gold, and aluminum in the UV and NIR. Aluminum shows tunability up to the 

UV, while gold and silver have interband transitions that prevent them from working as 

plasmonic materials at short wavelengths. 

 

Additionally, gold, silver, and aluminum can be chemically and lithographically fabricated into a 

variety of structures in order to maximize electric field enhancement and tune their plasmon 

resonance energy as needed. Gold and aluminum have an added area of benefit in that they are 

shelf-stable and do not oxidize easily, in contrast to silver. 

Unfortunately, it is very difficult to investigate the dynamics of these metallic plasmons 

due to their incredibly short lifetimes. When light initially excites a plasmon, a collective 

resonance between multiple electrons is created (Figure 4A). This resonance continues even after 

the exciting light pulse is gone, and the electrons continue to collectively oscillate (Figure 4B). 

However, the system is damped by electron-electron interactions and electron-phonon 
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interactions. This damping eventually causes the de-coherence of the electron oscillations, and 

the plasmon eventually decays away into an excited electron-hole pair or an emitted photon 

(Figure 4C), which rapidly thermalizes the surroundings (Figure 4D, E) and eventually 

recombines or is potentially injected into nearby molecules10. A typical noble-metal plasmon 

dephasing time, a measure at which the coherent motion of the electrons is lost, is only on the 

order of ~10 fs15-17. Even byproducts of a plasmon decay, such as hot electron pair generation, 

typically last no more than 1 ps. These incredibly short lifetimes compared to more standard 

decay times discussed in Section 1.9 help to differentiate plasmonic systems from excitonic 

(single-electron) systems. 

 

Figure 4. Photoexcitation and relaxation of a metallic nanoparticle. A) A metallic 

nanoparticle is photoexcited by a resonant light wave. B) The external electric field of the 

exciting light wave induces an electric field in the nanoparticle, which also oscillates in time. 

The induced field continues, albeit damped, even after the cessation of the external field. The 

time of this damping is known as the dephasing time. C)-E) (lower panels) Are the schematic 

representation of the electron population (gray) following photoexcitation: red areas mark “hot” 

electrons, electrons excited above the fermi energy, and blue areas mark “hot” holes, holes left 

behind in the electron population below the fermi energy. C) Following the decay of the plasmon 

and Landau damping, a highly non-thermal distribution of hot electron-hole pairs are created, 
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and they decay either through reemission of photons or carrier multiplication by electron-

electron interactions. D) The hot carriers redistribute their energy via electron-electron 

interactions on a time scale of hundreds of femtoseconds. Electron distribution is no longer 

strongly athermal.  E) Finally, thermal energy is transferred to the surrounding media of the 

metallic structure via electron-phonon coupling on a far longer timescale from 100ps -10 ns. 

(Images from Brongersma et. al18.) 

 

Lifetimes on this order arise from the high losses and damping intrinsic in these systems 

due to a number of factors, primarily as a result of strong electron-electron and electron-phonon 

scattering due to their high carrier concentrations and general non-crystalline and 

inhomogeneous nature. The size of the nanoparticle can also contribute to damping rates. For 

instance, larger particles have greater radiative damping (emission of energy via electromagnetic 

radiation from accelerating charges), which is dependent on the number of oscillating charge 

carriers, i.e. the volume of the particle44. This increased radiative damping in metallic systems is 

partially reflected in the longer lifetimes of semiconductors and graphene systems (Sections 1.4-

5). Coupling of plasmon resonances to other excitonic electronic transitions (interband trasitions) 

can also increase damping rates45. Should a material have a large imaginary dielectric function at 

the plasmon frequency, in other words, strong absorption, the plasmon can couple more strongly 

to the matrix and leak energy this way resulting in faster damping44.  

The ability of metals to easily support plasmons arises from their delocalized conduction 

band electrons.  
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Figure 5. Band diagrams for a variety of different systems. Metals have a partially filled 

conduction band allowing for their free movement throughout a metallic system, such as a 

nanoparticle. Semiconductors in contrast have a filled valence band and empty conduction band 

separated by a gap. This system has no free electrons to allow for a plasmon, unless properly 

doped, such as in the n-type case.  (Image from https://en.wikipedia.org/wiki/Semiconductor) 

 

Due to the fact that the conduction bands are only partially filled in metals, the electrons in these 

bands are able to relatively easily move between the metal atoms and aren’t bound to one metal 

ion, allowing for the coherent oscillations of a plasmon to occur. Nevertheless, further research 

into the nature of plasmons have shown other less favorable systems, even those with relatively 

bound electrons can still support a collective excitation under certain circumstances. 

 1.4 Semiconductor Plasmons 

Semiconductors have also been shown to support plasmons when properly doped. An 

undoped semiconductor has a filled valence band preventing the easy flow of electrons in the 

material. As a result, semiconductors are generally unable to support plasmons, until they are 

sufficiently doped with a high enough population of free charge carriers (still, generally, orders 

of magnitude lower than metals). In order for a semiconductor to display metallic optical 

properties the real part of its dielectric function must be negative19. This can be achieved 

passively with sufficient chemical doping by raising the free carrier concentration, ne, above a 
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critical threshold that changes based on the electronic structure of the material, or actively tuning 

the material via electrostatic doping where an applied bias can alter free carrier concentration in 

the band. For example, tin doped indium oxide can have its plasmon resonance tuned across the 

NIR by applying up to 4V to the system or by increasing the tin doping percentage to 10% of the 

system19. Generally, wide band-gap oxide semiconductors are capable of being doped above the 

threshold for metallic behaviors.     

Additionally, due to the semiconductors more crystalline nature and lower carrier 

concentration there are less losses in the particles and thus less damping of the harmonic 

oscillation. As a result, it has been found that plasmon lifetimes in these systems are longer than 

metallic systems. This is reflected in their narrower plasmon resonance linewidths, which is on 

the order of 60 meV in doped-semiconductors and 120 meV in gold, holding other factors 

equal19. It then becomes possible to more easily probe the lifetime of a plasmon in a 

semiconductor system since we are no longer restricted to the ultrafast decay timescales of metal 

systems which require only the fastest ultrafast laser systems to probe, <10 fs. 

