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ABSTRACT 

Strong coupling to the electronic or vibronic transitions of an organic semiconductor has been 

extensively studied in microcavity structures in which a molecular film is placed between two 

closely spaced mirrors. Recent experiments suggest that such strong coupling can be used to 

modify chemical reactions, however the geometry of conventional microcavity structures 

makes such studies difficult as they limit the ability of molecules to interact with their local 

environment. Here, we show that optical strong coupling to a molecular film can be achieved 

even when such molecules are located on the surface of a dielectric slab. We then show that 

such molecules on the surface of the slab can undergo facile interactions with molecules in 

their surrounding environment, and evidence a reversible protonation / deprotonation reaction 

by exposing a surface-bound porphyrin to an acidic or basic vapour. Although our proof-of-

principle measurements do not evidence any change in reaction rates, we believe our structures 

represent a promising system in which to explore polariton-driven chemical phenomena. 
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INTRODUCTION 

Microcavity exciton-polaritons are bosonic quasiparticles resulting from the strong 

coupling of a confined photonic field to semiconductor excitons1. Frenkel-like excitons in 

organic semiconductors have attracted particular attention for microcavity strong coupling due 

to their large binding energy that confers stability at room temperature2–7. The most widely 

explored optical structure that has been used to realise polaritonic states is the Fabry-Perot 

resonator. Such resonators consist of two planar, highly reflective mirrors positioned in close 

proximity either side of a semiconducting material. Here, the confined optical modes of the 

cavity can undergo strong coupling with the semiconductor excitons, resulting in the formation 

of cavity-polariton states8. 

Recently, interest has grown in the nascent field of polaritonic chemistry. This 

emerging discipline is positioned at the crossroads between cavity quantum electrodynamics 

and chemistry. Here, it has been experimentally demonstrated9–16 that it is possible to alter the 

potential energy surfaces and change chemical reaction rates of a molecule by strong coupling 

its electronic or vibrational transitions to confined photons in a cavity, stimulating much 

theoretical research17–21. Furthermore by probing photo- or chemically-induced changes of the 

optical properties of strongly coupled molecules via changes in their polaritonic 

eigenstates22,23, polaritonic structures can act as a platform for sensing applications. 

Unfortunately however, the realisation of optical strong coupling and accompanying 

polaritonic phenomena are most often evidenced in devices in which two high-reflectivity 

mirrors are deposited either side of a semiconductor layer forming a heterostructure24. This 

presents a potential problem as the ‘encapsulation’ of molecules by the cavity mirrors limits 

the ability of the strongly coupled molecules to undergo chemical reactions with other chemical 

species that might be in a liquid or gaseous form, or might involve a process in which a 

molecular film softens or swells. This problem can be circumvented through the use of cavities 



in which the cavity mirrors are physically separated by several microns, e.g. through the use of 

piezo-electric stages25,26 or other types of spacer layer10,14,16, with liquid then being introduced 

into the cavity region. However, such microcavity structures can be rather delicate and may 

not be straightforward to scale-up as part of a practical manufacture process. 

An alternate approach is to couple excitonic transitions to surface plasmon resonances, 

forming plasmon exciton-polaritons. Such resonances are comparatively lossy, with the 

confined field being localised very close to the surface of the metal8. This limits the formation 

of polaritonic states to molecules that are located in close proximity to the metal surface and 

thus reduces the number of molecules whose properties can be modified by strong coupling. 

Furthermore, to optically probe such states, it is necessary to match the in-plane momentum of 

light to optical states within the light-cone; a process that is usually achieved through periodic 

patterning of the metallic surface to create localised plasmonic modes. This patterning process 

can make the design and fabrication of such structures complicated and demanding27–29. 

Although ‘sensor’ activity has been demonstrated in plasmonic nanostructures30, a further 

drawback is the possibility of chemical reactions between metals and organic molecules at their 

surface, or solvents and gaseous analytes in the vicinity of the metallic surface. For this reason, 

metallic nanostructures are non-ideal systems in which to explore polaritonic chemistry.  

