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The goal of QuEST is to change chemical reactivities using molecular polartions.
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• A grand challenge in chemistry is to 
exhibit selectivity and control over a 
chemical transformation

• Established rules of reactivity 
fundamentally depend on the interaction 
of molecular orbitals

• To change these rules, we will change 
molecular orbitals through coupling 
molecules to an optical cavity

Electron Polariton: quasiparticle 
formed by hybridizing electronic 
states of molecules with the 
quantum-radiation field of an 
optical cavity

• Polaritons result in a 
superposition of excited and 
ground states creating new 
molecular orbitals

• Polaritons can offer a 
new tool for 
chemists to change 
the pathway of a 
reaction, similar to 
chemical catalysts

• Tune reaction 
outcomes with 
properties of light

Polariton Mediated Reactivity

Modify 
Electron 
Transfer 
Rates

Couple Nanocrystals to Optical Cavities

• Large oscillator strength
• 2D transition dipole in plane
• Narrow fluorescence spectra

 12 

be positioned in a separate vessel, leading to substantial uncompensated resistance between the working 
and reference electrodes and thus poorly resolved 
features in the resulting voltammograms [72]. In 
preliminary work, Dempsey has shown that cyclic 
voltammograms can be recorded with Odom’s NP 
lattice cavities on a conductive FTO substrate (Figure 12 
A-D). Further, Krauss and Odom have successfully 
coupled CdSe NPLs with the metal NP cavities and 
demonstrated evidence of strong coupling in the angle-
resolved transmission spectra (Figure 12 E-F). Overall, 
the setup from Krauss-Odom-Dempsey provides a 
second platform to investigate charge transfer kinetics. 

Cyclic voltammograms recorded in these 
cavities will provide quantification of the E1/2 values for 
the redox couples of the analyte. Comparison of 
voltammograms recorded in the light, dark, and with 
working electrodes without nanoparticle arrays will 
provide quantitative information about the energetics of 
the new electronic states accessed through light–matter 
coupling. Quantification of the current as a function of 
scan rate will provide the heterogeneous electron 
transfer rate constant (ks). Differences in ks for cavity-
coupled and -uncoupled analytes will reflect the 
influence of the cavity on charge transfer kinetics.  
 Anticipated challenges. If challenges arise with 
dissolved analytes diffusing in and out of the cavity, the 
analyte will be surface immobilized to the conducting 
oxide through installation of anchoring moieties. This will 
ensure redox activity arises exclusively from cavity-
coupled molecules. While the accessible potential 
window will be bracketed by both the electrolyte 
reduction and the oxidation (stripping) of the metal 
nanoparticles that form the lattice plasmon cavities, the 
reduction potentials for an array of molecular sensitizers 
is anticipated to fall within the electrochemical windows 
of these cavity cells.  

 
VI. Characterizing Photochemical Reactivities 
Mediated by Electron Polaritons. 
In order to provide a clear indication of how polariton formation affects chemical transformations [5, 6], in 
Phase I we will study the rate and yield of model photochemical reactions of small molecules resonant with 
the optical cavity. For example, in Phase I, we will examine the 6π-electrocyclization reaction of a 
fluorescent photoswitch [73-75] (Figure 13). The starting material, Betaine (which fluoresces red at 645 
nm), will cyclize when exposed to green light (532 nm) to produce a photostable product. The amount of 
conversion is a function of dose, i.e. longer exposure times leads to more product, and the reaction goes 
to near completion after 20 minutes [73]. Excitation of the product DHI with violet light (400 nm) induces a 
photoconversion back to the starting material, with 40% yield [73]. Importantly, the photoswitching behavior 
occurs at low temperatures (77 K) and in the solid state (i.e. with the molecule encapsulated in PMMA), 
which means that this system is compatible with our Fabry-Perot dielectric cavity system [73]. 
 VI-A. Theoretical Model of the Photoswitch Polariton State. While the proposed model system 
in Figure 13 is not directly useful from a synthetic perspective, this reaction will cleanly demonstrate the 
role of the molecular polariton in changing chemical reactivities. To this end, studies employing this model 
system will provide two critical, and complementary results: (i) basic principles of polariton chemistry will 