 1.5 Graphene Plasmons and Tuning Towards the Visible 

In a somewhat special category, there exists another class of plasmons, graphene 

plasmons. Graphene is a 2D sheet of carbon made of identical hexagonal rings. 
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Figure 6. A look into the graphene system. A) Schematic representation of graphene, in which 

carbon atoms form a hexagonal plane, each carbon atom bonding with its three nearest 

neighbors, sharing a single electron, allowing the fourth to move around the surface of the sheet 

as a delocalized charge. B) 3D band structure of graphene valence and conduction band in 

momentum space. C) 2D close up of the fermi level of the graphene band structure. The valence 

and conduction bands have no actual gap as in traditional band structures, but instead come 

together in a single location called a Dirac point, which allows for the manipulation of the energy 

levels of the electrons in the graphene structure via electrostatic and chemical doping. (Images 

from Sarma et al.39) 

 

In this arrangement, each carbon atom shares three electrons between each of its nearest 

neighbors forming chemical bonds. However, its fourth electron is delocalized and is shared 

across the entire graphene sheet, similar to a metal. As a result, graphene exhibits metallic 

properties such as conducting electricity and supporting plasmon resonances. The unusual band 

structure of graphene also differentiates it from other materials. Unlike a metal which has a 

partially filled band, or an insulator which has a filled band separated by a gap, graphene actually 

has connected electron bands in what is called a Dirac cone. This, coupled with graphene’s 

delocalized fourth electron, allows for easy doping of the system. By applying a bias to 

graphene, it is possible to alter the electron energies of the Dirac cone and as such alter the 

plasmon energies of the system, as shown in figure 6C. However, this kind of doping can only 

tune graphene’s plasmon resonances so far, and generally the plasmonic response of graphene is 

restricted to the infrared20.  

It is possible, nonetheless, to further tune graphene towards the visible, by restricting the 

size of the graphene sheet. Bulk graphene can be tuned to the MIR with resonances at 10 μm20, 

but by shaping graphene into long nanoribbons or nanoislands on the order of tens to hundreds of 

nanometers a resonance of up to 5 μm is possible21,22. It is only by reaching nanometer scale 

graphene that it becomes theoretically possible to achieve visible plasmon resonances (Figure 

7)23.  
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Figure 7. Tuning of graphene towards the visible with nanometer scale structures. A) 
Creating small graphene nanodisks allows for the shifting of plasmon resonances to the MIR22. 

B) Further limiting of the graphene system to nanoislands enters the realm of single charge 

tuning, whereby it becomes necessary to insert charges to the system to achieve plasmon 

resonances, but in return the magnitude and sign of the added charge can shift the resonance 

which can reach the redder portion of the visible23. C) Full visible resonances are achieved at the 

PAH scale level, where with only 2-3 aromatic rings it becomes possible to reach green and even 

blue resonances24. 

 

In this realm graphene can no longer be considered a 2D sheet so much as a planar molecule; this 

is the realm of the polycyclic aromatic hydrocarbon (PAH), which may be considered as a 

nanometer scaled, hydrogen passivated from of graphene.  

Graphene plasmons, similar to doped semiconductor plasmons, also experience longer 

plasmon lifetimes than metallic plasmons due to the unique electronic structure of graphene and 

the ability to fabricate large, highly crystalline samples38. Mid-IR graphene plasmons were 

predicted to have long lifetimes on the order of tens of picoseconds or even far greater, seen in 

Figure 825.  
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Figure 8. Calculated intrinsic dirac plasmon lifetime in graphene as a function of electron 

density, n, and at the fixed photon energy of 112meV. (Image from Principi et al.25) 

 

However, strong plasmon damping has been observed experimentally as result of scattering from 

substrate surface phonons and impurities leading to decreased plasmon lifetimes26.  At most, 

substrates which have been shown to maintain the plasmon-like properties of graphene (such as 

hexagonal boron nitride) support lifetimes of ~500 fs, noticeably below theoretical predicitons27. 

Nonetheless, this extension in plasmon lifetime is believed to be stretched even further the 

smaller graphene becomes as its energy levels become increasingly discretized. The 

discretization of energy levels reduces the amount of losses electrons experience in the system 

via electron-electron and electron-phonon scattering, the main causes of plasmon damping. 

When size reaches the order of the molecular plasmon regime, it can be speculated that plasmon 

lifetimes may even extend into the picosecond range, easily reachable by modern day ultrafast 

systems. 

 1.6 Polycyclic Aromatic Hydrocarbons, Aromaticity, and Molecular Plasmons 

PAHs are organic compounds formed of multiple aromatic rings, are believed to be quite 

abundant in the universe with a noticeable presence in interstellar clouds, and are typically 
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formed in the burnt remnants of organic compounds. Each carbon atom in an aromatic ring has a 

p-orbital above and below the plane of the molecule (Figure 9B). Since these bonds are out of the 

plane of the aromatic ring, the orbitals can more freely interact and overlap forming delocalized 

π-bonds (Figure 9C). Thus, instead of being mainly tied to one carbon atom, each electron is 

shared between all six, forming rings of delocalized charge in the structure, strengthening the 

stability of the structure as a whole. 

 

Figure 9. Aromaticity and charge delocalization in PAHs. A) Schematic drawing of a 

benzene ring, the simplest aromatic compound. B) Each carbon atom has a non-hybridized p-

orbital floating above and below the plane of the molecule which overlap with one another 

forming π-bonds. C) π-bonds allow for the sharing of one electron between all other carbon 

atoms forming a delocalized ring of charge which reinforces the stability of other molecular 

bonds. (Images from https://en.wikipedia.org/wiki/Aromaticity) 

 

However, even with these delocalized rings, it still is difficult for neutral PAHs to support 

a plasmon resonance, save for few instances in high energy excitations in the UV14. Generally, 

there still simply are not any true free electrons, or enough partial electron contributions, to allow 

for a proper charge oscillation in the system necessary for a plasmon, until one is added at least. 

Recent theoretical work24 has implied that even singly charged molecular scaled graphene is 

capable of supporting collective modes (Figures 7B, C). By adding either one or more electrons 

or holes into a PAH, it becomes possible to excite a highly polar charge distribution (Figure 10), 
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which has the strong electron-electron interaction strength indicative of a collective resonance 

response, a plasmon. This means, the addition of at least one unit of charge changes the 

electronic structure of the molecule such that it then becomes able to support collective 

oscillations.  

 

Figure 10. Diagram of how to excite a molecular plasmon. The highest occupied molecular 

orbitals (HOMO, left) of anthracene (gray) are significantly altered with the addition of a single 

charge carrier to the system (center). This alteration allows for a strong induced charge 

separation in the system when excited by resonant light (right), which is indicative of a collective 

excitation like that of a plasmon. (Image from Lauchner et. al4.) 

 

Experimental studies into this have shown interesting observations4: the anion of both 

anthracene and tetracene show shifts in their peak resonance when put in different media, 

indicative of a changing dielectric shifting their plasmon resonance. Additionally, PAHs show a 

tuning of their peak resonance based on their aspect ratio, incredibly similar to the aspect ratio 

tuning one sees in metallic nanoparticles. Nevertheless, the experimental research backing up 

this theory is still a bit sparse, and is composed of indirect investigations into the properties of 

these systems rather than a direct probing of the system dynamics themselves. 

