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Abstract 

In this Perspective, we make the case that (meta) material platforms that were originally designed to 
control propagation of light, can affect scores of physical and chemical phenomena, which are often 
thought to lie outside of the traditional electrodynamics domain. We show that nonlocal metal-dielectric 
environments, which can be as simple as metal-dielectric interfaces, can control spontaneous and 
stimulated emission, Förster energy transfer, wetting contact angle, and rates of chemical reactions. The 
affected phenomena can occur in both strong and weak coupling regimes and the large coupling strength 
seems to enhance the effects of non-local environments. This intriguing field of study has experienced a 
rapid growth over the last decade and many exciting discoveries and applications are expected in the 
years to come. 

Keywords: metamaterials, plasmonics, nonlocal metal-dielectric environment, weak and strong coupling 
regimes. 

PART I. INTRODUCTION AND REVIEW OF FUNDAMENTAL CONCEPTS 

Manipulation of light with dielectric media and metallic surfaces is not limited to traditional large-scale 
optics, like eyeglass lenses and looking glasses. Thus, metal-dielectric interfaces and metallic 
nanostructures support a variety of propagating and localized surface plasmons (SPs) – resonant 
oscillations of free electron density coupled to electromagnetic waves. Surface plasmons can confine and 
strengthen electric and magnetic fields oscillating at optical frequencies and enhance spontaneous 
emission and Raman scattering 1,2. On the other hand, last two decades witnessed rapid development of 
metamaterials – engineered materials comprised of sub-wavelength inclusions with rationally designed 
shapes, sizes, compositions and mutual orientations (commonly) embedded in a dielectric matrix 3,4,5. 
Nearly fantastic theoretical predictions and experimental demonstrations of metamaterials range from 
negative index of refraction to invisibility optical cloaking. Metamaterials can govern the rate 
6,7,8,9,10,11,12,13,14,  the spectrum 15 and the directionality 10,16 of spontaneous emission. More recently, it has 

been shown that metamaterials and, more generally, a variety of nanoscopic metal-dielectric structures 
can control scores of physical phenomena, including Förster energy transfer 17,18,19, van der Waals forces 
20,21 and chemical reactions 22,23,24,25,26, which lie outside of a traditional electrodynamics domain. The 
phenomena above are of particular interest to the present discussion. 

This Perspective is organized as follows. In Part I, following Introduction, we briefly review several 
Fundamental Concepts, including spontaneous emission, energy transfer, light-matter interactions (in 
weak and strong coupling regimes), van der Waals forces, and rates of chemical reactions. These 
processes are discussed in more detail in Part II, which includes (i) Control of Emission with Hyperbolic 
Metamaterials, (ii) Control of Energy Transfer with Nonlocal Metal-Dielectric Environments, (iii) Long-
Range Wetting Transparency on Top of Layered Metal-Dielectric Substrates, and (iv) Control of Chemical 
Reactions in Weak and Strong Coupling Regimes. These phenomena are unified by underlying concept 
of controlling material’s polarizability and dipole-dipole interactions with inhomogeneous metal/dielectric 
environments. The major results and conclusions are summarized in Part III (Summary). 

mailto:*mnoginov@nsu.edu


Fundamental Concepts 

Control of Spontaneous Emission with Electromagnetic Environments   Spontaneous emission is one of 
the most fundamental phenomena in physics and optics. Following the Fermi’s Golden Rule, 27, its rate is 

proportional to the density of final states – the number of modes per frequency interval d and per 
volume (known as Photonic Density of States, PDOS, or Local Density of states, LDOS), which is given 
by 28  

                                                            
    



p  d  2n3 /( 2c3)d .  (1) 

Here  is angular frequency, n is the refractive index and c is the speed of light. It has been predicted by 
Purcell 29 that the rate of spontaneous emission, which, otherwise is low, can be increased by orders of 
magnitude if the emitter is placed in a cavity with a large quality factor Q. The corresponding spontaneous 
emission enhancement factor (known as the Purcell factor) is equal to 

                                                                         



f  3Q3 / 4 2V ,  (2) 

where  is the wavelength and V is the volume of the cavity 29.  

