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[bookmark: _Hlk117364935]ABSTRACT: The coherent exchange of energy between materials and optical fields leads to strong light-matter interactions and so-called polaritonic states with intriguing properties, halfway between light and matter. Two decades ago, research on these strong light-matter interactions, using optical cavity (vacuum) fields, remained for the most part the province of the physicist with a focus on inorganic materials requiring cryogenic temperatures and carefully fabricated, high-quality optical cavities for their study. This review explores the history and recent acceleration of interest in the application of polaritonic states to molecular properties and processes. The enormous collective oscillator strength of dense films of organic molecules, aggregates, and materials, allows cavity vacuum field strong coupling to be achieved at room temperature, even in rapidly fabricated, highly lossy metallic optical cavities. This has put polaritonic states and their associated coherent phenomena at the fingertips of laboratory chemists, materials scientists, and even biochemists, as a potentially new tool to control molecular chemistry. The exciting phenomena that have emerged suggest that polaritonic states are of genuine relevance within the molecular/material energy landscape.  
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1. Introduction and Historical Context
Light is of fundamental importance for the field of chemistry. On one hand, via spectroscopy, it has been an indispensable tool in the development of our understanding of atomic and molecular structure and a mainstay of modern molecular characterization techniques. On another hand, light-matter interactions that lead to chemical changes (both photochemical and photocatalytic) provide pathways to otherwise inaccessible products that have not only shaped life our planet and opened vibrant branches of modern chemistry, but also promise solutions to the most pressing challenges of our times, from carbon-neutral energy to asymmetric catalysis.
[bookmark: _Hlk128501736][bookmark: _Hlk128501699]A canonical example of an indispensable light-driven chemistry is the conversion of sterols to pre-vitamin D, critical to the health of humans and higher organisms, but a reaction that has been occurring for at least 500 million years in non-vertebrate lifeforms where its function may be photoprotective.1 The reaction is only accessible photochemically, with no known evolution of an enzyme-catalyzed thermal pathway. At the heart of this reaction is a 6-electron, electrocyclic ring-opening reaction of 1,3-cyclohexadiene (CHD) to form a linear triene, the energy landscape of which exhibits some of the classical features of a photochemical reaction (Figure 1a).2 (The photochemical reaction of CHD is used as an canonical example here, but we note that this reaction has already been investigated under optical cavity strong coupling, the subject of this review.3)
[image: ]
Figure 1. (a) Potential energy surface of the photoinduced ring-opening reaction at the heart of Vitamin D photosynthesis: UV photoexcitation promotes cyclohexadiene (CHD) from ground to excited state, where the thermal barrier to passage along the C1-C2 carbon-carbon bond stretching coordinate is vastly reduced. At the transition state, the system returns to the ground state via a conical intersection (CI), with thermal equilibration resulting in several geometric isomers of a linear triene (cZc, cZt, and tZt, structures inset, schematic illustration is reconstructed from Ref. 2); (b) Schematic of the photochemical energy landscape in (a). Left: with weak interaction between the optical field and material absorber, the photon drives transitions between states but does not alter them. Right: strong light-matter interactions alter the energy landscape, possibly modifying kinetic barriers for both ground (activation energy Ea indicated) and excited state chemical reaction pathways; (c) Various branches of modern photochemistry, divided by typical applied optical fields, and the strength of the light-matter interaction. The ‘strong coupling’ interaction regime results in modification of the energy levels of the system beyond their original linewidth, the ’weak coupling’ regime does not. Polaritonic chemistry fills a hither-to neglected quadrant where strong light-matter coupling is induced by interactions with negligible intensity (vacuum) fields in photonic (Fabry-Perot, plasmonic etc.) structures.
Nuclear motion along some reaction coordinate (for example stretching of a carbon-carbon bond in CHD) defines energy minima corresponding to reactant and product ground states (S0), that may be separated by a significant thermal barrier (requiring ~4 eV activation energy to surmount in the case of CHD). Absorption of a (UV) photon however promotes the system to an excited potential energy surface (S1), for which the energy barrier to motion along the reaction coordinate is vastly reduced, and thermally accessible. At the point where the ground and excited states cross, vibronic coupling results in the formation of conical intersections (CI) facilitating non-radiative transition back to the ground state potential surface, followed by vibrational relaxation to form the equilibrium product state (in the case of the linear triene product of the CHD ring opening, several geometric isomers are thermally accessible).
The modest spectral irradiance of ~100 W/m2.nm in the ~290 nm wavelength range at midday at the Earth’s surface that drives vitamin D biosynthesis means that the interaction between light field E and the electric transition dipole µ of CHD (the scalar product E•µ) only weakly perturbs the system; transitions between energy levels are promoted but the potential energy surfaces themselves are not observably altered beyond their original linewidths. We define this as the ‘weak’ light-matter coupling regime (see Figure 1b, left side, and further on). 
Synthetic organic photochemistry, from its origins to its systemization by Ciamician and Silber at the turn of the 20th century, also used sunlight as the excitation source.4 While today’s photochemical reactors employ narrow-wavelength-range light-emitting diode (LED) sources that can routinely provide irradiances of 10-1000 Suns,5 this ‘traditional’ photochemistry can still be considered to operate under relatively weak applied fields, and in a weak light-matter interaction regime, where the energy levels of the material are not altered beyond their original linewidths (see Figure 1c, bottom left quadrant). We may define other sub-fields of photochemistry however, by the varying magnitude of the applied excitation fields employed, and by the observable modification of the system’s energy levels beyond its original linewidths, due to the light-matter interaction (Figure 1c).
[bookmark: _Hlk133157029]By the early 1980s, the enhancement of molecular photochemistry at the surface of metallic nanoparticles had been predicted and demonstrated,6,7 following the earlier observation by McQuillan and co-workers of enhanced Raman scattering from molecules on roughened silver electrodes.8 The spatial confinement of light fields via generation of localised surface plasmon resonances in metallic nanoparticles can enhance photonic intensities by up to 1011 depending on the relative arrangement of the metallic nanoparticles and molecular reactants of interest. This can dramatically increase, for example, excitation rates for photochemical reactions, leading to the field of ‘plasmon-enhanced photochemistry’ (note there are other potential drivers of enhanced, or novel, photochemistry in this context, e.g. thermal effects and hot carrier generation).9 But except in particular conditions,10,11 the rapid dephasing times of ~10 fs of metallic nanoparticle plasmons, and dramatic shortening of molecular excited state lifetimes by dissipation to lossy modes at metal surfaces occur in this context. This means that, while the excitation fields are high in plasmon-induced chemistry, the light-matter interaction normally remains in the weakly-coupled regime, without observable modification to the original energy levels of the system (Figure 1c, bottom right quadrant, and discussions below).
[bookmark: _Hlk127187981][bookmark: _Hlk127183456][bookmark: _Hlk127187965]Ideas of laser-induced chemistry were being pursued contemporaneously, exploiting both their high intensity to induce non-resonant Stark effects, and their monochromaticity to potentially target single bonds in a molecule for dissociation (targeting specific infrared molecular vibrational modes). The latter has been likened to ‘keyhole surgery’ for chemists and remains a vibrant field of photochemistry 60 years since Hall and Pimentel’s original experiments {Hall and Pimentel  J. Chem. Phys.,1963, 38, 1989. Fausto et al, Chem. Soc. Rev., 2022, 51, 2853 }  The former was revolutionsed in the 1990s as pulsed lasers with power densities approaching 100 TW/cm2 were developed. These very high applied non-resonant optical field strengths begin to approach the inter-atomic binding potentials of molecules,12,13 thus distorting the potential energy surfaces beyond their original linewidths and opening up new channels for bond dissociation in a process called ‘bond softening’. Strictly speaking, avoided crossings in the potential energy surface are generated at points where undressed (unperturbed) photochemical potential energy surfaces differ in energy by one photon, in a total field of ~1015 photons, thus enhancing the light–matter coupling EF•µ, where the electric field EF is very large (µ is the transition dipole of a single absorber). This observable distortion of the potential energy levels of the system is a characteristic of strong light-matter coupling (Figure 1b, right side), and bond-softening represents a strong field/strong coupling approach (Figure 1c, top right quadrant).
[bookmark: _Hlk127187995]Strong light-matter coupling and energy level distortion may also be induced, however, by playing on the other side of the light-matter coupling equation EF•µ. In this regime, weak optical fields can be interacted simultaneously with a large number (N) of material absorbers, thus boosting the light matter coupling as EF•√Nµ. This regime will be the focus of the current review. Experiments undertaken in the last two decades, stimulated particularly in the chemistry context by Ebbesen’s group in Strasbourg, have shown that molecular properties, including reactivity, can be modified in this way.3,14,15 Significant numbers of experimental and theoretical works have now emerged in this field, such that it may now claim to be filling a hither-to neglected quadrant of the photochemistry subspace (Figure 1c, top left quadrant). This low applied field/strong coupling approach has become known as ‘polaritonic chemistry’.16
[bookmark: _Hlk127184861]Polaritonic chemistry can be realised when atoms or molecules are placed in proximity with an optical cavity (Fabry-Perot, plasmonic etc.), such that the (vacuum) optical fields  coherently exchange energy with the transitions of atomic or molecular systems faster than any loss mechanism (see Section 2); this results in the strong coupling and energy level distortion beyond the original linewidth of the system discussed above (Figure 1b, right).14,17,18 The new energy levels are hybrid states of light and matter, also termed polaritonic states.19,20 Notably, achieving strong light-matter interactions with the EPh = ℏω vacuum field (ω is the angular frequency of the optical field) relaxes the need for (intense) external light sources, proffering significantly milder conditions for photochemistry and reduced chance of decomposition. Thus it can be applied to a variety of molecular systems, opening up a new cross-discipline in molecular chemistry.16,21–24
Strong light-matter coupling was first reported in the mid-1970s for surface waves interacting with LiF films.36 Later, strong coupling was experimentally achieved in Fabry-Perot-type optical cavities (two reflective surfaces separated by ca. the wavelength of interest for coupling to the molecule dipolar transition) for the Rydberg atom,25 several atoms26–28 and for a single atom.29 By the early 1990s, the coupling of inorganic (quantum well) materials to optical cavities was reported.30 The Wannier–Mott-type excitons of these inorganic materials are delocalized through the crystal lattice and thus weakly bound, requiring cryogenic temperatures for observation of strong coupling. Within a decade however, utilizing the highly localized and high binding energy Frenkel excitons of organic materials, vacuum field strong coupling at room temperature was observed (a porphyrin coordination complex in an FP cavity was employed31) and can now be achieved routinely.32–35 More recently, strong coupling was also observed between infrared cavity photons and molecular vibrational transitions.36,56 
Polaritonic chemistry was first demonstrated in 2012 during studies of photochemical isomerization reactions within optical cavities and via the coupling of electronic transitions.3 By 2015, these studies were extended to the vibrational energy regime and vibrational strong coupling (VSC)-modified chemistry was observed.37–39 Today, the effects of strong coupling on chemical reactions and various other molecular properties continue to be explored, with many exciting and surprising phenomena being uncovered. 
In this review article, we highlight experimental work on cavity strong coupling applied to molecular chemistry and molecular/material properties. Although strong coupling chemistry with plasmonic systems is an exciting area that continues to grow,11,40,41 this review focuses on the strong coupling within Fabry-Perot optical cavities, which have been an extremely popular means of investigating cavity molecular chemistry. The review is intended to engage molecular scientists, in the language of molecular scientists, and to discuss the physics of polaritonic states intuitively wherever possible.
2. Principles of Strong Light-Matter Coupling
A microscopic picture of strong light-matter coupling begins with a molecule in an optical cavity absorbing a photon and transiting to an excited state. From there, the probability of photon emission depends on the various rates of non-radiative relaxation (intersystem crossing to triplet states, internal conversion etc.) relative to the radiative rate. The latter takes values of ~108 sec-1 for good chromophoric molecules in condensed phases (i.e., excited state lifetimes of the order of 10 ns in the absence of significant non-radiative relaxation pathways). In a quantum electrodynamics picture, this ‘intrinsic’ spontaneous emission rate is in fact set by dissipative interaction between the electric dipolar transition of the molecule and a continuum of electromagnetic modes in their vacuum state (the quantum state with the lowest possible energy42) at the same position in space. The rate expression takes the form of Fermi’s Golden Rule and is proportional to the square of the vacuum field-matter coupling (the aforementioned E•µ) and the spectral density of vacuum field modes (the photonic density), the latter of which varies parabolically with frequency in free space.43
The spectral density of these vacuum fields can be significantly altered however within an optical cavity. Standing wave conditions define spectral regions of enhanced vacuum field density compared to free space (i.e., the optical modes or resonances of the cavity) and of reduced vacuum field density compared to free space (i.e., ‘stop bands’). The interaction between the molecule and electromagnetic mode inside the optical cavity is therefore also significantly different from that in free space. As predicted by Purcell in 1946, the excited molecule’s radiative rate becomes proportional to the Quality (Q)-factor of the optical cavity, which is related to the number of rounds trips a photon of particular frequency can take in the cavity before leaking into free space.44 Placing a molecule in an optical cavity adjusted such the cavity mode is resonant with an allowed transition of the molecule, thus enhancing the latter’s radiative rate, is an important condition for entering the strong light-matter interaction regime.
Returning to the microscopic picture of an excited molecule inside a (resonant) optical cavity, (enhanced) radiative emission results in a photon undergoing ~Q round trips in the cavity, during which time it may be reabsorbed by the emitter before escaping to free space. If the rate of emission/reabsorption (g, rate of photonic energy exchange between the molecule and the cavity) does indeed exceed the photon leakage rate and any non-radiative molecular loss rates, the strong-light matter coupling regime is achieved. This kinetic competition is often represented by three parameters (Figure 2, the cavity decay rate κ, non-resonant (‘undressed’ material) decay rate γ, and light–matter coupling exchange rate g). γ is the inverse of the lifetime of the molecular excited state (sum of the radiative and non-radiative decay rates in free space). The cavity decay rate (κ) is determined from the quality factor (Q): κ = ω/Q, where ω is the resonant mode frequency.