Another question arises when talking about collective oscillations in PAHs: can a system 

with so few, or even just one, truly free electron(s) actually support a collective oscillation? In 

the realm of PAHs, one has now reached a sub-nanometer scale system, where the number of 

free electrons is limited to only a handful at most. This is the boundary of what separates 

plasmons, a collective oscillation, from an exciton, the creation of a single electron-hold pair 
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uncoupled from the rest of the electrons. Recently, much theoretical focus has been placed on 

these so called few-atom systems with an emphasis on how to categorize degrees of 

“plasmonicity”, in order to answer the question of if or to what degree a collective oscillation can 

be supported by the system3,28  

 1.7 Plasmonicity: The Collective Behavior of Few-Atom Systems 

Theoretical studies have been aimed at determining the lower limit of what can still be 

considered a plasmon29. To do so, a new metric was created to measure how collective an 

excitation is using the strength of the coulomb interaction between electrons. For an exciton, a 

single electron is excited forming one electron-hole pair. In such a system, the Coulomb 

interaction is essentially zero since there is no appreciable contribution from other electrons. For 

a plasmonic system, the Coulomb interaction, most clearly considered to be the interaction 

strength between electrons, is significantly higher and contributes greatly to the overall dynamics 

of the excitation. A measure of how strong the Coulomb interaction is for a particular excitation 

is given by the plasmonicity index. A large plasmonicity index implies a strong Coulomb 

interaction between electrons and thus the possibility of collective behavior. Calculations 

involving silver nanoislands with as few as 50 atoms have still shown resonances with 

appreciable plasmonicity indices29, indicating even few atom metallic systems on the scale of 

PAHs are still capable of supporting plasmons. However, these studies have still focused 

primarily on metallic plasmons and a good deal of theoretical studies on molecular plasmons are 

still ongoing.  

In order to expand our understanding on the nature of the collective resonance in 

molecular plasmons we need to first better characterize the lifetime and decay of their excited 

states, and see what comparisons can be made to more traditional plasmons. The field of 
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literature regarding neutral PAH fluorescence and decay lifetime is extensive and varied, dating 

back to even before the invention of the laser in the age of flash photolysis. However, research 

into the radical ions of PAHs is a far less studied field due to the difficulty of producing large 

and stable amounts of the incredibly reactive ions for study and their typically short lifetimes30-

34,42,43. In this paper pump-probe spectroscopy was used in conjunction with a novel 

electrochromic device to create and measure the excited state lifetimes of the radical ions of 

PAHs. 

 1.8 Lifetime Characterization: Pump-Probe Spectroscopy 

Pump-probe spectroscopy is a specific type of transient absorption spectroscopy whereby 

two independent pulses of ultrafast light are used. The first prepares or “pumps” a meta-stable 

species in sufficient concentrations for later probing by the second pulse, hence the name. The 

temporal resolution of such a system is limited only by the duration of the pulses. This is vital, 

since in metals a plasmon typically dephases within 10 femtoseconds, and the resultant hot 

electrons generally have thermalized and relaxed within 1-3 picoseconds. Dynamics on this 

timescale are faster than any camera or detection system can hope to resolve, and while 

molecular plasmons are expected to have significantly longer plasmon lifetimes due to the still 

discretized nature of their energy levels reducing electron scattering and radiative damping, 

dephasing is still expected to happen on the order of picoseconds. Thus, pump-probe 

spectroscopy’s resolution is needed to investigate the ultrafast decay dynamics of the system. 
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Figure 11. Simplified schematic of a standard pump-probe spectroscopy Our set-up is 

capable of excitating and probing throughout most of the visible spectrum with a temporal 

resolution of ~300 fs. A mode-locked Ti:sapphire laser is capable of producing 150 fs light 

pulses at 800 nm with a 250-kHz repetition rate, and can be used to pump an optical parametric 

amplifier (OPA), which can tune the output light across the visible range and UV spectrum via a 

four wave mixing process. The output of the OPA can be further split into two beams (red) or 

two separate outputs of the OPA can be used simultaneously as the exciting pump (dashed line) 

or the probe (solid line). Inclusion of a monochromator allows for the use of a supercontinuum 

probe pulse, which is a broadband ultrafast pulse ranging from the UV to the NIR. Inclusion of a 

delay stage allows for a femtosecond level of precision in measurements which are then limited 

only by the pulse duration of the mode-locked laser. 

 

In order to investigate this meta-stable state a direct observation of the resultant transient 

intermediate population must be measured over a similar period of time as its lifetime. This is 

done using the second, less intense probe pulse (to prevent significant amounts of secondary 

excitation), which follows after the pump pulse at some small controllable time afterwards. The 

probe pulse acts as a “photograph” of the system at measurable times after the initial excitation 

in order to map the full decay. This is achieved by careful control of the probe pulse’s path using 
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a variable delay stage. By altering the path-length the probe has to travel, one can alter when the 

second pulse arrives with femtosecond precision. In this way, the only limit to the temporal 

resolution of the system is the pulse duration of the pump and probe, which can range from 15 fs 

to 200 fs for most ultrafast set-ups, making it suitable for our intended purpose of measuring the 

excited state lifetimes of molecular plasmons. 

 1.9 Standard Molecular Dynamics: Fluorescence 

Standard molecular dynamics including fluorescence, the radiative decay of a photo-excited 

electron from the singlet state (a coupled electron state where the total spin is zero), and 

phosphorescence, the radiative decay of a photo-excited electron from the triplet state (a 

generally forbidden electron state where the total spin is one), is a well-studied field. PAHs are 

noted for have a strong fluorescence in the visible, with perylene in particular having a 

fluorescence quantum yield of over 0.9, making fluorescence by far the primary decay pathway 

for the neutral molecules.  
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Figure 12. Jablonski diagram of the typical single electron excitations. Incoming light excites 

a single electron from the HOMO to the LUMO state (purple), which can then undergo a variety 

of processes, including rapid internal conversion (yellow) to a lower excited state, intersystem 

crossing (blue) to the much longer-lived triplet state, or fluorescence (orange) and 

phosphorescence (green), whereby the excited electron radiatively decays down to the ground 

state, typically releasing a lower energy photon than the one that initially excited it. 