 
Figure 12. A. Schematic of an Al nanoparticle 
lattice on FTO on quartz (periodicity = 300 nm, 
diameter = 100 nm). B. Simulated transmission 
spectra of lattices in A in water, with SLR at 425 
and 450 nm. C. Cyclic voltammogram of 
[Ru(bpy)3]Cl2 in pH 1 HClO4 solution, recorded 
with D. the nanoparticle lattice on FTO/quartz as 
the working electrode. The metal-to-ligand charge 
transfer transition of [Ru(bpy)3]Cl2 is centered at 
450 nm, coincident with the SLR of the array. E-
F. Measurements of transmission through the 
metal nanoparticle array for bare array (E) and 
with 4.5 ML CdSe NPLs (F).  Band bending in the 
dispersion of the transmission indicates strong 
coupling to the cavity. 
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I. Introduction to the Problem. 
 A grand challenge for chemistry is to exhibit selectivity and control over a chemical transformation  
at any stage in the synthesis process [2]. However, what makes this task so difficult is that for a given set 
of molecular catalysts, substrates and reaction conditions, synthesis outcomes generally follow a set of 
established rules of reactivity. Chemical synthesis relies upon the creative manipulation of these rules 
fundamentally established by ground and excited-state potential energy surfaces and frontier molecular 
orbitals. However, within this established framework, the tools a synthetic chemist can use to alter reactivity 
(photochemistry, catalysis, temperature) are limited. The guiding principle of QuEST is to develop a new 
way to alter the frontier orbitals of organic molecules by taking advantage of the principle of quantum 
superposition found for light-matter interactions, which is historically described by quantum electrodynamic 
theory. While the physics of light-matter coupling is well understood, the consequences for chemistry 
remain almost completely underexplored. For example, exciting predictions have been made about 
completely new chemical reactivities that can be achieved by coupling molecules to light inside an optical 
cavity [3-6]. Indeed, coupling reactant molecules to a cavity is predicted to increase charge transfer rates 
by orders of magnitude [7],modify potential energy landscapes [3, 4, 8-11], enhance electron-phonon 
coupling [12], enhance excitation energy transfer processes [13, 14], accelerate singlet fission kinetics [15, 
16], create new conical intersections [8, 17], and enhance or suppress photo-isomerizations [5]. Clearly, 
understanding and controlling quantum light-matter interactions inside the cavity has great promise to 
manipulate chemical reactivities in a general and transformative way. 

Polariton Definition. Fundamentally, these predictions arise because inside an optical cavity the light 
field is quantized, and coupling molecules to quantum light results in hybridized photon-matter 
quasiparticles called polaritons. With respect to new chemical transformations, a useful way to think of the 
polariton state is a hybridized orbital consisting of the ground electronic state of the molecule |𝑔⟩ hybridized 
with the excited electronic state |𝑒⟩ (Figure 2A). For example, for a simple hydrogen atom, the electronic 
state component of the polariton would be a hybridized 1S-2P state, which is not possible for an isolated 
atom in the absence of the cavity. Alternatively, hybridizing the excitonic or vibronic states of a molecule 
with the photonic states of a cavity forms exciton- or vibrational-polartions, respectively, which are 
commonly referred to as molecular polaritons [18, 19]. 

Molecular polaritons have vastly different potential energy curvatures compared with the uncoupled 
molecule [1, 20-22] (Figure 2B-D). Since cavity polaritons are a quantum superposition of light and matter, 
physical properties of molecules (which determine reactivity) can be tuned by changing properties of the 
quantized radiation field inside the cavity. For example, the strength of the mixing R, and also what part of 

  
Figure 2. How electron-polaritonic states alter chemical reactivity. A. Placing an atom in the cavity forms new 
polariton states |+⟩,|−⟩ defined by coupling strength (i.e. Rabi frequency) R. Polartion states have altered wave 
functions compared to electronic states. (B) Placing a diatomic molecule inside the cavity, where the electronic states 
(black) hybridize, generating the upper (red) and lower (blue) polariton potential energy surfaces that have curvatures 
derived from a superposition of the ground and excited electronic states. (C) Theoretical simulation (adapted from 
Ref. [1]) of the potential energy surface, the ground state density, and the transition density to the first excited state 
of a formaldehyde molecule. (D) Theoretical simulation (adapted from Ref. [1]) of polariton potential energy surfaces 
and the transition density to the upper and lower polaritons for the formaldehyde-cavity hybrid system, where both 
the potential and the charge distributions exhibit significant chan ges from formaldehyde in free space.  
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Can the reactivity of molecules be altered by changing their molecular orbitals through strong light-matter coupling?
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Multidisciplinary Team

Sustainability Initiative
Using (sun)light and 
nanocrystals inside an 
optical cavity to unlock 
new chemistries for:

• Sustainable fuel forming reactions
• Photoredox Catalysis
• Greener chemical syntheses
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