Three decades later, Drexhage et al. have demonstrated 30,31 that spontaneous emission rate of an 
emitter (in the optical range) varies with the distance to a metallic mirror, following nodes and anti-nodes 
of a standing wave formed by a superposition of the incident and reflected light waves and the 
corresponding minima and maxima in the spatial distribution of PDOS, Fig. 1. Photonic density of states 
and the rates of spontaneous emission can be strongly modified by high-Q resonators 32,33, photonic band 
crystals 34,35,36,37, plasmonic structures 38,39,40, and other photonic environments. However, in many cases, 
the singularity of PDOS is spectrally narrow, which limits its effect on a broad-band spontaneous 
emission.  

 

Fig. 1. Fluorescence decay time of Eu3+ in front of silver mirror; solid line – calculation done at the quantum yield 

∞=0.7, circles – experiment. Adopted from Ref. 30. 

The Renaissance in control of spontaneous emission with engineered photonic environments followed 
emergence of metamaterials with hyperbolic dispersion – artificial nanostructured materials, whose 
dielectric permittivities in orthogonal directions have opposite signs 41,42,43,44,45,46,47 resulting in hyperbolic 

isofrequency dispersion curves for extraordinary waves and broadband singularity of PDOS 10,12,48.  

The isofrequency dispersion surface, for extraordinary waves, in a (loss-less) uniaxial hyperbolic 
metamaterial, is given by  
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where x=y and z are the dielectric permittivities in x, y and z directions, and kx,y,z are the wavevector 

components. The shapes of the dispersion surfaces for (x=y>0 and z<0) and  (x=y<0 and z>0) are 
depicted in Figs. 2a and 2b, respectively. 

 

Fig. 2. Hyperboloid isofrequency dispersion surfaces for (a) x=y>0 and z<0 and (b) x=y<0 and z>0). Adopted from 

Ref. 47.  

Experimentally, enhancement of the rate of spontaneous emission with hyperbolic metamaterials was first 

demonstrated in Ref. 6, followed by scores of related works exploring different morphologies and emitters 
7,8,9,10,11,12,13,14. These studies are discussed in Part II below.  

Förster Energy Transfer    Excited molecule can make a transition to a ground state by emitting a photon, 

as in the case of spontaneous emission 28. Among many other ways of giving away its energy (e.g. to 

molecular vibrations 49, phonons 50, plasmons 51,52, polaritons 53, etc.), it can transfer its excitation to a 
closely situated ground state molecule 54 – the process of particular interest in this study, Fig. 3. In 
general, if two molecules are coupled in some way (e.g. via Coulomb interactions), this can result in an 

energy transfer between them 54. This energy transfer can be reversible (oscillatory), when the coupling 

strength  is much larger than (i) the decay rates (inverse longitudinal decay times) of both donor and 

acceptor (1/d and 1/a) and (ii) the rate of the phase correlation decay (inverse transverse relaxation time, 

1/T2 54). In the latter case, the splitting of the energy eigenvalues of the interacting molecules is expected 
54 (as discussed in Part II). Alternatively, the energy transfer can be irreversible, when T2<<d<<a 54. 

Following Ref. 54, the term energy transfer should be reserved only for those cases, which involve 

substantial irreversibility and a relaxation process (to the ground state). However, this terminology is not 
uniformly followed by all authors.  

 

Fig. 3. Schematic of irreversible Förster donor-acceptor energy transfer showing absorption of light in donor, 

combination of radiative and non-radiative relaxation processes in donor (WD), donor-acceptor energy transfer (DA), 
and the relaxation processes in acceptor (WA). 