 

In a typical molecular excitation, irradiating light comes in and excites a single electron in 

the HOMO to a higher, usually unoccupied, excited state. The excited electron can then undergo 

rapid vibrational relaxation in the higher level, losing small amounts of energy to a vibrational 

mode of the molecule, and/or internal conversion (non-radiative relaxation of an electron to a 

lower level by transferring energy to vibrational modes rather than emitting a photon) moving to 

a lower excited state, before ultimately either fluorescing down to the ground level or, in certain 

special circumstances under the usually spin-forbidden intersystem crossing, moving into a 

triplet state and eventually undergoing phosphorescence. Crossing over to the triplet state is 
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typically forbidden as in order to do so the excited electron must flip its spin making the total 

spin of the coupled electron state one as opposed to zero. As such, the electron is “forbidden” 

from decaying back down to its ground state since both electrons would then have the same 

quantum state. These transitions can still occur, they are, however, kinetically unfavored and 

thus occur at a much slower rate than a fluorescent decay from a singlet state.  

As partially discussed above, the lifetimes of these various states of decay can vary widely 

from each other depending on the molecule and environment, but typical timescales for non-

radiative decay (vibrational relaxation and internal conversion) happens on a femtosecond to 

picosecond timescale, fluorescence on a nanosecond scale, and phosphorescence potentially 

occurring over a second or even minutes or hours later in extreme cases such as strontium 

aluminate. As mentioned earlier, the neutral PAHs are usually strongly fluorescent molecules, 

most with lifetimes around 10-9 seconds. This basis gives a good point of comparison for later 

when we investigate the lifetimes of the anion’s excited state. 

2. Electrochromic Device Fabrication, Spectral Characterization, and Experimental 

Set-up 

All optical experiments on the anion dynamics of PAHs were performed under ambient 

conditions on carefully prepared and sealed oxygen-free, water-free electrochromic devices 

composed of an ionic liquid and binding copolymer acting as the media for charge transfer to the 

neutral PAHs. The procedure for the construction of the electrochromic devices and set-up for 

the optical measurements are detailed in Sections 2.1-2.5. Results and discussion of all lifetime 

measurements takes place in Section 3. Most electrochromic devices were prepared in full by 

Adam Lauchner and Grant Stec. 

2.1 Ion Gel Preparation  
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The ion gel used as both solvent and charge transfer media consists of RTIL BMPL-FAP 

(EMD Millipore, 1.121 g, 1.91 mmol) and polystyrene-b-poly(ethylene oxide)-b-polystyrene 

(PS–PEO–PS) triblock copolymer (Polymer Source, PS(10,000)-b-PEO(42,000)-b-PS(10000), 

34 mg). A single type of PAH (either perylene, Sigma-Aldrich, 5.5 mg, 0.022 μmol; 

anthanthrene, Sigma-Aldrich, 6.1 mg, 0.023 μmol; or benzo[ghi]perylene, Sigma-Aldrich, 6.1 

mg, 0.023 μmol) was added to the ion gel to complete the mix. These components were dried 

under vacuum while stirring at 60 °C for 12 h in order to fully remove any trace amounts of 

water or oxygen, and then the ion gel was prepared via cosolvent evaporation with 2 mL of 

anhydrous tetrahydrofuran (THF) (Sigma-Aldrich) prepared from a high-pressure solvent 

purification system. This solution was stirred for 2–3 hours under Ar gas, after which the THF 

cosolvent was removed at room temperature under vacuum. The ion gel was then stored under 

vacuum and transferred into a N2 glovebox for eventual device fabrication. This procedure was 

developed and perfected by Stec et. al for previous research into molecular plasmon properties35.  

2.2 Device Fabrication 

Silica glass microscope slides and ITO-coated glass (Sigma-Aldrich, 8–12 Ω/sq) were cut to 

approximate 1.25 × 1.5 cm rectangles and then cleaned via 5 min sonication in acetone followed 

by isopropyl alcohol in order to remove stray glass particles and other surface contaminants 

which could contribute to byproduct formation. Platinum counter electrode frames were 

fabricated by e-beam evaporation (a 2 nm titanium adhesion layer followed by 60 nm platinum 

layer) onto the silica glass slide (Figure 13A). A 120 μm adhesive spacer layer (Grace Biolabs, 

SecureSeal) was placed around the perimeter of the platinum frame to prevent electrical shorts, 

adhere the electrodes together during assembly, and provide a boundary for the ion gel to prevent 

too much seepage or the creation of too thin a layer of gel. Due to the reactivity of the radical 
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ions of PAHs, special care and preparation was needed to prevent the production of unwanted 

byproducts. As a result, the following steps were performed inside a N2 glovebox to prevent 

contamination by water or oxygen.  

 

Figure 13. Layout of switchable molecular plasmon fabrication. A) Glass substrate has 

platinum layer evaporated onto surface to act as the counter-electrode. B) Ion gel containing the 

PAH, ionic liquid, and binding polymer, are drop-casted onto the platinum window and 

contained by a thin adhesive spacer layer. C) An ITO-coated glass slide (working electrode) is 

then laminated onto the drop-casted slide. D) Completed device is then coated along the edges 

with a sealant in order to further secure the device and prevent the introduction of water or 

oxygen when exposed to atmosphere. E) Picture of completed perylene device, held by 

electrodes (alligator clips) in spectral set-up. 

 

First, a small amount of ion gel was carefully drop-cast onto the taped platinum frame electrode 

(Figure 13B), and the ITO-coated silica was then gently rolled on top and pressed firmly to 

adhere it to the spacer layer and spread the ion gel evenly across the device (Figure 13C). The 

two electrodes were pressed together slightly offset such that each electrode had a small exposed 

edge for electrical measurement contacts. The edges of the device were sealed with a dielectric 

gel (Dow Corning 3-4207) to seal the two slides together and prevent air contamination in the 

active area of the device when it was exposed to atmosphere outside the glovebox for ultrafast 

measurements35.  

2.3 Spectral Characterization of Ions and Device Stability 
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With the devices now assembled and ready for testing, it then became necessary to 

characterize their parameters, including device endurance and stability. In addition, we needed to 

choose and characterize which PAH molecules would be used in the devices based on reduction 

and oxidation potential of the system, the location, strength, and width of their main ion 

resonances, and, finally, the location of the neutral absorption peaks for a lifetime comparison.  

In short, we needed multiple PAHs which had strong, narrow resonances in the visible 

between 490-700 nm, based on the limitations of the pump-probe system built (Section 1.9), 

hopefully with a neutral absorbance around 400 nm for neutral lifetime comparisons with the 

anion. This limited us to molecules generally larger than anthracene, which had neutral 

resonances too far below 400 nm for a measurement. However, molecules larger than coronene 

have poor solubility due to their size and could not be well dissolved in the ionic gel for good 

device quality. In the end, this gave us a narrow window of candidates to look through. An 

additional constraint, perhaps even more important than the above, was a PAH’s performance in 

the device. Multiple PAHs showed poor compatibility with the devices and had either poor turn 

on rates or high byproduct formation. These molecules were avoided and thus three candidates 

were eventually chosen based on these criteria: anthanthrene, benzo[ghi]perylene, and perylene. 