We note that other all-dielectric ‘open’ structures have also been used to explore strong 

coupling. For example, recent work has shown that metasurfaces can be used to demonstrate 

strong coupling between organic molecules and Mie surface lattice resonances31,32. High Q-

factor microcavities have also been used to couple excitonic transitions to evanescent fields of 

slab or Bloch surface waves33,34. However, such structures generally require the use of precise 

fabrication techniques that increase their cost and complexity, or need imaging setups to match 

the in-plane momentum of light with the optical states within the light-cone.  



In this paper, we propose and realise organic exciton-polaritons at room temperature 

using a simple dielectric slab resonator that allows direct physical access to the strongly 

coupled molecular species. This structural geometry circumvents previous limitations imposed 

within ‘encapsulated’ Fabry-Perot heterostructures and allows such molecules to directly 

interact with their local chemical environment. We evidence this chemical interaction whilst 

the molecules are strong-coupled by following a simple protonation / deprotonation by 

exposing the molecular species at the surface to an acidic / basic vapour. We then show that 

strong-coupling effect can still be evidenced while such structures are fully immersed in water. 

We emphasize that our measurements do not explore chemical reaction rates, and thus we do 

not determine whether polaritonic effects in our structures can be used to modify chemical 

reactions. Nevertheless, we believe that our proof-of-principle measurements demonstrate that 

such structures may form an effective basis for further polariton-chemistry studies. 

RESULTS AND DISCUSSION 

Figure 1a shows a schematic of the resonators used in this study. To fabricate such 

structures, a Nb2O5 film was evaporated on to a quartz-coated glass substrate followed by a 

thick SiO2 layer. Finally an organic semiconductor film was deposited onto the SiO2 by spin 

casting. Figure 1a shows the distribution of the electric field within the various layers of the 

structure calculated using a transfer matrix reflectivity (TMR) model assuming that the organic 

semiconductor layer has a refractive index of 1.69. The electric field distribution near exciton-

photon resonance is also shown in more detail in Figure 1b, where simulations are shown for 

two different dielectric slab resonators that consist of different thicknesses of Nb2O5, SiO2, 

with the organic-semiconductor layer again assumed to have a refractive index of n = 1.69. 

Here, we identify the various layers in the multilayer stack using colour shading as a guide to 

the eye, with refractive index values for the Nb2O5, SiO2 and organic-semiconductor layers 

assumed as 2.15, 1.46 and 1.69 respectively.  



The confined electrical field evident in Figure 1b results from reflection by the 

refractive index changes between the SiO2 and Nb2O5 and between the organic film and the 

surrounding air, with reflectivity coefficients at normal incidence of 4% and 7% respectively 

calculated using Fresnel equations.35 This results in the formation of optical cavities having a 

Q-factor of 13 and 33 for the thinner and thicker dielectric slabs respectively. In both cases, the 

cavity finesse is ~2 (defined as the ratio of the cavity free spectral range to cavity mode 

linewidth)8. As we show below the amplitude of the optical field within the organic layer is 

sufficiently large to allow strong light-matter interactions to take place despite the relatively 

low reflectivity and finesse of such structures. 

 

Figure 1. Dielectric slab microcavities coated with organic semiconductors. (a) Schematic of a 

dielectric slab microcavity coated with an organic semiconductor of refractive index of 1.69 along 

with the distribution of the electric field in the various layers calculated using a TMR model. (b) 

Electric field distribution along the various layers of two structures composed of Nb2O5 / SiO2 / 

Organic-semiconductor layers respectively, with the layers having the following thicknesses: (top) 

100 / 1000 / 100 nm and (bottom) 200 / 2300 / 250 nm. These layers are defined in the model 



through their refractive index. Additionally, a different colour shading for each layer (Nb2O5 - 

green, SiO2 - yellow and Organic-semiconductor - red) is used in the background of the plot as a 

guide to the eye. (c) Normalised absorption spectrum of a 180 nm thin film of NK-2707 / gelatine 

blend. The chemical structure of NK-2707 is shown in the inset. 

We have placed a series of different organic semiconductors on top of this structure. 