Förster developed the theory of energy transfer for molecules having broad spectra in a condensed 

medium 54,55,56,57. The theory is based on the perturbation model in adiabatic approximation. The theory 

assumes that the energy transfer occurs owing to a dipole-dipole interaction between molecules, which is 
so weak that it does not change the energy eigenvalues of the molecules. Förster has shown that under 



such conditions, the probability of the energy transfer W can be expressed in terms of the integral of the 
overlap of the luminescence and absorption spectra of interacting molecules:  
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Here R is the distance between donor and acceptor, R0 is the characteristic radius at which the transfer 

probability equals to the probability of spontaneous emission in the donor molecule, 0 is the experimental 

donor life-time, 0 is the quantum yield of donor luminescence,  is the factor taking into account relative 

orientations of the interacting dipoles (2=2/3 if all the relative orientations are equally probable), F(



) is 

the normalized radiation spectrum, (



) is the cross-section of acceptor absorption, 



 is the frequency in 
cm-1, and n is the refractive index.  

Förster was also the first to average the probability of transfer over molecules in a solid solution, resulting 

in emission kinetics n(t), which can be compared with experimental data 54,55,56,57, 
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where q ≈3.14R0
3cA, n0 is the initial concentration of excited donors (pumped with a short pulse), cA is the 

concentration of acceptors, and t is time 54.  

van der Waals interactions and wetting    The concept of interaction between neutral atoms or molecules 
has been proposed by van der Waals in 1873 58. Subsequently, three different, although related, 
processes, which contribute to this phenomenon, have been identified as (1) interaction between 
randomly oriented permanent dipoles and molecules 59,60,61, (2) interaction between randomly oriented 
permanent dipoles and induced dipoles 62,63, and (3) interactions between fluctuating dipoles and induced 
dipole (dispersive or London mechanism 64). In the latter case, fluctuation of dipole moments results from 
thermal or quantum effects. The dispersive mechanism is better studied in the literature and believed to 
be primarily responsible for interaction between various macroscopic bodies 65.  

In Fig. 4a, fluctuating dipole in atom 1 induces dipole in atom 2 and these two dipoles attract each other. 
If two slabs are comprised of multiple dipoles, the slabs can be attracted to each other as well, Fig. 4b. 
The gap between the slabs can be filled with a medium M, Fig. 4b. This can change both the magnitude 
and the sign of the force exerted by slabs 1 and 2 on each other 66. If an external body, such as metallic 
mirror, is brought to the vicinity of the two dipoles, it will produce virtual image dipoles and alter the net 
attractive force between atoms 1 and 2, Fig. 4c. Likewise, the external body 3 will change the interaction 
force between the two macroscopic slabs 1 and 2, Fig. 4d.  



 

Fig. 4. (a) Interaction of fluctuating dipole p1 and induced dipole p2. (b) Interaction of two slabs 1 and 2, when the gap 

between the slabs is filled with the medium M 20. (c) Same as in Fig. 4a in vicinity of the metallic mirror that produces 

image charges. (d) Same as in Fig. 4b in presence of slab 3 21. Adopted from Ref.21. 

It has been shown 66,67 that the force between two semi-infinite slabs 1 and 2 separated by the spacer M 
and the corresponding energy of interaction U depend on dielectric permittivities of all three media 

involved, ε1(ω), ε2(ω), εM(ω), integrated over the whole frequency range 21. In the non-retarded regime, 
when the distance between the two slabs l is much smaller than the speed of light c divided by the 

maximal characteristic frequency ωUV/2 (of e.g. ultraviolet absorption band) contributing to the interaction 

energy, the latter is equal to 
    



U 
A

12l2
. Here A, historically termed “Hamaker constant”, is determined by 

dielectric permittivities or molecular polarizabilities of the interacting media 65,68,69. In the simplest case of 

two identical dielectric slabs separated by vacuum, an approximate value of the Hamaker constant is 

given by the equation 69 
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where n0 is the refractive index in the visible range. In the retarded (Casimir 67,68,69,70,71) regime, 

l≥2πc/ωUV, the ~l-2 dependence changes to the ~l-3 dependence 65,66,67,68,69,70,71. Correspondingly, van 

der Waals forces can be viewed as Casimir forces in the electrostatic limit. 

Note that the ~l-2 dependence of the interaction energy has a substantially longer range than the ~l-6 
dependence for interacting molecular dipoles. This is the important result of Hamaker, who has shown 
that although the range of atomic forces is of the order of atomic dimensions, the sum of the dispersion 
energies leads to interaction of nanoscopic colloidal bodies at the characteristic distances comparable to 

their dimensions 68,72.  