The device electrodes were connected to a Keithley 2400 power source using alligator 

clips, and the devices were tested in a two-electrode configuration wherein the ITO-coated glass 

served as the working electrode and the platinum frame served as both the counter and reference 

electrode. The polarity and magnitude of the applied potential at the working electrode is 

measured relative to this counter electrode. Cyclic voltammetry was applied to the devices in 

order to identify the reduction and oxidation potentials of the PAHs relative to the 

counter/reference electrode26. For the perylene anion the testing potential was set at -3.5 V, for 
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anthanthrene -2.8 V, and for benzo[ghi]perylene -3.4 V, taking special care not to form the di-

anion if possible by limiting the voltage to the lower end of the reduction potential of the system, 

before the second reduction peak. The applied voltage allows for the injection of an electron (for 

negative bias) or a hole (for positive) in the PAHs. It was found that cation production using the 

devices was low due to poor hole injection rates from the platinum frame, which we were unable 

to improve. As a result, beyond characterizing where the cation peak was in perylene, future 

focus was put solely on the anion system for all PAHs tested. 

The PAHs’ main absorption peaks for the neutral, cation, and anion systems were 

determined using a simple spectrometry set-up, whereby a white light source was shown through 

the window of the devices and into a spectrometer (Thorlabs, CSC200). Perylene was 

determined to have an anion peak at 574 nm, a cation peak at 532 nm, and the main neutral peak 

at 437 nm. Anthanthrene showed similar anion and neutral peaks at 576 nm and 432 nm 

respectively, with benzo[ghi]perylene having slightly shifted values at 544 nm and 385 nm 

(Figure 14). 

 

Figure 14. Schematic representations (upper panel) and spectral characterizations (lower 

panel) of candidate PAHs: A) perylene, B) anthanthrene, and C) benzo[ghi]perylene including 

neutral absorbance (black) and anion absorbance (red, blue, and green respectively) and the 
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neutral fluorescence emission (orange). All curves were normalized. Dashed black lines 

represent pump and probe wavelengths for neutral lifetime measurements, dashed colored lines 

the wavelengths for anion lifetime measurements. 

 

The fluorescence of the neutral system was also determined using a spectrofluorometer 

(Horiba Fluorolog). The quantum yield of the fluorescence for the neutral PAHs was found to be 

greater than 0.6 and the main decay pathway for the system. Similarly, all tested neutral PAHs 

exhibited small Stokes shifts of under 0.1 eV.  

With the neutral PAHs themselves fully explored, device endurance and turn on/off rates 

were next. Figure 15 shows a summary of endurance testing. A single device was repeatedly 

turned on and off for over an hour. 
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Figure 15. Cycling endurance of molecular plasmon device using the perylene anion A) 

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

spectra during/after the B) 1st cycle and C) 100th cycle. Inset shows change of absorbance of 

device during off period (0 V). 100th cycle shows noticeably prolonged decay dynamics 

demonstrating the loss of quality in the device with prolonged usage. (Image from Stec et. al35.) 

 

It was found that while turn off rates are significantly slower than turn on rates, taking 

upwards of a minute of stopping the application of voltage to more or less return to its original 

neutral state. Additionally, the devices were found to be quite robust, capable of being switched 

on and off for hundreds of cycles without much loss of total peak absorbance or slowing of 

on/off rates. Overall, initial testing of the constructed devices seemed to show enough resilience 

and endurance to actually produce a strong and stable signal and environment for ultrafast 

measurements.  

The testing of device stability and endurance and results reported here were performed 

primarily on the perylene system. However, behavior and trends found in perylene, despite some 

small variations in device lifetime and turn on/off rates, were consistent and reproducible across 

all the PAHs.  

2.4 Voltage Modulation and Absorbance Feedback Loop 

Further investigations into the change of device absorption with time showed no period 

where absorbance plateaued and became constant enough for ultrafast measurements to occur, 

which measure minute changes in absorption. Instead, absorption was shown to quickly peak at 

some maximum value dependent on the applied voltage, before gradually declining back to zero. 
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Figure 16. Long-term absorbance response to constant applied voltage. Absorbance (purple) 

shows no time relative consistency, but rather a period of growth, followed immediately by a 

slower period of decline. Black curve shows applied current to keep potential constant. Peaks 

represent when the current was turned either on or off, indicated by alternating blue and gray 

bands above the graph. 

 

Careful probing into the coloring efficiency of the devices showed two distinct coloring 

regimes. A fast adsorption limited process, whereby all the PAHs already adsorbed onto the 

surface of the electrode are converted into the anion state when the voltage is applied, and a 

slower diffusion limited regime whereby it becomes necessary to wait for the recently converted 

anion molecules to diffuse away from the electrode surface to allow space for newer neutral 

molecules to diffuse closer.  
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Figure 17.  Mechanisms of coloration in devices. A) Coloration efficiency of the molecular 

plasmon device upon injection of an electron, anion (purple), or hole, cation (olive) to perylene 

elucidates two distinct coloration regimes. B) Schematic of adsorption-limited coloration: neutral 

PAH is adsorbed onto ITO surface and can then readily accept a charge carrier (electron or hole), 

then diffuses away from electrode surface. This results in high coloration efficiency and the 

initial rapid coloration of the device when first switched on. C) Schematic of diffusion-limited 

coloration: neutral PAH in the ion gel, further away from electrode, gradually diffuses to the 

surface to be adsorbed and accepts a charge carrier. This is the slower process and is what limits 

long-term device absorbance, and is represented by the smaller slope in A. (Images from Stec et. 

al35.) 

 

From this, it became clear that with enough time passing molecules begin to fail to diffuse away 

fast enough and “clog” the surface of the electrode preventing new anion molecules from 

forming, leading to an overall decay in the absorbance levels. It was then discovered that 

modulating the voltage of the electrode “blasted” away the clogging PAHs and allowed for the 

possibility of achieving relatively high and consistent levels of absorption over the course of tens 

of minutes (Figure 18). 
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Figure 18. Absorbance response when modulating applied potential between on and off. 

Decrease in absorbance (purple) when device is left on too long is able to be counteracted when 

a brief period of positive voltage (gray box) is applied. By modulating the voltage, the slowly 

diffusing anions clogging the surface of the electrode are forcibly moved away allowing for the 

introduction of new neutral molecules to be reduced to the anion state. This method allows for 

the prolonged activation of the anion state from under 10 minutes to ~1 hour.   