[image: ]
Figure 2. Schematic view of a Fabry-Perot cavity (reflective mirrors in blue) containing some material with an allowed optical transition. Illustration of the (reversible) interaction between the electromagnetic wave (red) and the absorber. κ: resonant decay rate, γ: non-resonant decay rate, g: light–matter coupling strength.
When g ≪ κ or γ, exponential decay of the molecular excited states will be observed, albeit modified by the Purcell effect, characteristic of the weak interaction regime. Conversely, when g ≫ κ and γ, temporal ringing due to exchange of the photon between the cavity and the molecule is observed, characteristic of the strong coupling regime. This temporal ringing is evidenced in the spectral domain as a splitting of the resonant molecular absorption and cavity mode transmission/reflection peaks. The magnitude of the splitting, termed the Rabi splitting (ħΩR), depends on the magnitude of the light-matter interaction ħΩR =2│EF•µ│in Figure 3. In the quantum picture, the new peaks represent discrete new energy levels of the system, termed polaritonic states (upper and lower polaritons indicated as P+ and P−), that are hybrid states of photons and matter with unique properties somewhere in between each. The intriguing properties of polaritonic states have led to the discovery of unusual phenomena and generated great interest in this field.
A concept critical to polaritonic chemistry is that the spectral changes due to the polaritonic states of the coupled system may in fact represent a modified potential energy surface for a chemical reaction involving that molecule. For example, the lower polariton state (Figure 3) may now play the role of the LUMO (S1) state in a photochemical reaction (Figures 1a,b). Furthermore, since the Rabi splitting can be as large as 100s of meV for good organic chromophores at high density in optical cavities, if they are playing a role in chemical reactions, very large changes in chemical rates and pathways could be anticipated. Such a large Rabi splitting is usually achieved by the collective coupling of a large number of molecules to a single cavity mode in an optical cavity.45 
 The splitting energy is then proportional to the square root of the density of the molecules in the cavity and the quality factor (ħΩR ∝ √N/V, where N is number of molecules and V is the mode volume). This collective coupling also results in N -1 dark states (DS) being formed together with the two bright polaritonic states (Figure 3). The energy level of the N-1 dark state is the same as that of the original transition state. Some molecules in the cavity are uncoupled to the cavity mode because their transition dipole moments are orthogonal to the amplitude of the electromagnetic field, or they are located outside the cavity field. The energy level of the transition state of these uncoupled molecules is not changed. The energy levels of the N-1 dark state and uncoupled molecules are therefore the same, but these states can be distinguished. The dark states may drive interesting dynamics and phenomena in their own right, but the collective coupling is perhaps of most interest as a way to drive collective behavior in a large ensemble of absorbers. That is to say, all the material oscillators within the cavity mode volume (V ~ l3 for a Fabry-Perot cavity) are driven in phase by the interaction with the optical cavity mode, despite being separated by up to macroscopic distances. This delocalization of the polaritonic states has driven much interest in their employment for energy transfer over long distances.95-98　To reiterate an important point again, strong light-matter coupling in this context occurs between collective absorbers and the cavity vacuum field, even without an external light source being applied. This opens up the possibility of vibrational dynamics and thermal chemistry also being modified by vibrational strong coupling.37,38
[image: ]
Figure 3. (a) Schematic illustration of cavity strong coupling. A number of molecules in the cavity collectively couple to a single cavity mode. The black arrows indicate the directions of transition dipole moments in each molecule. The molecule in the blue circle is an example of an uncoupled molecule, with transition dipole moment orthogonal to the cavity electromagnetic field vector. (b) Energy levels of the polaritonic states formed by the strong coupling of a molecular vibrational transition and a resonant cavity mode. The strong coupling of the molecules (N is the number of molecules) and a cavity mode generates two polaritonic states: the upper polariton (P+) and lower polariton (P−) branches and the N-1 dark states. The energy gap between P+ and P− is called the Rabi splitting.
Theoretical frameworks have been developed to describe the strong coupling system. Here, the simplest models to describe strong coupling are introduced. The Jaynes–Cummings model describes the interaction of an electromagnetic mode quantized by an optical cavity, with an atom with two energy levels.46 When the electromagnetic mode is described by the harmonic oscillator model, the Hamiltonian of the hybridized state is described by
 	(1)
where ω is the frequency of the cavity field, ω0 is the transition frequency, a† is the field creation operator, and a is the field annihilation operator. g is the coupling strength:
g =  	(2) 
where µ is the transition dipole moment, ε0 is the vacuum permittivity, and Vm is the electromagnetic mode volume. The first, second, and third terms in Eq. 1 are the Hamiltonians of the electromagnetic mode, atom, and light–matter interaction, respectively. The matrix σ+ provides the transitions from the ground state to the excited state, σ− provides the inverse process, and σz expresses the energies of the states:
 	(3)
The eigenstates of the system are
 	(4)
with energies
 	(5)
where nph is the number of photons participating in strong coupling. The value of the Rabi splitting is then given by:
 	(6)
where E0 is the electromagnetic field in the cavity. Equation 2 indicates that a large value of µ (the transition dipole moment) is required for strong coupling. Additionally, Vm (the electromagnetic mode volume) is preferably small. Equations 5 and 6 indicate that strong coupling occurs even without photons (the value in the square root cannot be 0 even if nph = 0). This interaction in the absence of externally applied photons is the coupling of the cavity vacuum field with matter.
When many emitters are placed in an optical cavity, the system is described by the Tavis–Cummings model.47 The system can be simplified based on the interaction of a large number of emitters (N) and a small number of photons. Under this assumption, the electromagnetic field is concentrated in the single cavity mode, providing in-phase oscillations of the transitions of all emitters and leading to formation of a collective dipole. The splitting energy is proportional to the square root of N:
 	(7)
Thus, the Rabi splitting energy is proportional to the square root of the concentration (N/Vm), as observed in experiments. We will not review the exciting recent developments of theoretical frameworks for cavity strong coupling as these have been reviewed elsewhere. The theoretical interpretations linked to the effect of VSC are discussed in Section 5.4.
3. Practical Realization of Cavity Strong Coupling
Practically speaking, strong light-molecule coupling can be achieved in a broad range of optical nano/microstructures, including plasmonic nanostructures,40,37-39 whispering gallery cavities,48,49 and photonic crystals,50,51 and waveguide structures.52 Fabry-Perot (FP) cavities, comprising two parallel, reflective mirrors have been the most popular optical structure for strong coupling, however (Figure 4). The reflective surfaces are usually fabricated either from metallic films, or distributed Bragg reflectors (DBR), consisting of multiple pairs of dielectric layers of alternating refractive index material (the thickness of the layers is typically a quarter of the reflection wavelength range of interest). Each cavity mirror type has its advantages and disadvantages. 
Metallic mirror cavities are relatively simple to fabricate by sputtering or evaporation, and the low penetration depth of the optical field into the mirrors (~20-30 nm) means that they strongly confine the field mode volume V, leading to enhanced Rabi splitting, as ħΩR ∝ √1/V. The drawback is that even for relatively low-loss metals in the visible and near-IR such as silver and gold, each reflection leads to strong losses and Q factors are limited to 10-100. Since optical mode peak widths are inversely proportional to the Q factor, metallic cavity modes are relatively broad (10s of nm widths in the visible spectrum), which can limit the visibility of small Rabi splittings. Nevertheless, metal-deposited mirrors have been used in a variety of applications in excitonic and vibrational strong coupling. Semi-metals such as  Ge can also be used as the mirror for mid-infrared regions,53 which is useful for electrochemistry due to its high work function.
On the other hand, DBR mirrors are relatively difficult to fabricate as they may require 10s to 100s of layers to be deposited, and due to penetration and multiple scattering of the field in the DBR stack, mode volumes cannot be confined to ~100 nm as it can with metallic mirrors, which reduces relatively the Rabi splitting. However, due to the use of low loss dielectric materials, DBR cavities can routinely have very high Q factors of 100s-10000s, and very narrow peak widths which make smaller Rabi splittings resolvable. The long coherence times of the light-matter interactions in these cavities are used to realize polariton lasing and the Bose–Einstein condensation (see Section 4.4). 
On the molecular side, functional molecules can be deposited on one mirror via sublimation or direct crystal growth. Another popular technique is to dope molecules into a polymer matrix that is spin-coated onto the mirror to form a smooth film. In either case, the thickness of the deposited film determines the mirror separation, and thus the cavity mode wavelength can be conveniently adjusted to resonance with the targeted molecular transition by tuning this thickness (e.g., changing the speed of the spin-coating, or the concentration of the cast polymer/chromophore solution). The top mirror for completing the cavity is often deposited directly on top of the molecule/polymer film, though care must be taken when sputtering or evaporating metals that they do not damage the organic layer.  In this case ‘sticky’ metal mirrors can be separately prepared and placed parallel to the first mirror.13
Liquid phase molecular systems are convenient to use in vibrational strong coupling measurements, for which cavity mirror separations are of the order of several microns at least, though electronic strong coupling of liquid samples is also possible.54 For infrared (IR) FP cavities, ~10 nm metallic films can be used due to the even shorter optical field penetration depth at IR frequencies, and are deposited on IR transparent substrates. The metallic mirrors are often then covered by an inert layer, such as resins, organic polymers, or silicon dioxide, to avoid any effect of direct contact between the molecules and metal surfaces. The mirrors are arranged such that they are parallel and face each other, with polymer films (e.g., Mylar or Kapton) employed as spacers between mirrors. In this case the thickness of the spacer film approximately determines the mirror separation and thus the resonant wavelength of the FP cavity, with tuning achieved simply by compressing the spacer.
he spectroscopic characteristics of the molecules also determines their suitability for use in strong coupling experiments. Since the coupling scales with µ√N, molecules with strongly allowed absorptions, and which can be packed at high density without undergoing deleterious aggregation-induced spectral changes are most suited. The latter condition is one of the most challenging for strong light-molecule coupling experiments. Narrow/sharp absorption bands are also preferred to aid the visibility of Rabi splitting (in tandem with spectrally high-Q cavity modes as discussed above). The absorption bands of polaritonic states are generally sharp even if the original molecular absorbance is broad.55–57 The reduction in inhomogeneous broadening is attributed to motional narrowing due to the extended wavefunction of the polariton.58
It should be noted that not all the molecules in the FP cavity are coupled with the same magnitude to the optical cavity, this is because they are usually deposited with random orientations, or sample random orientations over time in the case of liquid samples. The optical field is parallel to the mirror plane in an FP cavity, so molecules with transition dipole directed parallel to the mirrors can couple maximally, while if directed perpendicular to the mirror plane, they will couple not at all. Furthermore, the cavity optical modes are not uniform in space within the cavity (see Figure 3), with anti-nodes of maximum amplitude and nodes where the electric field intensity is zero.59,60 The leads to further heterogeneity of coupling magnitude for molecules spread throughout a cavity and the presence of uncoupled molecular states that can interact with the coupled polaritonic bright and dark states. 
Angle-resolved spectroscopy is a convenient way to characterize light-molecule strong coupling. Optical cavity modes in Fabry-Perot cavities feature strong angular (momentum) dispersion, blue-shifting as angle of observation moves away from perpendicular to the mirror plane (defined as 0° in Figure 4). Polaritonic states also display angular dispersion, but of lesser extent as they are photons mixed with non-dispersive material transitions. 
A typical result for an angle-resolved transmission experiment on a Fabry-Perot cavity containing molecules under strong light-matter coupling is shown in Figure 4. In the absence of an absorber the cavity mode energy increases parabolically with increasing incident probe angle (short-dashed line). Where this mode approaches a material absorption however (horizontal long-dashed line) hybridization and polariton state formation results in an avoided crossing. The Rabi splitting is defined as the minimum approach of the new polaritonic state branches, P+ (solid upper line) and P− (solid lower line), which occurs exactly at resonance (0° in Figure 4). At higher incident angles (i.e., when the photonic energy is tuned away from the material absorption energy), P+ and P− become more photon-like and molecule-like, respectively. Once again, the visibility of this spectral splitting at resonance, beyond the spectral widths of the optical and material absorbers separately, indicates the occurrence of strong light-matter coupling.