The considerations above apply to both solids and liquids 21. Correspondingly, one can calculate the free 

energy change due to cohesion of the material ΔU 65, which is related to the surface tension =ΔU/2, e.g. 

  mirror 

  Fluctuating 



of a droplet of liquid in vacuum. If the droplet resides on a solid surface, then, in a similar way, one can 

introduce the free energy and the surface tension for the liquid-solid interface, ls, liquid-vapor interface, 

lv, and solid-liquid interface, sv. They collectively determine the wetting angle θ, defined as shown in 
Fig. 5 a,b,  

                                                                    



cos  ( sv  sl) /  lv                                                                       (8) 

(Young equation 69,73). The third body brought to the vicinity of slabs 1 and 2 can change the interaction 

energy between them, Fig. 4d. Correspondingly, the wetting angle, which can be measured 
experimentally, should be sensitive to a change of the (non-local) dielectric environment in the vicinity of 
the solid-liquid interface. The experimental observation of this phenomenon is discussed in Part II below. 

 

Fig. 5. Wetting angle for a droplet of water on top of MgF2 layer with gold (a) and lamellar metamaterial (b) 
underneath. Adopted from Ref. [21]. 

Light-matter interactions in weak and strong coupling regimes    As discussed above, the vicinity to 
plasmonic structures, lamellar metal/dielectric metamaterials and simple metallic surfaces can control 

scores of physical phenomena, including spontaneous emission 6,7,8,9,10,11,12,13,14,15, Förster energy 

transfer 17,18,19, van der Waals interactions 20,21, and chemical reactions 22,23,24,25,26 (below). Many of 
these processes occur in the regime of weak light-matter interaction, which affects transitions’ rates but 
not the energy eigenvalues of interacting systems.  

Even stronger effects can be observed at strong coupling between e.g. ensembles of dye molecules and 
resonant plasmonic structures or cavities 74,75,76. In the latter regime, the rate of bidirectional energy 

exchange between two interacting oscillators is higher than the rates of relaxation and de-phasing 54, 

causing (i) formation of two hybrid energy states – upper and lower polariton branches – whose eigen-
energies, separated by the Rabi frequency, are different from those of interacting constituents (Fig. 6a 77) 
and (ii) an avoided crossing behavior of the corresponding dispersion curves (Fig. 6b).  
There are two criteria of strong coupling used in the literature. According to one of them, strong coupling 
occurs when the Rabi splitting exceeds the spectral widths of the upper and the lower polariton branches. 
In this case, the coupling and the Rabi splitting can be small, ≤10 meV 78, but still exceed an even smaller 
widths of the spectral lines. According to the second criterion, the (ultra) strong coupling occurs when the 

value of the Rabi spitting, 22,23,75,79,80 is getting comparable with eigen-energies of non-interacting 

constituents 22. This is the regime of coupling between cavities or plasmonic systems interacting with 

large ensembles of highly concentrated dye molecules. The record-high Rabi splitting of ~1.12 eV has 
been experimentally demonstrated in organic semiconductors coupled to cavity modes 81. The latter 
coupling regime is of particular interest to the discussion below. 

a b 

 



         

Fig. 6. (a) Rabi splitting in a resonant cavity. Interaction of a HOMO–LUMO (S0–S1) transition of a molecule resonant 
with a cavity mode ħωc. Strong coupling leads to the formation of two hybrid light–matter (polaritonic) states (P+ and 

P−) separated by the Rabi splitting energy (ħΩR). 0 represents the ground state. Adopted from 77. (b) Strong coupling 

between an SPP mode (diagonal dotted line) and an excitonic mode (horizontal dashed line) 75. The system is a 

metal film (that supports the SPP mode) coated with a polymeric film doped with aggregated dye molecules. The 

solid lines and circles show how these modes interact to produce an avoided crossing 79,75, the dashed lines show 

the dispersion expected in the absence of strong coupling . Adopted from 75. 