 

Achieving this level of consistency, though, would require a means of directly measuring 

the absorption of the device at the area of interest continuously. Therefore, the previously 

dumped and blocked pump beam was employed as a means of probing absorption and functioned 

as part of a feedback loop mechanism. The pump beam was orthogonally polarized by a half 

wave plate and subsequently filtered out from the probe beam via a Glan-laser calcite polarizer 

(GL10-A, Thorlabs)  after exciting the anion population in the device. It was then fed into a 

separate photodiode and its intensity continuously monitored. The modifications to the pump-

probe set-up is shown in Figure 19.  



 33 

 

Figure 19. Simplified schematic of the absorbance feedback loop created. The orthogonally 

polarized pump beam (dashed line) is filtered out of the beam line with a Glan laser polarizer and 

directed into a secondary photodiode. The intensity of the pump beam is then used to monitor the 

absorbance level of the system, which can be exactly checked across the device using a 

spectrometer, and feeds into the power source applying the voltage which modifies its output via 

a Labview program to maintain the intensity of the pump at a constant level. This method 

maintains device absorbance.  

 

The voltage applied to the device was then modulated appropriately in order to maintain a 

constant level of pump intensity with time. Using this set-up, it became possible to achieve a 

relatively constant level of device absorption for over 30 minutes, depicted in Figure 20, enough 

time for an optical measurement.  
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Figure 20. Absorption Feedback loop stability. A measure of the change of absorbance levels 

of molecular plasmon devices with time. By applying the feedback loop system described above, 

it becomes possible to set and maintain a constant level of absorbance for over 30 minutes with 

little fluctuation.  

 

For times longer than 30 minutes, the level of byproduct formation and gel clarity begins to 

suffer, affecting absorption levels once more, giving roughly half an hour to perform optical 

measurements on the device before data quality begins to degrade. 

2.5 Transient Absorption Spectroscopy 

A degenerate pump-probe spectroscopy set-up was built to investigate the excited state 

dynamics of the molecular plasmon system using amplified silicon photodetectors (PDA 100A, 

Thorlabs) combined with a lock-in amplifier (SR850 DSP, Stanford Research). The light source 

was a mode-locked Ti:sapphire laser (Mira 900 + RegA 9000, Coherent) with a repetition rate of 

250 kHz and a 150 fs pulse output. The Ti:sapphire laser pumped an optical parametric amplifier 

(OPA 9400, Coherent) with tuning parameters throughout the visible the signal output which was 

divided 10:1 into two pulses (pump, probe) using a beamsplitter and attenuated appropriately 

with a neutral density filter (Figure 21). All experiments were performed with pulse fluences not 
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exceeding 0.5 mJ/cm2. Under these conditions the possibility of two-photon absorption is low. 

By having both the pump and probe be the same wavelength and cross polarizing the beams, we 

are effectively measuring only the change in the population of ground state electrons. The 

orthogonal polarization of the beams prevents stimulated emission of the excited electrons by the 

probe, which can only interact with the ground state electrons. In this way, we can potentially 

investigate the superposition for lifetimes of multiple decay pathways by measuring the time it 

takes for the ground state electron population to completely recover. Thus, should multiple 

significant pathways exist, they will be reflected by the differing times it takes for electrons to 

decay back down to the ground state. 

The pump pulse was chopped at a frequency of 2.2 KHz for later detection by the lock-in 

amplifier and subsequently orthogonally polarized to the probe pulse via a half wave plate. The 

polarized pump pulse was then filtered from the beam path after exciting the devices and used in 

the absorbance feedback loop mechanism. The probe pulse was directed to run through the delay 

stage for control of its path-length. 
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Figure 21. Schematic of final pump-probe set-up used in measurements including the 

absorbance feedback loop. Ti:sapphire laser coupled with an OPA provide the necessary light 

sources. Output of the OPA is split with the use of a beam splitter 10:1 into a pump (dashed) and 

probe (solid) pulse, respectively. An autocorrelation measurement (red box) of the pump-probe 

set-up was fitted with a sech2 curve and was found to have a FWHM of ~300 fs, the temporal 

resolution of our system. Deconvolving the fit yields a pulse duration of ~195 fs for the 

pump/probe pulse. 

 

The OPA was tuned to 574 nm to excite the main anion peak for perylene, 544 nm for 

beno[ghi]perylene, and 576 nm for anthanthrene. The time resolution for the measurements in 

this experiment was approximately 300 fs based on the FWHM of the autocorrelation 

measurement taken with a BBO crystal (Figure 21). The slight dilation of the pulses as compared 

to the Ti:sapphire source is due to the multiple lenses and neutral density filters used in the optics 

set-up. 

Both beams are focused onto the devices via a 500 mm lens leading to a spot size of about 90 

microns. Due to the long focal length of the lens the amount of geometric distortion of the pulses 

is small with negligible effect on any measurements. The emitted light, after filtering for the 

pump pulse, was collected by a 50 mm lens and dispersed by a monochromater onto a 

photodiode.  

 

3. Results and Discussions 

A summary of all lifetime measurements, anion and neutral, are shown in Figure 22. Anion 

fluorescence spectra are displayed comparatively in Figure 23. Figure 24 is a proposed relaxation 

dynamics animation for a molecular plasmon system. 

3.1 Lifetime Characterization of Anion System  

In a side-by-side comparison of the lifetimes of the anion candidates (Figure 22A) and their 

respective neutral lifetimes (Figure 22B) it is apparent that the anion lifetimes are significantly 
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shorter than their neutral counterparts, by roughly two orders of magnitude. This vast difference 

serves to highlight the contrast between the standard nanosecond fluorescence excitation of the 

neutral molecule, which is not even fully resolvable with the temporal constraints of our set-up, 

and the predominately picosecond dynamics of the anion excitation, which more closely 

resemble the time scales of plasmon decay (Figure 4) than the neutral system.  

A closer examination of the anion systems revealed in Figure 22D, F, and H show that 

the best fits for the short-term anion dynamics of perylene, anthanthrene, and 

benzo[ghi]perylene, respectively, are bi-exponential, with an initial fast decay ranging from 0.5-

6 ps attributed to the molecular plasmon dephasing followed by a slightly slower secondary 

decay of 7-15 ps attributed to the vibrational relaxation of the molecule. This will be further 

discussed in Section 3.3. This bi-exponential decay is most pronounced in the anthanthrene 

system (Figure 22E,F), where the fast decay of roughly 0.5 ps, just within the temporal 

resolution of the system as shown in Figure 22F, is quite pronounced from the slower secondary 

decay. 