[image: Diagram

Description automatically generated]

Figure 4. (a) Schematic illustration of angle-resolved spectroscopy of a FP cavity. (b) Energy-momentum (energy vs. angle) dispersion of transmission through an FP cavity, normal incidence relative to the mirror plane is defined as 0°. The dashed parabolic and horizontal lines indicate the dispersive optical mode and the molecular transition energy, respectively. The black solid lines indicate the upper (P+) and lower (P−) polariton branches. The energy gap between P+ and P− at normal incidence (resonance) corresponds to the Rabi splitting (ħΩR).
3.1 Excitonic Strong Coupling

 Early investigations of strong coupling in optical cavities focused on exciton–photon interactions in inorganic materials.30,61 For example, the formation of polaritonic states was observed when GaAs was placed in a microcavity.30 As mentioned earlier, because of the weak binding energy of Wannier–Mott excitons in these inorganic materials, strong coupling was realized only at cryogenic temperatures. However, because of the large transition dipole moments and binding energies of Frenkel excitons, the strong coupling of organic molecules can be explored at room temperature. Cavity strong coupling was observed for organic–inorganic hybrid molecules, i.e., coordination complexes (e.g., tetra-(2,6-t-butyl)phenol-porphyrin zinc) located in a microcavity at room temperature.31 Later, cavity strong coupling was investigated using molecular J-aggregates62–66, organic dyes,67 organic crystals68 porphyrin coordination complexes,69 and organic semiconducting polymers70 placed in the FP cavities (Figure 5). More recently, cavity strong coupling has been extended to organic functional materials such as carbon nanotubes,71 chromosomes72 and biological proteins.73 The emission properties also change under cavity strong coupling. Enhanced emission from the lower polaritonic branch74 and an enlarged Stokes shift75 have been observed following formation of polaritonic states. 
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[bookmark: _Hlk127195804]Figure 5. Reflection spectra of (2,2’-dimethyl-8-phenyl5,6,5’,6’-dibenzothiacarbocyanine chloride in a FP cavity. The incident angle of the probe beam is varied from 25° to 55°. The cavity modes are far from resonance at 25° and 35°, and on-resonance at 40°, 45°, 50° and 55°. The dashed line indicates exciton absorption of 2,2’-dimethyl-8-phenyl5,6,5’,6’-dibenzothiacarbocyanine chloride. Reproduced with permission from Ref. 62. Copyright 1999 the American Physical Society.
The relaxation dynamics of exciton-polaritons is a rich area of research, with both the population of polaritonic states following pumping of incoherent excitations in the system, and decay of polaritons, the subject of much study.24 Vibronic transitions play a central role in the interplay between coupled and polaritonic states, including overcoming ‘bottlenecks’ due to requirement of changes in both energy and momentum in radiative transitions between these two systems, and in non-radiative transitions that can dominate for organic molecular exciton–polariton systems due to the presence of dark and uncoupled state continua mentioned earlier. In the latter case, the upper polariton decays non-radiatively to the dark states much faster than the similar decay from dark states to the lower polariton.24 Thus, the dark states act as a reservoir and an energy sink, and radiative relaxation to the ground state can occur from here or the lower polariton branch.
Pump-probe spectroscopy can also be used to reveal the dynamics of coupled/uncoupled state transitions, and relaxations from, for example, the lower polaritonic branch. Assuming that photon loss is the fastest decay pathway in the system, the lifetime of a lower polariton is expected to be twice that of the photon in the cavity, because the energy exchange rates in both directions between the cavity and excited state are assumed to be equal. However, the lifetime of the lower polariton branch has been shown to be longer than expected in some circumstances.76 The prolonged lifetime of the lower polariton can be explained by the ‘drip feeding’ of the lower polariton by the reservoir of uncoupled and dark polaritonic states. Additionally, transitions from polaritonic states to different-order cavity modes have been observed by pump-probe spectroscopy.77 
3.2 Vibrational Strong Coupling

Strong coupling has been observed not only for electronic transitions but also for vibrational transitions. In this case the polaritonic states are formed when the optical cavity mode is resonant with a vibrational transition. Vibrational strong coupling (VSC) was experimentally observed for the carbonyl stretching vibration of poly(vinyl acetate), strongly coupled to an IR FP cavity vacuum field (Figure 6), and for the same vibration in poly(methylmethacrylate).36,57 The vacuum Rabi splitting derived from the VSC of the carbonyl stretching vibration was observed by IR spectroscopy. VSC has since been observed in a variety of functional molecules and materials, such as in solid-state organic polymers, organometallic compounds, and liquid solutions containing organic molecules,57,78,79 proteins,80 organometallic compounds,81–83 liquid crystals84, and the solvent molecules themselves.85,86 VSC has been achieved using a range of vibrational modes, usually with strongly allowed IR absorptions, including carbonyl, azide, and cyano groups, carbon-carbon double bonds, and hydroxyl groups. The strong coupling of α-lactose was also realized at terahertz frequencies.87 As mentioned earlier, the ~microns separation of mirrors for cavities for VSC makes the use of solutions convenient, which in turn has allowed diffusive, bimolecular chemistry  to be studied, a crucial inspiration and means for applying VSC towards modifying thermal chemistry.39,88
Similar to the case of excitonic strong coupling, transient spectroscopy is essential for analyzing the dynamics of vibro-polaritonic states. Transient absorption spectroscopy was used to investigate the excited state of a vibro-polaritons of W(CO)6 in hexane, with VSC of the carbonyl stretch.89–91 Pump-probe spectroscopy indicated that the upper polariton relaxes much faster than the lower polariton and uncoupled reservoir states. This tendency was the same as that observed for the exciton-polaritons (Section 3.1). In the first few picoseconds after excitation, Rabi oscillation-coherent energy transfer between the polariton branches was also observed. 
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Figure 6. IR transmission spectrum of a Fabry-Perot cavity filled with poly(vinyl acetate), with thickness of 1.9 microns, such that a bare cavity mode lies near 1740 cm-1, resonant with the C=O stretching vibrational mode of the polymer (dashed vertical line). The formation of upper (UP) and lower (LP) polaritons due to vibrational strong coupling are evident in the normal incidence experimental (solid black curve) and theoretical (red curve) spectra. Reproduced with permission from Ref. 36. Copyright 2015 Springer Nature.

Further studies on the dynamics of the vibro-polaritonic states of W(CO)6 were realized through the application of two-dimensional (2D) IR spectroscopy (Figure 7).89–93 As mentioned earlier, for N molecules in the cavity mode volume, and besides the two bright polaritonic modes of the molecule-cavity coupled system, there are N-1 dark modes, as well as uncoupled molecular states that are either outside the field mode volume, or their transition dipole moment is orthogonal to the optical field polarization. The latter states are not observable via normal IR transmission spectra or their signatures cannot be easily disentangled from those of the bright polaritonic modes. The application of 2D IR spectroscopy allows the visualization of these dark/uncoupled states in isolation from the bright vibro-polaritonic states. The 2D spectra showed that the dark states and bright polaritons dynamics were interdependent. When one mode (dark states) was excited, the optical response of the bright vibro-polaritons was influenced, and vice versa. 
Recently, vibrational energy transfer among molecules via vibro-polaritonic states was experimentally observed.94  The vibrational energy of W(CO)6 was rapidly transferred to W(13CO)6 under VSC but did not occur without VSC. The enhancement of vibrational energy transfer under VSC was also supported by theoretical simulations of CO2 molecules.95 The molecular dynamics simulation of collectively coupled CO2 suggested that the vibrational energy transfer among strongly coupled molecules was enhanced under VSC. Since enhanced vibrational energy transfer is considered to be a possible mechanism for modified chemistry under VSC (see further on),96 transient spectroscopy of VSC systems is emerging as an essential tool.37 Furthermore, as already observed for electronic strong coupling,  dark and uncoupled populations cannot be ignored in the behavior of vibrationally strongly-coupled systems.
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Figure 7. (a) Schematic illustrations of vibrational polariton 2D IR spectroscopy setup. Pump and probe IR incident beams are symmetric with respect to the surface normal with the same tilting angle (θ). Spectra of the pump and probe pulses are shown as 2D IR spectra on their respective axes, showing the interactions of two states. Reproduced with permission from Ref. 91. Copyright 2019 American Association for the Advancement of Science.
4. Molecular Chemistry in Exciton Strong Coupling
4.1 Energy Transfer between Molecules