The first material we discuss is the cyanine dye 5-chloro-2-[3-[5-chloro-3-(3-sulphopropyl-

2(3H)-benzothiazolylidene]-2-methyl-1-propenyl]-3-(3-sulphopropyl) benzothiazolium 

hydroxide, inner salt, compound with triethylamine (manufacturer’s code NK-2707). When 

this dye is dissolved in a polar solvent, it undergoes self-organisation and forms a J-aggregate 

that has a red-shifted and spectrally narrow absorption and emission transitions compared to 

its monomeric form 36. As a result of high oscillator strength and narrow excitonic linewidth at 

room temperature, such J-aggregated molecular dyes have been used extensively in polaritonic-

based structures and devices37–40. Figure 1c shows an absorption spectrum of a 180 nm thick 

film of NK-2707 / gelatine blend deposited on a quartz-coated glass substrate by spin-coating, 

with the molecular structure of the NK-2707 dye shown in the inset. As it can be seen, the film 

is characterised by a sharp, narrow excitonic transition centred at around 638 nm. Surface 

profilometry measurements indicate that such gelatine/NK-2707 films were highly uniform in 

thickness and had a surface roughness of around 1 nm. As a result of the excellent optical 

properties of such films, they could be used as the top ‘reflecting’ surface of the dielectric slab 

microcavities explored here without introducing significant optical scattering. 

Figures 2a and b show angle-resolved white light reflectivity measurements (see 

Experimental Methods in the Supporting Information) of an open resonator prior to the 

deposition of an organic semiconducting film. Here, a series of standing optical modes are 

supported within the low-index SiO2 layer whose energy and distribution can be tuned by 

adjusting slab thickness. The data shown in Figure 2a corresponds to a structure consisting of 



Nb2O5 / SiO2 layers of thickness 100 / 1000 nm, while data shown in Figure 2b corresponds to 

a resonator having layer thicknesses of 200 / 2300 nm respectively. We overlay the 

experimental reflectivity data colour-map with a simulation of the photon-mode dispersion 

calculated using a TMR model (plotted using white lines). Here, our TMR model indicates that 

the optical modes evident in Figure 2a correspond to 3rd and 4th order confined photonic modes. 

As expected, we find that the structure composed of thicker dielectric layers is characterised 

by more closely separated optical modes. Here, five optical modes are observed in the 

reflectivity map shown in Figure 2b which our model indicates as being 7th, 8th, 9th, 10th and 

11th order modes. For completeness, we plot cross sections of the reflectivity contours recorded 

at individual angles in Figure S1a and b of the Supporting Information. 

We have measured angle-resolved white light reflectivity from the two different 

thickness slab resonators when coated with a film of NK-2707. In Figure 2c we plot the 

reflectivity spectrum of the structure shown in Figure 2a. Here it can be seen that the 4th order 

optical mode becomes resonant with the organic exciton (whose peak absorption wavelength 

is marked with a white dashed horizontal line) at an angle of ~ 35°. At this point, an avoided 

crossing is observed around the wavelength of the NK-2707 absorption, suggesting the system 

operates within the strong light-matter coupling regime. Using our TMR model we can describe 

the dispersion of the various polariton branches which we plot using open triangles. We can 

use the TMR model to determine the point at which the exciton and photon modes are 

degenerate in energy, and therefore identify the Rabi-splitting energy (ħΩrabi) from the 

energetic separation between polariton states at this point. We then can equate the Rabi-

splitting energy to the interaction potential (g) where ħΩrabi = 2g. Using this approach, we find 

2g = 120 meV for the structure shown in Figure 2c. This interaction potential is larger than the 

half width at half maximum (HWHM) linewidth of the resonator optical modes (γc = 80 meV, 

corresponding to 25 nm) and the exciton of the J-aggregated dye (γx = 25 meV, corresponding 



to 9 nm) and thus the structure meets the condition for strong coupling expressed using equation 

(1)41. 

 𝑔𝑔2 > (𝛾𝛾𝑐𝑐2 + 𝛾𝛾𝑥𝑥2)/2     (1) 

 

Figure 2. Angle-resolved reflectivity of dielectric slab microcavities. (a), (b) Angle-resolved white 

light reflectivity measurements of dielectric slab Fabry-Perot resonators without any top organic-

semiconductor layer consisting of (a), 100 / 1000 nm and (b), 200 / 2300 nm Nb2O5 / SiO2 layers 

respectively. (c), (d) Angular white light reflectivity spectra measured from the resonator 

structures of (a) and (b) when coated with NK-2707 / gelatine blend operating in the strong 

coupling regime. The white dashed lines show the exciton energy. TMR modelling is used to 

calculate the mode order, the dispersion of the uncoupled cavity modes (white solid lines) and the 

various polariton branches (open triangles). 