While all three anion systems do show this two part fast decay, benzo[ghi]perylene is 

unique among the other candidates by also having an incomplete ground state recovery on the 

shorter timescale we initially examined in Figure 22G. Probing further out in time (Figure 22H) 

it eventually became apparent that the benzo[ghi]perylene system has a third far longer decay 

term on the order of a nanosecond. The apparent cause of this was initially attributed to a 

thermalization of the surrounding media by the decaying molecular plasmon, similar to what a 

plasmon experiences (Figure 4E) or possibly an irreversible photo-reaction with the ionic gel. 

However, further investigation into the phenomenon, the presence of long-term decay, and the 
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fact no other anion decay showed anything similar, eventually led to the conclusion that the long 

decay term was in fact a result of fluorescence from the excited anion system.   
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Figure 22. Summary of pump-probe excited state lifetime measurements for all three 

anion-molecular plasmon candidates and neutral counterparts. Side-by-side comparison of 

anthanthrene, benzo[ghi]perylene, and perylene A) anion lifetimes and B) Neutral lifetimes. 

Close-up lifetime dynamics and fitting parameters for: C) and D) perylene (red), E) and F) 

anthanthrene (blue), G) and H) benzo[ghi]perylene (green). Black curves are the best multi-

exponential fits for data. The gray Gaussian in F) is the autocorrelation function of the system 

for a comparison of temporal resolution to measured anthanthrene anion decay. Initial peak in D) 

and G) is an artifact of the device/ion gel and appears even when the device is off and no anion 

exists. 

 

3.2 Anion Fluorescence 

At first, it was thought these molecular plasmon systems would be unable to fluoresce since 

metallic plasmons do not fluoresce and the excitations were collective in nature, and most of the 

lifetimes measured generally occurred on such a short timescale as to preclude the possibility of 

this decay pathway. However, with the unexplained long term decay in benzo[ghi]perylene it 

became necessary to investigate the possibility of molecular plasmon fluorescence. Using the 

same method as the neutral system described in Section 2.3, a fluorescence measurement was 

performed on the anion systems. Pumping at the main anion peaks of the system with a slit width 

of 14 nm to excite as much of the main peak as possible, a fluorescent response was measured in 

the perylene and benzo[ghi]perylene system (Figure 23). These responses were quite weak and 

difficult to properly measure given the low anion concentrations in device and also likely small 

quantum yields for fluorescence in this system. In addition, the observed Stokes shift from the 

exciting wavelength and the emission wavelength at first glance also differed greatly between the 

neutral (Figure 23A) and anion (Figure 23B) systems. Where the neutral molecule exhibited a 

small Stokes shift of 51 meV at most, the anion system experienced a shift of roughly 330 meV, 

over six times greater. A closer look into the anion absorption spectra, however, soon revealed an 

explanation. Figure 23C shows a close-up of the anion absorption spectra centered around the 
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measured anion fluorescence. As seen, there exists a small secondary peak slightly blue-shifted 

from the fluorescent peak, which is the believed origin of the observed fluorescence.  

 

Figure 23. Fluorescence in the anion and neutral systems. A) Stokes shift of 0.051 eV from 

main neutral absorption peak (black) to first fluorescence emission peak (orange) B) Stokes shift 

of 0.337 eV from the main anion absorption peak (red) to the fluorescence emission peak 

(purple); large compared to neutral. Black curve represents fluorescence measurement when the 
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device was off and no anion existed yet. C) Close up of B) where anion fluorescence 

corresponds well with lower excited state in anion absorption spectrum. Black line marks peak of 

anion absorption for lower excited state. D) Comparative fluorescence intensity of the perylene 

anion (purple) and benzo[ghi]perylene anion (green) holding constant all controllable conditions. 

 

Based on the existence of this lower excited state in the anion system, the large stokes shift, 

and its proximity to the relatively weak fluorescence of the system, it is more probable that an 

excited electron, which is created after the plasmon dephases and the collective excitation decays 

into an electron-hole pair, is decaying from the higher main anion peak to this lower state which 

is able to fluoresce, rather than the main peak being the cause of the fluorescence itself. This is 

supported by literature, where the cation of perylene is shown to cause fluorescence in lower 

excited states when exciting from higher ones36. The import of this difference in regards to 

molecular plasmon decay will be explored in the following Section.  

Finally, it was found that out of the three investigated anion molecules, benzo[ghi]perylene 

had by far the strongest observed fluorescence, with perylene being an order of magnitude 

smaller (Figure 23D) and anthanthrene having no observable fluorescence at all. This difference 

in fluorescence intensity is likely a reflection of the differing quantum yields of the anions. An 

exact value of the quantum yields is extremely difficult to measure given the restrictive and 

cumbersome nature of the devices used. Nevertheless, benzo[ghi]perylene based on the taken 

data seems to have the largest quantum yield of the three and is far more likely to experience 

fluorescence than either perylene or anthanthrene. This increased likelihood is reflected in the 

existence of its third decay term and the incomplete ground state recovery observed in the anion 

dynamics of benzo[ghi]perylene, lacking in the other two systems, where fluorescence is not a 

significant enough pathway to appear clearly in the measurements. 

3.3 Discussion of Decay Pathways 
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Based on the fast picosecond scale decays of the main anion absorption peaks the anion 

dynamics more closely resemble plasmon excitations such as in graphene and metals than single 

electron excitations characterized by the neutral molecules studied. Nonetheless, the exact 

picture of how a molecular plasmon decays is still in question, and while no truly conclusive 

evidence yet exists experimentally, this paper shall put forward a possible progression of 

relaxation dynamics based on the measurements taken so far (Figure 24). 

 

Figure 24. Proposed photoexcitation and relaxation dynamics of a molecular plasmon. The 

molecular plasmon mode of the charged PAH is capable of being excited by on resonant light, 

shown here by the induced charge separation of the electrons (Section 1.6), which couples to the 

vibrational mode of the molecule. The plasmon dephases within roughly <5 ps after excitation, 

the electrons losing coherency and returning non-radiatively to the ground state via internal 

conversion exciting molecular vibrational modes in the molecule, which is followed shortly after 

by the vibrational relaxation of the system within 7-15 ps. An additional and low quantum yield 

decay pathway (dashed box) is one where the now uncoupled excited electron decays to a lower 

excited state in the charged PAH via internal conversion and reaches a state where fluorescence 

is now possible and decays radiatively. 

 

In Section 3.1, the rapid bi-exponential decay of all three anion systems was discussed. 