When molecular electronic transitions are strongly coupled to the cavity modes, the energy of both absorption and emission are shifted due to polariton state formation. Furthermore, the polaritonic states are delocalized over distances far beyond characteristic distances for Förster-type resonance energy transfer (FRET, <10 nm). This opens possibilities for enhancing energy transfer between molecules.
The strong coupling of FRET donor and acceptor molecules to a single optical cavity mode has been a fertile pathway towards this enhancement. Polariton-enhanced energy transfer in this context was demonstrated in 2014 by Lidzey and co-workers, using a mixed layer of J-aggregated molecular dyes (the cyanines NK-2707 and TDBC) in a FP cavity.97 The excitations of NK-2707 and TDBC were simultaneously coupled to the same cavity mode, resulting in three polaritonic states: upper, middle, and lower branches, each with varying contributions from each component state. The middle branch polariton contains relatively similar contributions from the TDBC and NK-2707 J-aggregates and was a prominent feature in fluorescence excitation spectra, suggested that it is an important state for mediating energy transfer between the two systems. 
In 2017, polariton-enhanced energy transfer was demonstrated between another pair of J-aggregated cyanine dyes (TDBC and BRK), this time however with the donor and acceptor dyes separated by up to 70 nm, well beyond the characteristic FRET distance (Figure 8).98 Polariton-enhanced energy transfer was in fact shown to be insensitive to distance in this configuration, instead being dependent on the degree of hybridization between the aggregates and the optical cavity mode. Later, polariton-enhanced energy transfer between TDBC and NK-2707 was demonstrated across a 2-micron spacer.99 The energy transfer was independent of the distance if the strong coupling was maintained. Polariton-assisted energy transfer between two types of boron-dipyrromethene (BODIPY) core dyes has also been investigated, both in mixed layers and separated by a spacer. While energy transfer was shown to occur in both configurations, it was more efficient in the mixed layer.100
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Figure 8. (a) Schematic illustration of long-range energy transfer via strong coupling to an FP cavity mode. The FRET donor (TDBC) and acceptor (BRK) pair are embedded in polymer films separated by a spacer layer. Spacer thickness can be varied but the energy transfer occurs with similar efficiency as long as mutual strong coupling to an FP cavity mode is maintained. (b) Energy diagram showing strong coupling of the FP cavity mode to the J-aggregate transitions, generating cascading polaritonic states: the upper (UP), middle (MP), and lower (LP) states with relative contributions from donor or acceptor indicated by blue and red lines. P+ and P- are the putative upper and lower polariton branches that would be present if only the donor was present and strongly coupled to the photonic mode.
Polariton-enhanced energy transfer has also been demonstrated to enhance light harvesting in (planar) heterojunction device architectures. 2,6-diphenylanthracene (2,6-DPA) as a donor and perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA) as an acceptor were separately layered and placed in the FP cavity composed of parallel silver mirrors. Coupling the organic dyes to the same cavity mode was shown to double the efficiency of energy transferred to the heterojunction interface. These results suggest applications of cavity strong coupling to light-harvesting systems.101
The mechanism of polariton-assisted energy transfer has been investigated by ultrafast 2D white-light spectroscopy.102 (6,5)- and (7,5)-carbon nanotubes (CNTs) have different bandgaps, and they thus act as a donor and an acceptor, respectively. (6,5)- and (7,5)-CNTs were layered by a polymer spacer and placed in a FP cavity to realize strong coupling. Under strong coupling, 2D spectroscopy captured the cross peak between the UP and LP states, indicating long-range energy transfer. The intermolecular coupling of the CNTs generates manifold states near the UP and LP states. When the UP and LP states are not well separated from the manifold states, the photon content is redistributed over many states within the manifold states. The photon then enters the manifold states from the UP state, creating delayed emergence of the cross peak in 2D spectroscopy, corresponding to long-range energy transfer from the (6,5)-CNTs to the (7,5)-CNTs.

4.2 Singlet and Triplet Excited States

Shifts in energy levels due to the formation of polaritonic states has also been shown to modulate the photophysical dynamics between triplet and singlet excited states, such as reverse intersystem crossing (RISC),103 singlet fission104–106 and photon up-conversion triplet-triplet annihilation.107 RISC is the transition from the triplet state to the singlet state of a molecule, that while uphill in energy, can be achieved via available thermal energy if the singlet-triplet energy gap is small enough (i.e., not greater than a few kT). RISC can improve the radiative efficiency of organic light-emitting diodes (OLED) as the spin statistics of exciton formation from injected free carriers favor the formation of non-radiative triplet states. Conversion of these triplets to radiative singlets by RISC is often slow despite many efforts to design organic chromophores with reduced singlet-triplet energy gaps. Erythrosin B is a representative molecule that exhibits emission through RISC. When Erythrosin B was placed in an FP cavity and its excited state was coupled to the cavity mode, enhanced RISC was observed.103 Assuming that the newly generated lower polariton (singlet) state becomes the new LUMO of the system, the singlet-triplet energy for the system was reduced, resulting in the enhanced RISC rate (Figure 9).
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Figure 9. (a) Energy diagram indicating the kinetics of the triplet-state depopulation pathways inside a cavity. kP, kNR, and kRISC indicate the rates of phosphorescence, non-radiative decay, and reverse intersystem crossing, respectively. ΔETP is the energy difference between T1 and P− (lower polaritonic state). (b) The average total rate constant of the triplet state (kTavg) depopulation as a function of ΔETP. When Erythrosin B is not in the strong coupling regime, the rate of triplet decay is equivalent to a bare film including Erythrosin B. However, when Erythrosin B is in the strong coupling regime, the phosphorescence decay was four times faster inside the cavity as compared to outside. The change in kT is attributed to a reduced triplet-polaritonic state energy gap. Reproduced with permission from Ref. 103. Copyright 2018 Springer Nature.

Singlet fission (SF) is a phenomenon in which a singlet exciton splits into two triplet excitons of half the original exciton energy.108 SF is expected to boost the efficiency of solar cells if a high energy exciton splits into two lower energy triplets that are still above the (typically silicon) bandgap and can be harvested by the solar cell. Amorphous rubrene is a well-known molecule that exhibits SF. A rubrene film was placed in an FP cavity, with the singlet exciton strongly-coupled to the cavity mode.104 The SF rate was found to decrease due to polaritonic state formation in this case (Figure 10). The SF rate in the polaritonic state was interpreted based on three factors: electronic coupling between singlet and triplet states, overlap of the vibrational wavefunctions, and the energy gap between triplet states and lower polaritonic states. The formation of polaritonic states was found to induce a reduction in the S1-T1 electronic coupling, and to the overlap of the vibrational wavefunctions, resulting in the decreased SF rate. 
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Figure 10. (a) Schematic illustration of a rubrene film in a FP cavity. The thickness of the rubrene film (dRUB) is continuously changed by using a wedged cavity configuration. (b) The experimental (red squares) and simulated thickness dependence of the singlet fission rate (kSF) in a FP cavity normalized by that in the rubrene film without cavity. kSF decreases under strong coupling regime (lower than 1.0). Reproduced with permission from Ref. 104. Copyright 2019 American Institute of Physics publishing.

[bookmark: _Hlk128501489]Thermally activated delayed fluorescence (TADF) is fluorescence caused by RISC in which the lowest triplet excited state (T1) is thermally activated to the singlet excited state (S1). Because of the high luminescence quantum yields of TDAF, TDAF molecules are expected to be promising materials for OLEDs. The kinetics of RISC under strong coupling have been investigated using 1,3,5-tris(4-(diphenylamino)phenyl)-2,4,6-tricyanobenzene (3DPA3CN), a molecule showing TADF.109 3DPA3CN exhibits TADF because of the small energy gap between S1 and T1 (~0.1 eV). To reduce aggregation-induced quenching, 2,2′,2′′-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) (TPBi) was co-deposited with 3DPA3CN. 3DPA3CN and TPBi were placed in a FP cavity consisting of Ag reflective mirrors, forming strong coupling states. Because of the strong coupling of the S1 state with a cavity mode, the polaritonic states formed. Because of the energy splitting, the LP state was energetically lower than the T1 state. Although acceleration of RISC might be expected because of the inverted energy states of S1 and T1, the observed kinetics of RISC was unchanged. This was because the RISC rate was still slow owing to the large difference between the densities of the dark T1 state and LP state, leading to an unchanged RISC rate. However, there is the possibility that the delayed fluorescence yield is enhanced by strong coupling. This can occur in cases in which the equilibrium between S1 and T1 is much faster than the fluorescence from S1, such as in singlet fission or organometallic complexes.
A mechanistic study of TADF molecules under strong coupling has been performed.110 DABNA, which shows TADF, was placed in a FP cavity to achieve strong coupling. Because of the strong coupling of the S1 state, the LP state was energetically lower than the T1 state, meaning energy inversion of the LP and T1 states. The RISC rate under strong coupling was evaluated by changing the temperature, providing an Arrhenius plot that gave the energy barriers. The Arrhenius plot suggested barrier-free conversion between the triplet and LP states. When the contribution of matter to the polaritonic state was low, the triplet state and LP state were disconnected.
The effect of strong coupling on triplet excitons was further investigated.105 Triplet-triplet annihilation (TTA) is the spin-allowed conversion of two triplets into a single exciton.111,112 One well-known example of TTA is the photon up-conversion of 9,10-diphenylanthracene (9,10-DPA) and platinum(II) octaethylporphine (PtOEP). A polymer film containing a mixture of DPA and PtOEP was placed between the Ag reflecting mirrors, acting as an FP cavity. The singlet exciton was coupled to the cavity mode to form polaritonic states. Under strong coupling, the emission always originates from the lower polariton branch, regardless of whether the coupled 9,10-diphenylanthracene or the uncoupled Pt-porphyrin is excited. Interestingly, longer-lived emission was observed under strong coupling (Figure 11). Longer-lived emissions were also observed in the cases of strong coupling of diketopyrrolopyrrolethiophene (DPPT) and 5,12-bis(triisopropylsilylethynyl)tetracene (TIPS-tetracene). The photodynamics of DPPT include intersystem crossing from singlet to triplet excitons and the regeneration of singlet excitons via TTA. Likewise, the photodynamics of TIPS-tetracene involves the singlet fission from singlet to two triplet excitons and TTA. Longer-lived emissions were observed for the delayed emissions of DPPT and TIPS-tetracene. In the early stage, DPPT and TIPS-tetracene emitted from directly excited singlet states, but delayed emission was attributed to TTA. This indicates that longer-lived emissions are attributed to the modulation of the photodynamics related to TTA. The reason for the longer lifetime of the emissions from the lower branch is still under discussion. The singlet excited states of DPA, DPPT, and TIPS-tetracene are coupled to the cavity mode; however, the formation of polaritonic states influences other processes that can interact with the singlet excited state.
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Figure 11. (a) Schematic illustration of photon up-conversion of the diphenylanthracene (DPA)/platinum(II) octaethylporphine (PtOEP) system. ISC: intersystem crossing, TET: triplet energy transfer, TTA: triplet–triplet annihilation. (b) Decay kinetics of DPA film emission, and of exciton-polariton emission in an optical cavity, following excitation of PtOEP. The emission lifetime is enhanced under strong coupling. Reproduced with permission from Ref. 105. Copyright 2020 the Royal Society of Chemistry.
4.3 Polariton Transport
The Frenkel excitons of organic materials are localized, resulting in short-range exciton transport, normally by incoherent hopping via FRET. The formation of polaritons by strong exciton coupling, with their aforementioned extended wavefunctions, opens up new possibilities for enhanced exciton diffusion. J-aggregated cyanine dye (TDBC) films placed in FP cavities have indeed be shown to exhibit  long-range exciton diffusion, over several microns (Figure 12).113 This is attributed to the delocalization of polaritonic wavefunctions over the cavity mode volume. The strong coupling between excitons and photons also improves the migration of excitons and charge carriers in organic materials.114,115
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Figure 12. Spatial distribution of excitons in a film of bare molecules (a) at zero time delay (b) and at a delay of τ = 9 ps between the pump and probe pulses. (c–d) Polariton distribution measured in the cavity sample for transverse magnetic polarization (c) at zero time delay and (d) after 7 ps of evolution, showing the expansion of the polaritonic state in space. The polariton expands in the horizontal direction (direction of probe beam momentum), reaching a width of 6 μm after 7 ps. Reproduced with permission from Ref. 113. Copyright 2013 American Chemical Society.