In Figure 2d we plot the measured and modelled optical dispersion of the 8th, 9th and 

10th optical modes as they undergo resonance with the NK-2707 dye at angles of 24°, 44° and 



61° respectively. Again, we include a series of reflectivity spectra recorded at individual angles 

in Supporting Information Figure S2. Such optical properties are qualitatively similar to the 

‘ladder’ of polariton states that we have observed in strong-coupled microcavities created using 

two silver-mirrors that contained a micron-thickness organic semiconductor film. 42 Here, we 

use a TMR model to describe the dispersion of uncoupled photon modes (white solid lines) and 

the various polariton branches (open triangles). For the 8th order optical mode, our TMR model 

indicates a Rabi-splitting of 72 meV, however as the excitons couple to higher order modes 

(9th and 10th) the observed splitting reduces slightly as a result of a reduced overlap between 

the optical field and the organic layer. It is evident that the Rabi splitting energies observed in 

the structure whose optical properties are shown in Figure 2d are smaller than that evidenced 

in the thinner slab microcavity shown in Figure 2c. This effect results from the fact that the 

distribution of the electric field within the organic layer changes substantially as the cavity 

length of the structure is modified as can be seen in Figure 1b for the two different structures. 

It is also expected that structures composed of thicker dielectric layers have a higher Q-factor 

as a result of the longer round-trip propagation time.8 We find the HWHM linewidth of the 

uncoupled optical modes to reduce from γc = 80 meV in the thinner structure shown in Fig 2c, 

to γc = 35 meV for the thicker structure shown in Fig 2d. On the basis of the optical linewidths, 

we find that the condition for strong coupling expressed using equation 1 is also met for the 

structure shown in Fig 2d41. 

For completeness, we have performed TMR simulations for a series of different Fabry-

Perot resonators utilising metallic, dielectric or hybrid metallic-dielectric mirrors when filled 

with the same J-aggregate molecular dye that we compare to our dielectric slab resonator. The 

results of our simulations are tabulated in Table S1 of the Supporting Information where we 

compare the Q-factor and Rabi splitting energy of the different structures with experimental 

values determined from our dielectric-slab resonators. We also include in Figure S3 of the 



Supporting Information experimental reflectivity spectra recorded from previous 

measurements on a selection of J-aggregate containing microcavities composed of (i) two silver 

mirrors, (ii) a silver and a dielectric mirror, (iii) two dielectric mirrors and (iv) a dielectric slab 

resonator. Here it can clearly be seen that strong coupling is evident in all types of structure 

studied.  

Figure S4 and Figure S5 explore the effect of changing the thickness of the organic 

layer at the expense of the SiO2 layer using TMR simulations. Here we assume that the number 

of molecules or their concentration is fixed or allowed to vary. This analysis confirms that 

Rabi-splitting increases as the square root as the number of molecules within the ‘cavity’. 

However, we predict an oscillatory behaviour in Rabi-splitting energy as the total number of 

molecules is held fixed but the thickness of the organic layer is varied. Here, we believe that 

this oscillatory effect results from (i) the change in the overlap of the organic excitons with the 

periodically varying electric field distribution and (ii) a shift of the energy of the confined 

optical modes due to changes in the effective refractive index of the cavity resulting from the 

changing organic layer thickness (i.e. different order modes become resonant with the excitons 

in the angular range probed by the simulations).  

Figure S6 shows a simulation of the Rabi-splitting expected within a structure in which 

a thin, high oscillator-strength layer is placed at different locations within the organic film (e.g. 

at the SiO2/organic interface, at the organic/air interface or at some intermediate position). This 

analysis indicates that the magnitude of the Rabi-splitting is dependent on the local 

electromagnetic field strength. Finally, Figure S7 shows a simulation of the dependence of the 

Rabi splitting energy as the thickness of the organic layer is held fixed, but the thickness of the 

SiO2 layer is modified. Our analysis demonstrates that both Rabi-splitting and cavity mode 

linewidth increases as the SiO2 thickness is reduced, with the structure operating in the strong-

coupling regime for SiO2 thicknesses greater than 100 nm. 