We attribute the initial fast 0.5-6 ps decay to the molecular plasmon dephasing. The nature of 
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this collective resonance is shown visually by the calculated induced charge separation in Figure 

24, which have strongly dipolar characteristics similar to a plasmon dipole in a metal 

nanoparticle. As mentioned previously, due to the still discretized nature of the molecule’s 

energy levels and the lack of any real defects in the molecule’s structure, the level of damping 

the electrons experience via electron-electron interactions which would eventually cause the 

decoherence of the charge oscillation is far less than that experienced in metal nanoparticles or 

even most graphene systems. As a result, the lifetime of this collective resonance can be orders 

of magnitude longer than we would find in metals (~10 fs) or even most graphene systems (~500 

fs27). In this regards the values found in the molecular system fit in well as compared to the trend 

found in literature. Thus, having a plasmon dephasing time of around 1 picosecond, would in fact 

fit with predictions and expectations of a molecular plasmon lifetime. 

The secondary fast decay time of 7-15 ps, is believed to stem from the vibrational 

relaxation of the system. A recent paper published by the Nordlander group in collaboration with 

the Halas group37 has shown that molecular plasmons do strongly couple to certain vibrational 

modes of the molecule. Additional past studies into the dynamics of PAH cations31 have also 

shown a bi-exponential decay, with the secondary term, attributed to vibrational relaxation, 

having temperature dependence (decreased temperature corresponds to slower kinetics) that the 

first term, an electronic phenomena, lacks. Thus, seeing a strong vibrational relaxation signal in 

the data is to be expected, and a decay time of ~10 ps is within the expected vibrational lifetime 

range of a molecular system.  

At this point we have discussed what we attribute the terms to, but have yet to put it into 

context of the larger picture of how a molecular plasmon relaxes after photoexcitation. Initially, a 

collective oscillation of the charge density consisting of the main injected electron and partial 
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contributions of the delocalized π-band electrons is excited by the incoming light. This 

oscillation is weakly damped (compared to most plasmon systems) via electron-electron and 

electron-phonon interactions and eventually causing the decoherence of the oscillations. After a 

certain time (0.5–6 ps) all coherence is lost and the plasmon has now decayed away into a singly 

excited electron-hole pair, which rapidly recombines non-radiatively via internal conversion to 

the ground state, exciting certain preferential vibrational modes in the molecule37, which then 

shortly thereafter relax on a 7-15 ps timescale.  

Here, in most cases, the excitation is over, the system has returned to a stable 

equilibrium. However, a different possible decay pathway exists, one where the now uncoupled 

excited electron does not return to the ground state, but rather decays to a lower excited state via 

internal conversion and reaches a state that is capable of fluorescence and radiative decay. We 

see this in the benzo[ghi]perylene anion, which has the highest fluorescence quantum yield of the 

three anions explored. The presence of a long 1220 ps decay is consistent with a typical 

fluorescence lifetime and even closely matches the neutral lifetimes measured.  

The existence of these lower fluorescent excited states is important as it distinguishes the 

plasmonic main anion peaks from other excitonic peaks. Theoretical calculations into 

plasmonicity of different systems (Section 1.7) have shown some excitation peaks are potentially 

more plasmonic than others. As stated, plasmonicity is a reflection of the degree of electron-

electron interaction experienced in an excitation. From our data, it is likely the main anion peaks 

probed at 544, 574, and 576 nm for benzo[ghi]perylene, perylene, and anthanthrene respectively, 

are plasmonic with strong electron-electron interactions. Their short lifetimes in contrast to 

neutral systems and the agreement between established plasmon lifetime trends with increasingly 
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discretized systems reflects a high likelihood those peaks have a large plasmonicity index and do 

not, as a result, fluoresce which is a very non-collective decay.  

In contrast, the lower excited states do not appear to experience these behaviors, but 

rather act in very similar ways to the far more excitonic neutral systems. Direct probing of such 

weak absorption peaks is difficult experimentally, but the existence of fluorescence from the 

lower excited states, and lack of any from the main peaks, gives support to the fact that these 

other excited states are far more single-electronic than collective in nature, with little electron-

electron interaction. This point of contrast within the same system, between states with high and 

low plasmonicity indices, gives further support that certain resonances in a charged PAH are in 

fact capable of collective behavior, and that molecular plasmons are a real observable 

phenomenon. 

3.4 Future Work: Plasmon Dephasing Time 

Future work on this subject involves directly measuring the molecular plasmon dephasing time 

through the use of nonlinear optical processes, such as second harmonic generation or four wave 

mixing. As mentioned previously, plasmons have a strong induced electric field nearly on par 

with the external electric field, which persists even after the exciting light is gone (Figure 25). 

This is in contrast to excitons, which have a negligible induced electric field, which does not 

experience any oscillation after the external electric field cuts-off and ends in a far more step-like 

fashion, when the independent single electrons spontaneously decay back down to the ground 

state. 



 47 

 

Figure 25. Induced electric field strengths and durations for plasmons and excitons. 

Plasmonic excitations experience strong induced electric field strengths on the order of half the 

external field. Additionally, a plasmon’s induced field perpetuates, although damped, even after 

the external field cuts off (dashed red line). Excitons have very small, almost negligible, induced 

electric fields between the singly excited electron and the ion core. The electric field does not 

oscillate after the external field is cut off, and spontaneously decays after some set time in a far 

more step like function. 

 

The strong induced electric field of the plasmon system can be used to promote the nonlinear 

optical processes introduced above while the field lasts. This gives one a means to measure the 

persistence of the electric field, and thus the plasmon lifetime. For instance, the induced electric 

field of the plasmon can be used to generate second harmonic signal. In a pump-probe or 

interferometry set-up, both pulses would create a second harmonic signal, which can interact 

with one another and create a third correlation function of the two pulses. By measuring the 

duration for which the second harmonic correlation signal persists one can directly measure how 

long the induced field persists, and thus the dephasing time of the collective resonance40,41. A 

successful measurement of this would provide conclusive proof of a molecular plasmon 

excitation and its corresponding lifetime. 
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4. Conclusions 

We have presented a preliminary investigation into the excited state decay dynamics of several 

molecular plasmons and enumerated possible decay pathways for the system. The development 

of our reversible electrochromic devices and absorbance feedback system allows for a stable and 

controllable environment for ultrafast measurements. The time-resolved measurements 

demonstrate that the bi-exponential rapid decay dynamics of the system on the order of several 

picoseconds, attributed to the plasmon dephasing and vibrational relaxation, far more closely 

resemble those of plasmonic systems, like graphene, as opposed to single-electron systems like 

the neutral molecules. Additionally, the incomplete ground state recovery in the 

benzo[ghi]perylene anion was attributed to a fluorescence decay of the lower excited states and 

provided further proof of the collective nature of the main anion peak by sharply differentiating 

it from the less plasmonic lower energy peaks. 
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