[bookmark: _Hlk128576603]The dynamics of polariton migration have been investigated using femtosecond transient absorption spectroscopy, which can visualize the motion of a polariton in a FP microcavity.116 Under cavity strong coupling of the fluorophore BODIPY, the velocity of a polariton was shown to be proportional to the Q factor of the microcavity. The Q-factor-dependent velocity can be interpreted based on the delocalization and coherence of the dark states. In a FP cavity, some molecules are strongly-coupled, while others are not due to molecular disorder. The FP cavity with a high Q factor provides the energetically narrow cavity mode, which selectively couples to a narrower population of the molecular absorber. The resulting N-1 dark states possess a smaller energetic distribution. The resulting smaller manifold of N-1 dark states therefore features increased delocalization and coherence. The more delocalized and coherent dark states permit a rapid channel of population exchange with diffusing bright polariton states, resulting in long-range transport in which the velocity depends on the Q factor.

4.4 Polariton Lasing and Bose–Einstein Condensation
Bose–Einstein condensation (BEC) is a phenomenon where de Broglie wavelength of many bosonic particles overlap, allowing the system to relax into a single coherent quantum state. This was theoretically predicted in 1925117 and later experimentally demonstrated by using Rb and Na gas.118,119 As the temperature decreases, de Broglie wavelength (λdB = √2πℏ2/mkbT, m is the effective particle mass, kB is the Boltzmann constant and T is the temperature) becomes longer, to be compatible with the mean distance between particles. The BEC of Rb and Na was observed from a few micrometers to hundreds of nanometers. Exciton-polaritons are bosonic composite quasi-particles with effective mass 10−4 to 10−5 times smaller than that of a bare electron. Because of the low effective mass, BEC can occur at elevated or even room temperature.120 It should be noted that the polariton condensation process is not the same as conventional BEC. The polariton BEC occurs under non-equilibrium conditions,121–123 whereas equilibrium conditions are essential for a conventional BEC. The polariton has a finite lifetime because of the leakage of photons through the mirrors, such that the polariton system is in a non-equilibrium state (Figure 13a).
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Figure 13. (a) Energy-momentum dispersion of exciton-polariton branches following strong coupling of some absorber to an FP cavity, with red arrows outlining the polariton condensation process. The excitons are initially excited by a pump laser to a higher energy level, which cool to the lowest energy bottleneck region. Excitons in the bottleneck region then scatter into the condensate state (zero momentum (k) state of the lower polariton branch). (b) Experimental dispersion curves of polariton condensate formation. Dashed curves are the fitted polariton dispersion. Below the threshold for condensation, the polaritons are broadly distributed in energy. Above the threshold, polaritons condense in the k = 0 ground state. Reproduced with permission from Ref. 146. Copyright 2021 Springer Nature.
Polariton condensation was initially investigated in inorganic semiconductor materials.124–127 The polariton BEC was first demonstrated using a CdTe/CdMgTe microcavity.124 An intriguing application of polariton condensation is the polariton laser, where condensation to the ground polaritonic states generates laser-like coherent emission.128 The threshold for polariton lasing is significantly lower than that of semiconductor photon lasing.129–132 Condensation to the polariton ground state was observed at 19 K. Later, intriguing quantum phenomena accompanied by polariton condensation, such as polariton lasing,133–137 superfluidity,138,139 and vortex formation,140 were realized. Polariton condensation in inorganic materials occurs at temperatures lower than 100 K because of the weak binding energy of Wannier–Mott excitons, although polariton condensation at room temperature was realized in ZnO141–143 and GaN144,145 with high-quality microcavities.
[bookmark: _Hlk128576451]Organic materials are suitable for forming coherent quantum states at room temperature because of the aforementioned strong binding energy of the Frenkel excitons.146 Organic polariton lasing was first demonstrated in single crystals of anthracene placed in a cavity composed of two DBR mirrors. At room temperature, the lasing threshold was lower than the lowest threshold for conventional photonic lasing.147 Later, organic polariton BEC was realized at room temperature in methyl-substituted ladder-type poly(p-phenylene) polymers placed between two DBR mirrors.148 To date, room-temperature organic polariton condensation149–153 and many promising applications based on related quantum phenomena, including polariton lasing154 and  superfluidity155 have been achieved. A wide variety of organic materials have been investigated as active materials for polariton condensation and its related applications, such as organic polymers,156,157 fluorescent proteins,158,159 organic dyes,160–163 and organic-inorganic hybrid semiconductors (Figure 13b).164 Most studies on polariton condensation have been performed in FP cavities composed of two parallel metallic mirrors. However, the organic crystal itself can act as an optical cavity via reflections at the crystalline interfaces (see also Conclusions section for further discussion). Formation of exciton polaritons has been observed in an organic single crystal of N,N′-bis(2,6-diisopropyl phenol)−3,4,9,10-perylenetetracarboxylic diimide, despite the low Q factor.152 BEC condensation of a polariton was observed in a single organic crystal of this material.
4.5 Nonlinear Optics
Polaritonic states have been shown to modulate non-linear optical susceptibilities and the generation of higher harmonics. For example, a nanofiber porphyrin aggregate outside an FP cavity showed second-harmonic generation (SHG) signals around the intense Soret absorption band (420 nm) under excitation with an 840 nm laser.165 The porphyrin nanofibers were then placed in an FP cavity to form polaritonic states, coupling the second cavity mode to the Soret band transition. The first cavity mode then matched the 840 nm pump laser and served to enhance this excitation. By changing the pump excitation wavelength from 740 to 980 nm, the efficiency of SHG as a function of wavelength could be measured in both conditions (Figure 14). While the SHG signal followed the shape of the Soret band outside the cavity, characteristic of resonance-enhanced SHG, bimodal SHG signals were observed in the cavity, peaking at ca. 390 and 460 nm, corresponding to the upper and lower polariton wavelengths, respectively. The SHG signal from the lower polariton was much stronger than that from the upper polariton, and two orders of magnitude stronger than for outside the cavity. 
 Tunable third-harmonic generation (THG) signals were also demonstrated by the cavity strong coupling of polymethine dye.166 THG signals were observed upon the excitation of the lower polariton. The excitation wavelength was varied from 1250 nm to 1950 nm by changing the incident angle of the pump laser. The change in the excitation wavelength enables modulation of the emission wavelength of the THG. The enhancement coefficient of the THG signals is 108 times stronger than that of the polymethine dye outside the FP cavity.
[bookmark: _Hlk128576533]The electroabsorption of squaraine under strong coupling has been investigated to determine the effect of strong coupling on the nonlinear optical response.167 The electroabsorption corresponds to the imaginary part of [χ(3)(ω,0,0)]. Squaraine dispersed in a wide-gap host matrix was placed in FP cavities, and the electroreflectance was analyzed by varying the coupling strength. Classical transfer matrix modeling captured the shape of the spectrum for a low concentration of squaraine, but it failed for a high concentration of squaraine. In particular, the LP states for a high concentration of squaraine could not be captured by transfer matrix modeling. This is attributed to the interaction between the LP and aggregate states. The results indicated that electroabsorption can be manipulated by strong coupling of organic molecules.
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Figure 14. Second-harmonic generation (SHG) spectra measured at different pump wavelengths for a c-Porphyrin fiber outside (a) and inside (b) the cavity. The maximum SHG intensity was at 390 nm and 460 nm inside the cavity, indicating the SHG signals from polaritonic states. The SHG signal from lower polaritonic state (460nm) is more than 5 times stronger than that from upper polaritonic state (390nm). Reproduced with permission from Ref. 165. Copyright 2016 American Chemical Society.
[bookmark: _Hlk128500884]4.6 Photochemical Reactions
[bookmark: _Hlk128500875]Spiropyran is a representative photochromic molecule. Spiropyran absorbs UV light and is converted to green-absorbing merocyanine. Conversely, merocyanine converts back to spiropyran when it absorbs visible light. Spiropyran dispersed in a PMMA film has been placed in a FP cavity consisting of parallel Ag mirrors.168 By optimizing the thickness of the film, the cavity mode was adjusted to the green-light region, which can couple to merocyanine. Under UV irradiation, spiropyran in the cavity was converted to merocyanine that strongly coupled to the cavity mode, forming a very large Rabi splitting (an absolute record at the time, with the >700 meV splitting pushing the system into the collective ‘ultra-strong coupling’ regime where the Rabi splitting is a significant fraction (>10%) of the undressed material transition energy). In contrast, merocyanine in the cavity could be converted back to spiropyran under visible-light irradiation, resulting in the disappearance of strong coupling. In this way this study also demonstrated all-optical control on strong light-matter coupling, and was inspiration for the first studies of photochemical reaction kinetics in optical cavities (Figure 15).
The modification of chemical reactions under strong light-matter coupling was first observed by coupling electronic transitions to cavities, and for the study of photochemical reactions. The first example was the ring-opening photoisomerization of a spiropyran to a merocyanine.169 