Marcus theory and its extension to inhomogeneous dielectric environments    As it was shown by Marcus 
82,83,84,85, dielectric environments can affect not only physical processes, but also chemical reactions. In 
simple terms, two reactants, donor and acceptor, have certain spatial distribution of electrical charges, 

which is balanced by an appropriate polarization of surrounding solvent molecules 24.  Transfer of an 

electron from donor to acceptor changes the local charge distribution and causes repolarization of solvent 

molecules. This change of polarization requires a so-called reorganization energy .  It contributes to the 

strength of the potential barrier G*, which the reaction should overcome as it moves along the path from 

the reactants valley to the products valley, Fig. 7 84. 

 

Fig. 7. Free energies of reactants R and products P (plus environments) plotted vs. reaction coordinate e. (Adopted 

from 24).  In the “normal region” regime, depicted in the figure, the R and P curves intersect on the right of the 

minimum of R. Whereas in the “inverted region” regime, the same two curves intersect on the left of the minimum of 
R. 

Electric field in a dielectric is inversely proportional to the dielectric permittivity . Therefore, the 

reorganization energy is expected to decrease with increase of . The polarization of solvent molecules 
has a fast electronic component (at visible or ultraviolet light frequency) and a slow ionic reorientation 
component (at microwave or radio frequency). Correspondingly, the dielectric permittivities at both 

characteristic frequencies enter the equation for the reorganization energy 84,85,24,  
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where a1 and a2 are the radii of reacting molecules (modeled as spheres), R is the distance between the 

centers of the molecules, e is the transferred charge, o is the dielectric permittivity at optical frequency, 

and s is that at low frequency (nearly static).  

The reorganization energy enters the formula for the reaction rate constant k as 24,84,85,  

                                                               

    



k  Aexp 
 1 G0 /  

2

4kBT

















, (10) 

where T is the temperature, kB is the Boltzmann constant, G0 is the standard free energy of the reaction 
and A is the pre-exponential factor depending on the nature of the electron transfer. (Note that one of the 
most counterintuitive predictions of the Marcus theory – slowing down of the electron transfer kinetics in 
the inverted region, where it becomes thermodynamically highly favorable – was the aim of recent Ref. 
[86], focused on concerted proton-electron transfer reactions in the latter regime.) 

The Marcus theory was originally developed for redox reactions in homogeneous dielectric media 
(solvents) and later extended to photosynthesis 85, corrosion 87, chemiluminescence 88, and charge  
separation  in  organic  solar  cells 89. We asked the question 24 whether the reorganization energy 
and the rates of chemical reactions can also be controlled by non-local modifications of inhomogeneous 
dielectric environments. This motivated the studies discussed in Part II below. 

PART II.  EXPERIMENTAL DEMONSTRATIONS 

Control of emission with hyperbolic metamaterials 

Control of spontaneous emission   As it has been predicted in Ref. 10, metamaterials with hyperbolic 
dispersion (also known as hyperbolic metamaterials) can control both the rate and the directionality of 
spontaneous emission and enable the design of a single photon gun for quantum optics applications. Two 
most common morphologies of hyperbolic metamaterials are (i) arrays of parallel metallic nanowires 
grown in pores of anodic alumina membranes and (ii) lamellar stacks of subwavelength alternating 
metallic and dielectric layers. In line with the theoretical predictions, it has been experimentally 
demonstrated that these two geometries can enhance the rates of spontaneous emission of quantum 
dots 6,11,13, dye molecules 7,8,9,14,90 and vavancy centers in diamond 91 deposited onto hyperbolic 
metamaterials, Fig. 8. The effect appeared to be stronger on top of nanowire-based metamaterials 7 than 
lamellar metal-dielectric metamaterials 6,8,9,11. An even higher rate of the spontaneous emission decay can 
be obtained if emitting centers are embedded in dielectric layers inside the volume of the metamaterial 
slab 9,13 or deposited on top of its nanopatterned surface 14. 

 



Fig. 8. Shortening of spontaneous emission lifetime  with hyperbolic metamaterials. The geometry of the 

metamaterial and the emission decay time shortening, 0/, are indicated in the figures. (Here 0 is the emission 

lifetime in a control sample.) Adopted and adapted from Ref. 8 (a), Ref. 6 (b), and Ref. 7 (c). 