Modifying optical properties through chemical reactions 

The fact that the strongly coupled organic molecules are located close to the surface of 

the resonator opens the opportunity to determine whether we can use changes in optical 

properties of such structures to evidence optical changes driven by a simple chemical reaction.  

To do this, the surface of the slab resonator was coated with the porphyrin molecule meso-

tetraphenyl-porphyrin (MTPP) dispersed in a polymeric matrix, with the chemical structure of 

MTPP shown in Figure 3a. This molecule was selected for experiment due to its relative narrow 

HWHM linewith of γx = 42 meV (the first demonstration of strong coupling in an organic 

microcavity utilised a porphyrin2) together with the fact that porphyrins have been extensively 

used in sensing applications43. Figure 3a (black solid line) plots the optical absorption of an 

unexposed 225 nm thick control film of a blend of MTPP dispersed in the polymer polystyrene 

(PS), with the MTPP / PS film created by spin-coating from a dichloromethane (DCM) 

solution.  It can be seen that the film is characterised by a sharp absorption peak around 421 

nm (peak labelled by a red dashed line) that we identify as the Soret band of MTPP and 

henceforth refer to as S1. We note that four additional weaker transitions are visible at longer 

wavelengths between 500 nm and 650 nm that correspond to the Q-bands of MTPP. 

Figure 3a also shows the absorption spectra of the MTPP / PS control film following 

exposure to an HCl gas for a range of different times (data plotted using red solid lines). It can 

be seen that following 5 seconds of exposure, a second peak emerges at around 447 nm, labelled 

as S2 whose peak we identify using a blue dashed line. Notably, both excitonic states, S1 and 

S2, exhibit similar oscillator strengths. It can be seen that as the HCl exposure time is increased, 

the S1 peak becomes weaker; a process that is accompanied by an increase in oscillator strength 

of the S2 peak. This change in the optical properties of MTPP can be attributed to protonation 

of the porphyrin ring caused by exposure to the HCl gas44. After around 600 seconds of HCl 

exposure, the S1 peak is reduced in intensity to the point that it only appears as a weak shoulder 



at ~ 421 nm, with the S2 peak dominating the absorption. Note that the relative absorption 

strength of the various Q-bands also changes during the protonation of the porphyrin ring. 

 

Figure 3. Reversible polariton ‘sensor’ using protonation and deprotonation of MTPP / PS blend. 

(a) Absorption spectrum of a 225 nm unexposed thin film of MTPP / PS blend (black solid line) 

along with its chemical structure. The absorption spectrum of the same film is also shown when 

exposed to an HCl gas for 5 seconds, 30 seconds and 600 seconds (red solid lines) and then exposed 

to an NH3 gas for 15 seconds and 300 seconds (green solid lines). The peak wavelength of Soret 

band excitons S1 and S2 is indicated with red and blue dashed lines, respectively. (b) Angle-

resolved white light reflectivity measurements from a slab resonator structure coated with a 225 

nm MTPP / PS film when either unexposed, or when exposed to HCl for 5 seconds, 30 seconds 

and 600 seconds and to NH3 for 15 seconds and 300 seconds. The dashed lines are a guide to the 

eye indicating the energy of the S1 and S2 excitons. A TMR model is used to describe the 



dispersion of the uncoupled photon modes (solid lines) and dispersion of the various polariton 

branches (open triangles). 

We can reverse the protonation of porphyrin by exposure to an NH3 gas. This process 

is shown in Figures 3a (green solid lines), where it can be seen that deprotonation of the 

porphyrin ring leads to a suppression of the S2 peak accompanied by the re-emergence of the 

S1 peak at around 421 nm. It is worth noting that the deprotonation process is not completely 

reversible, and even after prolonged exposure to NH3 gas (lasting several minutes), we do not 

fully recover the original absorption spectrum of the unexposed MTPP. This can be seen in 

Figure 3a where after 300 seconds of exposure to a NH3 gas, there is still residual absorption 

at ~ 447 nm corresponding to the S2 peak. The origin of this effect is not currently understood, 

however it suggests that NH3 molecules are not able to completely diffuse into the bulk of the 

film and fully deprotonate the MTPP.  