Figure 15. (a) Reaction scheme of photochemical isomerization of spiropyran and merocyanine. (b) Energy diagram of spiropyran and merocyanine under strong coupling. The excited state of merocyanine was strongly coupled to the cavity mode, forming polaritonic states (P+ and P–). An energy barrier was formed from P– to the intermediate state (I). Because of the increased energy barrier, the photochemical isomerization from merocyanine to spiropyran slows down.[image: ダイアグラム, 概略図
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The rate of the photoisomerization was followed inside and outside the cavity, for optical cavities with an optical mode resonant with the merocyanine absorption at 565 nm, or a non-resonant case. The photoisomerization rate in the non-resonant cavity was identical to that observed outside the cavity. However, for the resonant cavity, transformation from spiropyran to merocyanine became slower as the system progressively became more strongly coupled to the merocyanine absorption. This change in rate was attributed to the lower polaritonic state becoming the effective LUMO of the merocyanine half of the photochromic system. This lowering of the merocyanine excited state energy would introduce a thermal barrier to reaction along the excited state potential energy surface, and relatively enhance direct relaxation to the ground state, leading to an overall change in rates and final yield of merocyanine formation in the photostationary state. Femtosecond-resolution transient absorption spectroscopy in the same study indeed showed that the lower polariton transition associated with the merocyanine at ~650 nm was short-lived relative to the merocyanine outside the cavity. 
[bookmark: _Hlk128500911]In addition to cavity strong coupling, the work function of merocyanine under strong coupling has been investigated.170 Spiropyran/merocyanine dispersed in a PMMA film was placed on a plasmonic hole array to achieve strong coupling of merocyanine. Kelvin probe microscopy revealed surface potential changes under strong coupling, suggesting that formation of polaritonic states indeed affects the electronic energy levels. In other words, the strong coupling influences the redox process of the corresponding molecules.
Photoisomerization of norbornadiene/quadricyclane has also been investigated under strong coupling.171 Norbornadiene absorbs light and is converted to quadricyclane. Conversely, quadricyclane is converted to norbornadiene by heating. Norbornadiene/quadricyclane was dispersed in a polystyrene film and placed in a FP cavity composed of parallel Al mirrors. Under the strong coupling of norbornadiene, two polaritonic states, UP and LP branches, were generated. By excitation to the UP state, the quantum yield did not change compared with that of bare norbornadiene. However, when excited to the LP state, the quantum yield was lower than that of bare norbornadiene, and was found to depend on the detuning of the cavity mode from the material transition. Detuning of the cavity mode changes the relative molecular and photonic contributions to the LP state, with more photonic states having shorter lifetime. The photoisomerization yield was more strongly changed for the resonant case than for the ‘blue-detuned’ case, the latter of which has strong molecular contribution to the polariton and a more ‘molecular’ lifetime which is essentially that of the reservoir of polaritonic dark states (especially in the case of disorder). Thus, the photochemical modification depends on competition between radiative decay and decay into the molecule-like reservoir for the LP. Once again, lowering the energy of the LP state can generate an additional energy barrier for the photoisomerization process from the LP state. Interestingly, the thermal back conversion from quadricyclane to norbornadiene was unchanged, probably because thermal back conversion occurs along the ground state which is not strongly perturbed by the cavity interaction (this was also observed for the merocyanine thermal reversion reaction169).
[bookmark: _Hlk128500919]Photoisomerization under strong coupling was also theoretically investigated for azobenzenes.172,173 Under a strong coupling regime, a polaritonic conical intersection was predicted to emerge, altering the photoisomerization kinetics. Particularly when a large number of molecules collectively couple to a cavity mode, the single excitation is distributed over the hybrid system of many molecules and the cavity mode, suppressing the photochemical reaction.173 The suppression of the photochemical reaction is more pronounced when many molecules are coupled to the cavity mode. These experimental and theoretical works suggest that the energy landscape of photochemical reactions is indeed altered by the strong light-matter coupling and the introduction polaritonic states.  
4.7 One-Dimensional Nanomaterials
Carbon nanotubes were originally discovered in deposits on the cathode of carbon arcs.174 The first carbon nanotubes discovered were multi-walled carbon nanotubes, which consisted of several concentrically-stacked tubes of different diameters. Single-walled carbon nanotubes (SWCNTs) were successfully synthesized later.175 SWCNTs are promising materials for optoelectronics because of their charge carrier mobilities and diameter-dependent near-infrared photoluminescence.176
Exciton-polaritons were observed to form from SWCNTs embedded in a polymer matrix in an FP cavity.71 Rabi splitting of over 110 meV was observed as a result of the large oscillator strength and sharp excitonic transitions of the SWCNTs. The near-infrared photoluminescence of SWCNT under strong coupling was observed only from the lower polariton branch.71 Later, the exciton-polariton emission of SWCNTs was controlled by electrical pumping in an FP cavity integrated with a field-effect transistor.177 The luminescence from SWCNTs under strong coupling was always observed from the LP either by optical excitation or electrical pumping. The coupling strengths of the SWCNT exciton and cavity modes were modulated by the addition of electrons or holes, leading to a change in the emission efficiency and a shift in the emission wavelength. The controllable strong coupling of positive trions in SWCNTs was realized by hole-doping of SWCNTs with the application of voltage (Figure 16).178 
More recently, one-dimensionally aligned SWCNTs were placed in an FP cavity.179 The large Rabi splitting (329 meV) was observed only when the polarization of the probe light was parallel to the aligned SWCNTs, implying that the alignment of the transition dipole of SWCNTs maximized the light-matter interaction.
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Figure 16. (a) Reflection and (b) photoluminescence spectra of SWCNTs in an FP cavity, for different applied voltages from 0.9 V (top, strongly hole-doped) to 0.1 V (bottom, barely hole-doped). LP and MP indicate lower and middle branch polaritons splitting around the positive trion (T) energy, respectively. At applied potentials of 0.25 V and above, trion population increases above the threshold for visibility of the LP/MP splitting, both in reflectance and emission (though the majority of emission eventuates from the LP). At 0.1 V applied, only a single reflectance/emission band is observed at the trion energy. Reproduced with permission from Ref. 178. Copyright 2018 American Chemical Society.
4.8 Two-Dimensional Nanomaterials
2D transition metal dichalcogenides (TMDs), which are Van der Waals layered materials composed of a transition metal (M = Mo, W) and chalcogen (X = S, Se, Te), are promising ultrathin optoelectronic materials.180–183 Depending on the combination of elements in the TMDs, and various layered heterostructures thereof, these materials can be semiconductors, metals, and even superconductors, with strong potential for integration into optoelectronic devices.
The cavity strong coupling of 2D TMDs was demonstrated in MoS2184, MoSe2/hexagonal boron nitride185, WS2186,187  and MoSe2188 placed in the FP cavities.189 The earlier experiments focused on few/monolayer MoS2/MoSe2 and were performed with DBR cavities at cryogenic temperatures due to the relatively broad excitonic absorptions in these materials. Later it was shown that the spectrally sharper and higher oscillator strength WS2 excitonic transition allowed strong coupling to be achieved for a monolayer at room temperature and using metallic cavities (both Fabry-Perot and plasmonic).187 More recently the modulation of polaritonic states of WS2 has been demonstrated by applying electric fields in FP cavities.190 The electric field drove n-doping of the WS2, leading to control of emission intensity from the negative trion. More recently again, enhanced electron mobility owing to strong coupling was observed in an FP cavity (Figure 17).191
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Figure 17. (a) Schematic illustration of a three-terminal field effect transistor (FET) configuration of 6-layered WS2 coupled to the cavity mode. (b) The mobility of WS2 strongly coupled to cavity mode (red) is higher than that of WS2 detuned from cavity mode (blue). The mobility of the bare WS2 flake (black) is low because of a high Schottky contact barrier and the presence of an SiO2 layer. Reproduced with permission from Ref. 191. Copyright 2021 American Chemical Society.
Because of their quasi-hexagonal lattice structure lacking inversion symmetry and strong spin-orbit coupling, 2D TMDs can feature two energy-degenerate but oppositely spin-polarized electronic states at so-called Valleys of the conduction band in momentum space, that can be selectively accessed by circularly polarized excitation (Figure 18a-b). The resulting spin-momentum locked excitons can allow a higher density of information to be encoded in signals, triggering interest in  2D TMDs as ‘valleytronics’ materials.192,193 However, inter-Valley scattering during thermalization can wash out Valley selectivity away from cryogenic temperatures, limiting practical applications.
Cavity strong coupling of 2D TMDs presents a potential solution to this challenge, in part because mixing the (spin-momentum locked) excitonic states with light enhances their radiative character, such that they might emit circularly polarized light faster than inter-valley scattering can occur at room temperature. The preservation of spin-valley locking in the strong coupling regime at room temperature has indeed been demonstrated in FP cavities by several groups since 2017.194–197
[image: ]Figure 18. (a) Illustration of the quasi-hexagonal lattice structure of 2D TMDs; M: metal, X: chalcogen. Spin-polarized excitons are formed in different valleys in the momentum space: K and K’ valleys at the edges of the Brillouin zone. (b) Illustration of the valley-dependent optical selection rules. In the K (K’) valley, the optical transitions couple to σ+ (σ−) polarized light. 
5. Molecular Chemistry in Vibrational Strong Coupling
5.1 Organic Reactions
The strong coupling of molecular vibrational normal modes (VSC) of functional groups to infrared cavity photons has been shown to accelerate or decelerate a range of chemical reactions.37,88,198,199 The effect of VSC on chemical reactions was first observed in the deprotection reaction of a silyl group from an alkynyl silane (entry 1 in Table 1, Figure 19).39 The deprotection of the silyl group is initiated by the nucleophilic substitution reaction of 1-phenyl-2-trimethylsilylacetylene with tetra-n-butylammonium fluoride (TBAF). In this reaction, a fluoride ion attacks the silicon atom of 1-phenyl-2-trimethylsilylacetylene and the Si–C bond dissociates. Placing the reaction solution in an FP cavity allowed VSC of the Si–C vibration in 1-phenyl-2-trimethylsilylacetylene to be achieved. Under VSC of the Si–C vibrational mode, the reaction rate decreased by a factor of 5.5. The suppression of the deprotection reaction of alkynyl silane was applied to site-selective reactions  (entry 2 in Table 1).200 The site-selective reaction was investigated using tert-butyldimethyl{[4-(trimethylsilyl)but-3-yn-1-yl]oxy}silane, which has two types of silyl bonds, i.e., Si–C and Si–O. Both of these bonds can react with TBAF. Cleavage of the Si–C bond gives (but-3-yn-1-yloxy)(tert-butyl)dimethylsilane (1) and cleavage of the Si–O bond gives 4-(trimethylsilyl)but-3-yn-1-ol (2). Under VSC, the cleavage of Si–C bond was suppressed, and the formation ratio of 2 increased. 
The effect of VSC has also been observed in other organic reactions. Prins cyclization is a synthetic reaction that produces cyclic compounds. In Prins cyclization, the hydroxyl group of a homoallyl alcohol attacks the carbonyl carbon, initiating the cyclization reaction. Under VSC of the C=O stretching vibration, the reaction rate of Prins cyclization decreased (entry 3 in Table 1).201 The modulation of Prins cyclization by VSC was also applied to site-selective reactions. 4-acetylbenzaldehyde has aldehyde and ketone groups, both of which can undergo Prins cyclization (entry 4 in Table 1).202 As the aldehyde group is more reactive, the ratio of the reacted aldehyde groups to reacted carbonyl groups (aldehyde + ketone) was 60% without VSC. Under VSC of the ketone group, the reaction of ketone was suppressed, leading to an increase in the ratio of reacted aldehyde groups to 88%. Acceleration of reactions under VSC has also been reported, although alkynyl silane deprotection and Prins cyclization were suppressed under VSC. The hydrolysis reaction of cyanate ions is accelerated under VSC of the OH stretch of water molecules (entry 5 in Table 1).203
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Figure 19. (a) IR transmission spectrum of an FP cavity after injection of 1-phenyl-2-trimethylsilylacetylene (PTA) (red). IR transmission spectrum of PTA (blue). The vacuum Rabi splitting is observed around 850 cm-1 in transmission. (b) IR transmission spectrum of Si−C modes of PTA. The reaction rate as a function of the cavity tuning for reactions inside (red squares) and outside (blue squares) the cavity. The reaction rate decreases when the cavity mode is tuned to the absorption maximum of Si-C modes. Reproduced with permission from Ref. 178. Copyright 2016 Wiley-VCH.
As discussed in Section 2 and 3 above, usually very large numbers of molecules are collectively coupled to the cavity vacuum field mode via highly allowed vibrational absorptions to sustain strong light-matter interactions at room temperature and in relatively lossy metallic FP cavities. Thus, early work on VSC as outlined above often involved pure polymers or pure liquids coupled to the cavity. It is much more difficult to realize VSC for the vibrations of a solute in a relatively dilute solvent, despite the great relevance of such solutions for chemistry. 
In this context, cooperative VSC was explored, in which several types of molecules with the same vibrational energy cooperatively couple to the cavity mode. In particular, when the reactants and solvent molecules possess the same vibrational energy, the cooperative VSC state is realized even at low reactant concentrations because large quantities of solvent molecules cooperatively boost the coupling. Such a cooperative VSC effect was reported for the solvolysis of p-nitrophenyl acetate (PNPA). When the carbonyl stretch of PNPA (reactant) and ethyl acetate (solvent) were in a cooperative VSC state, the solvolysis reaction was accelerated (entry 6 in Table 1).204 
The effect of cooperative VSC was also investigated for the reaction of p-nitrophenyl benzoate (and its derivatives) in isopropyl acetate. The cooperative VSC state was achieved by coupling the carbonyl stretch of the p-nitrophenyl benzoate derivative (reactant) and isopropyl acetate (solvent) to the cavity mode. The reaction rates of the p-nitrophenyl benzoate derivatives increased under cooperative VSC, but did not follow the Hammett relation. That is, the reaction rate could not be explained by the substituent constant, which depends on electron-withdrawing and electron-donating properties. The observed mismatch with the Hammett relation was attributed to the influence of VSC on both intra- and intermolecular interactions (entry 7 in Table 1).205
More recently, cooperative VSC was taken further for the modulation of the alcoholysis of phenyl isocyanate with cyclohexanol. The NCO stretch of phenyl isocyanate and the carbonyl stretch of cyclohexyl carbanilate are strong absorptions for which VSC can be applied. Additionally, the CH modes of tetrahydrofuran (THF), cyclohexanol, and cyclohexyl carbanilate are strong absorptions; thus, the collective VSC can be investigated. The effects of (cooperative) VSC of these vibrational modes were investigated. The reaction rate was found to decrease by a factor of 5 for cavities tuned to the NCO stretch, and also to be reduced by half for cavities tuned to the carbonyl stretch and CH modes. (entry 8 in Table 1).206
5.2 Enzymatic Reactions
VSC has also been applied to enzymatic reactions. Pepsin is a stomach enzyme that digests proteins in ingested food. When the OH stretching modes of pepsin and water molecules are in a cooperative VSC state, the reaction rate of peptide hydrolysis decelerates (entry 9 in Table 1).207 As the active site of pepsin contains OH groups, it is possible that the activity of pepsin is altered by the VSC of OH stretching mode. A VSC effect has also been observed in the enzymatic reaction of α-chymotrypsin, a pancreatic enzyme that digests proteins (entry 10 in Table 1).208 The rate of ester hydrolysis by α-chymotrypsin enhances when the OH stretching mode of water (solvent) and OH and NH stretching modes of α-chymotrypsin are in a cooperative VSC state. The rate-limiting step in ester hydrolysis is proton transfer, suggesting that VSC of OH and NH stretching modes improves proton dissociation.
5.3 Symmetry of Vibrational Modes
The symmetry of vibrational modes has been shown to influence the effect of VSC. For instance, the equilibrium constant of the charge-transfer (CT) complex between 1,3,5-trimethylbenzene and iodine changed under VSC, thus affecting the Gibbs free energy (ΔG°).209 The molecular vibrations were classified into two symmetry types: A' (aliphatic C–H stretch and –CH3 bend) and E' (aromatic C–H stretch and ring C=C stretch). ΔG° increased under VSC of the vibrations with symmetry A', whereas, it decreased under VSC of the vibrations with symmetry E' (entry 11 in Table 1). This trend suggests that the symmetry of the vibrational modes affects the activation and deactivation of reactions under VSC.
In fact, the stereoselectivity of the organic reaction changes under VSC, depending on the symmetry of the vibrational modes. Different stereoselectivities were observed for the ring-opening reactions of cyclobutene derivatives under the VSC of the C=O stretching and C–H vibrations. For cyclobutene-cis-3,4-dimethylcarboxylate, the conrotatory ring-opening reaction was promoted, and cis-trans,　trans-trans-butadiene derivatives were formed under the VSC of the C=O stretching vibration.210 In contrast, trans-butadiene derivatives were formed under the VSC of the C–H vibration (entry 12 in Table 1). The different stereoselectivities were interpreted based on the difference in vibrational symmetry.
[bookmark: _Hlk128500534]5.4 Theoretical Frameworks
[bookmark: _Hlk128500470]The mechanistic explanation for the effect of VSC on chemical reactions is not yet fully understood. To address this issue, theoretical frameworks have been proposed to account for the effect of VSC on chemistry.211,212 The development of theories has focused on simulation of the acceleration or deceleration of chemical reactions. These opposite effects on the reaction rate have been shown to occur for VSC depending on the reaction type and mechanism. Other important challenges include the explanation of the resonance effect, and the dependence on the number of molecules coupled to a cavity mode (N), of VSC. In experiments, VSC-induced changes in the reaction rate are maximized under resonant conditions in which the cavity mode is tuned to the absorption maximum of the vibrational mode. The VSC effect also depends on N but in a non-trivial way (i.e. not linearly proportional to ħΩR and therefore N0.5).213
Indeed the observed activation barrier changed non-linearly with the Rabi splitting, and the changes in the reaction enthalpies and entropies were much greater than the VSC-induced shifts in vibrational absorption.213  Therefore the perhaps naïve/intuitive notion that the shifts in vibrational absorption energy due to polariton formation might lead to direct or proportional changes to the thermal activation energy immediately needed to be evaluated.  Simulations of cavity-modified reaction rates were initially simulated based on the transition state theory.214–216 For instance, the one-dimensional Shin–Metiu model has been used for the simulation.217 The model is composed of three atoms and one electron. The two atoms are fixed, and the interactions among one electron, two fixed atoms, and one movable atom are considered. This model can capture the change in the reaction kinetics, but no resonant effect is observed. The N dependence is also only duplicated when all of the molecules are oriented and coupled to the cavity mode.
The cavity-modified Marcus–Levich–Jortner model has also been proposed,218 which relies on electron transfer from a donor to an acceptor across the potential energy surface. This model predicts that electron transfer to the LP state, shifted downward in energy by the Rabi splitting, results in a change of the reaction kinetics. This mechanism can explain both the resonance and the N-dependence effects of VSC. Because this theory postulates an excited electronic potential energy surface with nonadiabatic coupling to the ground-state potential energy surface, the simulated result could be applicable to reactions including charge transfer.
The transmission coefficient () is normally assumed to be 1 in transition state theory. The condition under which κ is at a minimum has been derived from Grote–Hynes theory.219,220 Reduction of  slows down the reaction rate.221–223 In this context, phenomenologically, the resonant cavity mode could cause trapping of the molecule near the transition state to slow down the reaction rate. This model can describe the resonant effect, but the frequency range does not completely match the experimental results.
Based on quantum electrodynamical density functional theory, the decrease in the reaction rate of F− attacking Si has been simulated.39,224 Under the resonant condition, the reaction trajectory is trapped in the local minimum of the intermediate state longer than under non-resonant conditions. Trapping in the intermediate state is explained by an effect where the resonant cavity mode induces energy transfer between the vibrational modes of Si–C and the F–Si–C–C chain.
[bookmark: _Hlk128576025]Another interpretation of the role of the optical cavity has been proposed based on a classical model applied to the dissociation reaction of triatomic molecules.96 For the bent triatomic molecule, the two outer atoms were bound by anharmonic Morse potentials to the center atom coupled to a harmonic bending mode. The optical cavity absorbed the energy from the resonant molecules without rapidly returning the energy to the molecules. This behavior of the optical cavity interferes with the intramolecular vibrational energy redistribution, resulting in deceleration of a dissociation reaction. The resonant effect was clearly predicted in this case.
Vibrational dissipation via dark states has recently been proposed as a mechanism for VSC-modified chemistry.225 The model was based on electron transfer from a reactant potential energy surface with zero vibrational excitations to a product potential energy surface with a single vibrational excitation. The reaction rate can be determined by the competition between the forward rate from the reactant to the product, the backward rate from the product to the reactant, and the thermalization rate from the product potential energy surface with one vibrational excitation. When N molecules are disordered in the cavity, the dark state is localized on several molecules rather than on all of the molecules. Under the localization of the dark state, the forward rate slightly decreases, the backward rate is unchanged, and the thermalization rate greatly increases, leading to an increase in the reaction rate.
An increased thermalization under strong coupling has also been predicted by molecular dynamics simulations.95 Simulations based on first-principle calculations mostly account for a single molecule coupled to a cavity mode, but molecular dynamics simulations capture the collective effect of many molecules. The model was built based on a large number of CO2 molecules at room temperature with a small fraction of hot CO2 molecules. The LP state can be transiently excited and facilitates intermolecular vibrational energy transfer, resulting in acceleration of vibrational energy relaxation of the hot molecules.
More recently, an ab initio method was introduced to the theoretical description of cavity-modified reactions.226 The system was based on methyl chloride reacting with an ammonia molecule to produce methylamine and hydrogen chloride. The simulations suggested that both the C–Cl and C–N bonds are not fully formed nor broken. With increasing coupling strength, the electronic structure is modified because of the interaction with the photon field. The formation energy of the intermediate complex increases, suggesting a decrease of the chemical reactivity. However, the simulated cavity-induced electronic effects are not sufficiently large to justify the experimental results.
As summarized above, theoretical modelling has played an important role, together with experimental studies, in deepening understanding of VSC-modified chemistry. Some of these theoretical approaches capture the experimental observation that thermochemical reaction kinetics change under VSC. The resonance effect and N dependence have also been successfully simulated, but with departures from the experimental cases, such as the frequency range and activation energy magnitude. The field awaits further development of theoretical frameworks that can fully account for the observed effects of VSC on chemistry to date, and for further experimental VSC chemistry examples to test theories against.