We now turn our attention to a strongly coupled slab resonator whose surface is covered 

with a MTPP / PS film. Here, the structure explored consisted of 150 nm thick film of Nb2O5 

coated with 1700 nm of SiO2 and 225 nm of the MTPP / PS blend. This structure was again 

exposed to an HCl gas, followed by an NH3 gas, with the angle-dependent white light optical 

reflectivity measured at various points during the gas exposure. Again, we include a series of 

reflectivity spectra recorded at individual angles in Supporting Information Figure S8.  Figure 

3b shows reflectivity data recorded at the same time points as those presented in Figure 3a for 

the control film. As it can be seen for the unexposed film in Figure 3b, we observe an 

anticrossing of reflectivity dips at a wavelength associated with the S1 porphyrin exciton, 

creating a lower (LPB) and upper (UPB) polariton branch. We include a TMR simulation of 

the dispersion of the various polaritonic modes as open triangles along with the photon mode 

dispersions (solid white lines) and S1 and S2 exciton energies (white dashed lines). Here, the 

Rabi-splitting energy between the LPB and UPB is 160 meV. Using HWHM linewidths for the 



uncoupled optical resonator modes and the MTPP excitons as γc = 66 meV and γx = 42 meV, 

we confirm that this structure also operates in the strong-coupling regime.  

This structure was then exposed to an HCl gas for 5 seconds. It can be seen that the 

reflectivity spectrum evolves into a distribution that can be described as a 3-way anticrossing 

corresponding to an optically driven hybridisation between the various photon modes and the 

S1 and S2 excitons. This is again described by a TMR model, with the emergence of a middle 

polariton branch (MPB) corresponding to a mixture between photon, S1 and S2 states identified 

in the figure, with the film expected to contain a mixture of protonated and unprotonated MTPP 

molecules. As the structure is further exposed to HCl, the S1 exciton state is relatively 

suppressed as the gas increasingly protonates the MTPP (30 sec HCl exposure). This results in 

the S1 exciton undergoing a transition from the strong to weak coupling regime; a process that 

leads to the apparent disappearance of the MPB as shown in Figure 3b following 600 seconds 

exposure to an HCl gas. At this point, an energetic anticrossing is only observed around a 

wavelength corresponding to the S2 exciton, with the LPB and UPB being clearly visible.  

The structure was then exposed to an NH3 gas for 15 seconds. After this exposure, both 

S1 and S2 excitons had sufficient oscillator strength to strongly couple to the photonic modes 

leading to the recovery of three hybridized polariton branches (LPB, MPB and UPB) as shown 

in Figure 3b. After 300 seconds of exposure, anticrossing is observed around 421 nm; a 

wavelength associated with the S1 transition of MTPP. This indicates that the chemical changes 

to the MTPP molecules are largely reversible.  

We have used our TMR model to extract the interaction potential, g, between the S1 

and S2 excitons and the confined photons as a function of time during exposure to the HCl gas 

as shown in Figure 4a. Note that in these experiments, the structure was exposed to a less 

concentrated gas environment to prolong the protonation process and increase experimental 



resolution. Here, we define two regions of the plot that correspond to either weak or strong 

coupling regimes. We define these regions on the basis of the Rabi splitting energy (ħΩrabi = 

2g) and the HWHM linewidth of the exciton and the photon mode as expressed by equation 

(1)41. It can be seen that during the HCl gas exposure, we observe a correlated increase and 

reduction in the interaction potential for S2 and S1 transitions respectively. 

At present we have not yet undertaken a controlled study of the rate at which 

protonation / deprotonation rates occurs in our structures, and we are presently unable to 

determine whether such structures can be used to modify chemical reactions. Nevertheless, we 

believe that the ability to follow a simple chemical reaction involving strongly coupled 

molecules positioned close to a surface makes this an interesting structure for more detailed 

studies. 

 

Figure 4. Interaction potential of excitons S1 and S2 with HCl gas exposure and strong coupling 

in water. (a) Interaction potential g between confined photonic modes and excitons S1 and S2 as 

a function of exposure time to an HCl gas, with the strong and weak coupling regimes for each 

state defined41. Black and red solid lines are a guide to the eye. (b) Schematic of the resonator 

immersed in water with a measurement of white light reflectivity. Here, the angle of incidence in 

air is 10o while in water it is 7.5o assuming the refractive index of 1.333. (c) Angle-resolved white 

reflectivity measurement of a resonator coated with MTPP / PS when fully immersed in water. 