Table 1. Chemical reactions modulated by vibrational strong coupling
	entry
	reaction
	vibration
	effect

	organic reactions

	1
	

	Si–C stretch
	deactivated

	2
	

	Si–CH3 stretch
Si–C stretch
Si–O stretch
	site-selective

	3
	

	C=O stretch
	deactivated

	4
	

	C=O stretch
	site-selective

	5
	2H2O + OCN− → CO32− + NH4+
2D2O + OCN− → CO32− + ND4+
2H2O + NH3BH3 → NH4+ + BO2− + 3H2
	O–H stretch
O–D stretch
	activated

	organic reactions under cooperative vibrational strong coupling

	6
	

	C=O stretch
	activated

	7
	

	C=O stretch
	activated

	8
	

	NCO stretch
C=O stretch
C-H vibration
	deactivated

	enzymatic reactions

	9
	
R1NHCOR2 → R1NH3+ + R2COOH

	O–H stretch
	deactivated

	10
	

	O–H stretch
N–H stretch
	activated

	symmetry of vibration modes

	11
	

	C=C stretch
C–H stretch
	change of Keq

	12
	

	C=O stretch
CH3 bend
	stereoselective






5.5 Crystallization and Self-Assembly
VSC can be applied to modulate not only organic and enzymatic reactions but also self-assembly. The self-assembly of metal ions and organic ligands gives extended framework structures, called metal-organic frameworks (MOFs) or porous coordination polymers.227,228 MOFs have attracted attention due to their functional properties such as gas adsorption, gas separation, heterogeneous catalysis, and chemical sensing. In solution, the same combination of metal ions and organic ligands sometimes yield MOFs with different crystal structures, causing heterogeneity in their porous properties, which may compromise their performance. In general, the selectivity of the crystal structure depends on the energy landscape of the dissolved components, which is influenced by solvation. For instance, the self-assembly of zinc nitrate and 2-methylimidazole in an aqueous solution produces two types of MOFs, ZIF-8229 and ZIF-L.230 Under VSC of the OH stretching mode of water as the solvent, ZIF-8 was selectively obtained   (Figure 20).231 This result suggests that the self-assembly process can be influenced by the VSC of solvent molecules (entry 1 in Table 2). Control experiments outside FP cavities however show that ZIF-8 is selectively obtained in alcoholic solutions over aqueous solutions. The dipole strength of the OH group in an alcohol is weaker than that in water, meaning that the cavity-induced effect on the solvent during crystallization may be to reduce the dipolar strength of the solvent functional group targeted for VSC. Theory suggests that electrons interacting with the cavity field become more localized, reducing electronic dipoles.{ref?} The predicted electronic effects are not large enough to explain effects on chemical reactions (i.e. bond formation and cleavage), but they could be in the range to influence weaker intermolecular interactions.
  The VSC effect on self-assembly has also been observed in polymers. Poly(para-phenylenethynylene) (PPE) in o-dichlorobenzene (dcb) spontaneously assembles into fiber-like aggregates that undergo gelation due to CH–π interactions. However, when a solution of PPE was placed in an FP cavity and the aromatic ring C=C stretching vibrations of PPE and dcb were strongly coupled to the cavity mode, flake-like structures were obtained (entry 2 in Table 2). This result suggests that VSC can affect the van der Waals forces between the polymer and solvent.232 The self-assembly of simple organic molecules under VSC has also been reported. The self-assembly of 1,3-bis(phenylethynyl)benzene produces flake-like assemblies because of π–π interactions. In contrast, spherical assemblies were formed under the VSC of the C–C stretching mode of the aromatic rings (entry 3 in Table 2). This change in the self-assembly structures of 1,3-bis(phenylethynyl)benzene is likely attributable to the modulation of the π–π interactions under VSC.233 Interestingly, the VSC of the C=C stretching vibration of 1,4-bis(phenylethynyl)benzene did not influence the packing structures, which suggests that molecular symmetry is a key factor for VSC-modulated phenomena.
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Figure 20. Scanning electron microscopy images of ZIF crystals formed (a) in free solution (no optical cavity) and (b) inside an FP cavity. In (a), larger, cuboctahedral-shaped ZIF-8 crystals and smaller, crosshair-star-shaped ZIF-L crystals are present. In (b), ZIF-8 is present, but no ZIF-L is observed.
5.6 IR Emission, Raman Scattering and Ion Conductivity
The influence of VSC on spectroscopic phenomena has also been reported. Polaritonic IR emission was demonstrated using VSC states. The carbonyl stretching vibration in polymethyl methacrylate (PMMA) is strongly coupled to the cavity mode to form vibro-polaritonic states, that is, the upper and lower branches. At 100 ⁰C, a strong emission from the lower vibro-polaritonic branch was observed, indicating IR emission from the vibro-polaritonic state.234 
The enhancement of Raman scattering has been demonstrated under VSC. Poly(vinyl acetate), (PVAc), was placed in an FP cavity to realize VSC of the carbonyl stretch at 1740 cm-1. The upper and lower vibro-polaritonic states were observed at 1842 cm−1 and 1681 cm−1, respectively. Raman signals appeared at 1966 cm−1 and 1600 cm−1, which were not observed without VSC, suggesting the contribution of VSC to the emergence of additional Raman signals. The intensities of the new Raman signals were two to three orders of magnitude higher than the uncoupled C=O band intensity. 235
VSC was also recently shown to influence the proton conductivity of aqueous solutions. The hydroxyl stretching vibration of the water molecules was coupled to the FP cavity mode to induce VSC. The proton conductivity of the aqueous solution and its dielectric constants were changed under VSC.236 In an aqueous solution of potassium chloride, the proton conductivity was enhanced several times, whereas in an aqueous solutions of perchloric acid, the proton conductivity was enhanced by more than one order of magnitude. The observed increase in the proton conductivity strongly depends on the coupling strength of the cavity mode.



Table 2. Crystallization and self-assembly modulated by vibrational strong coupling
	entry
	reaction
	vibration

	1
	

	O–H stretch

	2
	

	C=C stretch

	3
	

	C=C stretch





6. Concluding Remarks
Clearly, light-molecule strong coupling in Fabry-Perot-type optical cavities offers enormously diverse and attractive opportunities to modulate (photo)chemical and (photo)physical properties of molecules and materials. That relatively simply fabricated metallic Fabry-Perot cavities can feature coherent interactions with densely absorbing molecular films at room temperature has been a key driver in the explosion of interest in this area in the last two decades. Laboratory (bio)chemists with access to a metal sputterer and a spin-coater can rapidly produce such cavities and thus apply the full range of chemical systems at their disposal, investigating the effect of introducing polaritonic states case by case. 
[bookmark: _Hlk128576816]Over the last decade, the diversity of molecules used in Polaritonic Chemistry has greatly increased. While the field initially focused on inorganic semiconductors, now various molecules (e.g., coordination compounds, discrete organic molecules, organic polymers, proteins, nanocarbons, and MOFs) have been tested, each bringing their own rich diversity of properties and behaviours that can lead to new phenomena in the field. Recently, cavity-free strong coupling was also reported.237 Due to the large difference in refractive index between some crystalline materials and their surroundings, efficient optical reflections can occur at the crystal facets. The crystal itself therefore acts as the optical cavity and allows strong coupling if the physical size of the crystal, and the material absorptions within the crystal, are appropriate. This mirror-free strong coupling extends the diversity of materials and contexts within which polaritonic effects can be exploited.
Major research outcomes have included new or modulated chemistry and self-assembly/crystallization that could have industrial relevance, more efficient molecular charge and energy transfer that could lead to more efficient light harvesting, and much more. Central to the understanding of many of these phenomena is the concept that polaritonic states are genuine quantum states within the molecular/material energy landscape (albeit with different lifetimes due to their half-photonic nature, and different capacity to transfer energy due to their dramatically larger spatial extent). Theorists have made enormously valuable contributions to understanding how these states can interact with (un)coupled molecular states to date, though much understanding and consolidation of experimental results still await the field. 
[bookmark: _Hlk128576787]This is particularly the case for vibrational strong coupling-induced chemistry. The chemical reactions themselves are complicated to model, even without VSC, requiring treatment of numerous intermolecular and molecular interactions in various orientations. In addition, a single reaction can have several possible reaction pathways to attain the product. The field will no doubt develop exciting new theoretical frameworks in the coming years.
Further developments in spectroscopy will also deepen the understanding of polaritonic state dynamics. The challenges of performing transient absorption spectroscopy of organic polaritonic systems, where significant reflections occur, compared to conventional molecular solution spectroscopy where only transmission dominates, has been highlighted {ref 76, Schwartz ChemPhysChem}. Transient signatures associated with polaritonic transitions were also shown to decay over times much longer than expected from theory {76 again}. However, it has recently been found that transient absorption/reflectance spectroscopy includes an untargeted effect that elongates the lifetime of the polariton because of the stop-band edge and sidebands of the Bragg reflector.238 The benefits of 2D coherent multi-dimensional spectroscopy for untangling coherent couplings not revealed by linear spectroscopy was mentioned earlier in this review. While such experiments are not easily accessible, requiring 4-wave mixing of ultrafast pulses, it  is surely one of the brightest areas of potential for uncovering new experimental phenomena in Polaritonic Chemistry.
Can one envision a future where Polaritonic Chemistry might make real contributions to chemical industry?  Perhaps fortuitously, the rise of Polaritonic Chemistry, with its requirement for nano/microfluidic cavities, has coincided with the rise of flow or continuous processing over batch processing in the chemical industry {I would like to reference this if we are allowed to https://www.chemistryworld.com/features/the-flow-revolution/2500496.article}. The benefits in terms of sustainability, safety, and reaction/mixing control for flow chemistry may all be directly applicable to polaritonic chemistry, particularly for microfluidic devices used for vibrational strong coupling. 
Another area of obvious potential high impact is optoelectronics research, which may leverage intriguing polaritonic phenomena such as long-range energy transfer and low-threshold lasing, subject to compatibility with specific  optoelectronic devices. All-polariton transistors are just one example of advances in this direction, initially functioning only at cryogenic temperature,239 they have now been demonstrated to  work at room temperature.240 Electrical pumping is a priority in this area, while the narrow bandwidth and angle-dependent emission imposed by polaritonic cavities  can be advantageous for certain applications, as demonstrated recently for polaritonic organic light emitting diodes (POLEDS).{Nat Photonics 2023, Mischiok et al,  https://doi.org/10.1038/s41566-023-01164-6}
The rapid development in the field of Polaritonic Chemistry over the last decade can be attributed in part to the influx of contributing scientists from a variety of fields. We hope that this review will motivate molecular chemists, materials scientists, physicists, and even biochemists to (further) engage with this field, which remains full of opportunities and challenges.
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ABBREVIATIONS
CHD	1,3-cyclohexadiene
UV	ultraviolet
CI	conical intersection
LED	light emitting diode
VSC	vibrational strong coupling
FP	Fabry-Perot
DBR	distributed Bragg reflection
DS	dark state
P+	upper polariton
P-	lower polariton
UP	upper polariton
LP	lower polariton
4TBPPZn tetra-(2,6-t-butyl)phenol-porphyrin zinc
IR	infrared
2D	two-dimensional
MP	middle polariton
FRET	Forster resonance energy transfer
MP	middle polariton
BODIPY	boron-dipyrromethene
2,6-DPA	2,6-diphenylanthracene
PTCDA	perylene-3,4,9,10-tetracarboxylic dianhydride
CNT	carbon nanotube
RICS	reverse intersystem crossing
OLED	organic light emitting diode
SF	singlet fission
TDAF	thermally activated delayed fluorescence
3DPA3CN 1,3,5-tris(4-(diphenylamino)phenyl)-2,4,6-tricyanobenzene
TPBi 	2,2′,2′′-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-benzimidazole)
TTA	Triplet-triplet annihilation
9,10-DPA	9,10-diphenylanthracene
PtOEP	platinum(II) octaethylporphine
DPPT	diketopyrrolopyrrolethiophene
TIPS-tetracene 5,12-bis(triisopropylsilylethynyl)tetracene
BEC	Bose-Einstein condensation
SHG	second-harmonic generation
THG	third-harmonic generation 
SWCNTs	single-walled carbon nanotubes
TMDs	transition metal dichalcogenide
TBAF	tetra-n-butylammonium fluoride
PNPA	p-nitrophenyl acetate
THF	tetrahydrofuran
CT	charge-transfer
MOF	metal-organic framework
PPE	poly(para-phenylenethynylene)
DCB	o-dichlorobenzene
PMMA	polymethyl methacrylate
PVAc	polyvinyl acetate
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