The goniometer arms were tuned between 10o to 40o in air; an angular range that corresponds to 



angles between 7.5o and 29o in an aqueous environment. Using a TMR model we mark the exciton 

energy with a white dashed line, the uncoupled optical modes with white solid lines and the 

various polaritons modes with open triangles. White arrows indicate the avoided crossing 

between two polariton branches around 23o. 

 

Strong coupling in water 

We have measured angular white light reflectivity of a typical resonator structure 

immersed in water. Here, Figure 4b shows a schematic of the experimental setup where we 

account for the difference in refractive index between air and water. In this experiment, the 

dielectric slab was coated with a MTPP / PS film with white light optical reflectivity confirming 

a mode splitting around the S1 exciton wavelength as shown in Figure 4c at an angle around 

23°.  Using a TMR model to describe the dispersion of the various modes, we determine a 

Rabi-splitting energy (2g) of 145 meV. Here, our model indicates that the reflectivity of the 

interface between the organic layer and water is reduced to around 2%. Using measured 

HWHM linewidths of the uncoupled resonator modes and the exciton to be γc =  72 meV and 

γx = 42 meV, we again determine that this structure operates in the strong coupling regime. For 

clarity, we re-plot data of Figure 4c in Figure S9 of the Supporting Information around the 

wavelength region 400 - 450 nm and also show a cross-section of the reflectivity map measured 

around resonance. This experiment demonstrates the ability of a strong-coupled slab resonator 

to operate in the strong coupling regime when fully immersed in solution.  

Simulated vibrational strong-coupling 

Finally, we have performed optical modelling to explore whether similar structures to 

those described above could be used to generate vibrational strong coupling45,46. Here we used 

a TMR model to describe a structure in which a 2000 nm thick layer characterised by an 



optically allowed transition having an oscillator strength that is typical of the C = O vibronic 

modes in the polymer PMMA is combined with two different dielectric materials that are 

otherwise optically inert in the IR region (namely CaF2 and ZnSe). Here, these materials are 

widely used in IR spectroscopy, with their low and high refractive index resulting in optical 

confinement within a slab-based structure. Our simulations (see Figure S10 and Table S2 of 

the Supporting Information) confirm that such microcavities can support vibrational strong 

coupling in a regime where the majority of the polaritonic chemistry experiments reported have 

been performed10,14,16,47. This finding suggests that our structures may well be applicable as a 

platform to facilitate polaritonic chemistry. We note that previous experiments in which 

vibrational strong coupling has been used to change chemical reaction rates have been 

performed in solution-based studies in which the reaction solution of interest is introduced 

between two closely spaced mirrors. Here, our geometry would require the reacting species to 

be either dispersed within a polymeric film, covalently attached to a polymer backbone or 

otherwise bound or adsorbed to a surface. We expect this geometry to be favourable for 

reaction-rate studies, as it should be possible to carefully control whether the reacting species 

is in the weak or strong-coupling regime by adjusting the thickness of the CaF2 dielectric layer 

(see Figure S7), making well-controlled experiments relatively easier to perform. 

CONCLUSIONS 

We have developed a new photonic structure based on a low index dielectric slab that 

is coated with an organic semiconducting film with the organic dye molecules being strongly 

coupled to a confined optical mode that extends into the surface layer. A porphyrin-doped 

polymer layer was coated onto the surface of the dielectric slab and the protonation and 

deprotonation of the porphyrin ring was followed through the strong coupling of two excitonic 

states that can be driven into the weak or strong coupling regime by exposure of the surface to 

a HCl or NH3 gas. At present, our measurements do not indicate whether our structure is able 



to enhance or suppress this chemical process. However we note that our structures should act 

as a platform to study chemical processes in which molecular materials are both strong-coupled 

and are completely open to a gaseous or liquid environment. Indeed, by modelling a structure 

that includes optical-constants typical of a C = O vibrational mode, our TMR simulations 

confirm that such structures can potentially be used for vibrational strong coupling in the IR 

region.  
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