The photonic density of states (or the Purcell enhancement factor) determined by hyperbolic 
metamaterials is not spectrally flat but rather has a strong dispersion 12,13,48. This causes modification of 
the spontaneous emission spectra, exemplified by the blue shift of the emission spectral band 
experimentally demonstrated in Ref. 15, Fig. 9. (Note that the spectral shift in this particular experiment 
has nothing to do with alteration of energy eigen-values routinely observed in a strong coupling regime 
74,75,76.) 

 

Fig. 9. Blue shift of spontaneous emission with hyperbolic metamaterial. Experimental emission spectrum of DCM 
doped PMMA deposited on glass (1), embedded in the hyperbolic metamaterial with PMMA as the outmost layers (2), 

and embedded in the hyperbolic metamaterial with Ag as the outermost layer (3). Adopted from Ref. 15.  

Control of stimulated emission   In line with 92,93,94,95, optically pumped stimulated emission of surface 
plasmon polaritons (without intentional feedback) can be achieved in dye-doped polymeric films on top of 
metallic substrates. In Ref. 96, Kitur et al. studied stimulated emission in HITC(dye):PMMA(polymer) films 
deposited on top of Ag and lamellar metal-dielectric (Ag/MgF2) metamaterial with hyperbolic dispersion. 
The stimulated emission in the samples studied was evidenced by narrowing of the emission spectrum 
and a threshold in the input-output dependence. Remarkably, (i) the stimulated emission threshold on top 
of the metamaterial substrate was lower (between 2.5-fold and 7-fold in different samples) than on top of 
the silver film, and (ii) the laser spectral line on top of the metamaterial was red-shifted in comparison to 
that on Ag. In tunable lasers, featuring partly overlapping absorption and emission bands, the reduction of 
the threshold and red shift of the stimulated emission line are characteristic of a higher gain (or a smaller 
loss) in the system 95. This behavior of the multimode plasmonic laser, in Ref. 96, is consistent with 
enhancement of the photonic density of states in a hyperbolic metamaterial. 

 



Fig. 10. Top left: Schematics of the sample. Top right: Experimental setup. Bottom left: stimulated emission line on 
top of Ag and on top of hyperbolic metamaterial. Bottom right: Input-output curves measured on top of Ag and 
metamaterial demonstrating reduced threshold on top of the metamaterial. Adopted from Ref. 96. 

Control of energy transfer with nonlocal metal-dielectric environments 

State of the Art   In homogenous dielectric media, the rate of spontaneous emission increases (An 28) 

while the rate of the Förster energy transfer (in a pair of donor and acceptor) decreases (Wn-4, Eqs. 4 
and 5 54) with increase of the refractive index n. Therefore, the same dielectric environments, which inhibit 
spontaneous emission, can be expected to boost the energy transfer. This poses two questions: (i) 
whether the energy transfer can be controlled by PDOS, which also depends on n (Eq. 1 28), and (ii) 
whether it can be further tuned by engineered nanostructured non-local dielectric environments, including 
plasmonic nanoparticles, metallic mirrors, metamaterials and other nanophotonic systems. 

The literature has several contradictory theoretical and experimental studies of the effect of the local 
PDOS on the Förster energy transfer. Thus, the latter was claimed to be dependent on 97,17,98,99,100 or 
independent of 101,102,103 the photonic environment. Experimentally, high density of photonic states was 
reported to enhance the energy transfer rate in cavities 17, modulate it 98,99, leave it unaffected 101,102,103 in 
vicinity of mirrors and planar interfaces, or inhibit it in plasmonic nanostructures 104. This broad range of 
claims and opinions made the studies outlined below particularly important. 

Energy transfer between two molecules separated by a DNA molecule   In the study 18, donor and 
acceptor molecules (Atto488 and Atto565, respectively) were attached to two opposite sides of a DNA, 
maintaining constant distance between donor and acceptor, Fig. 11a. The emission kinetics of donors in 
the presence and in the absence of acceptors, which allowed the authors 18 to deduce, correspondingly, 
the rates of the energy transfer and of the spontaneous emission, were measured at different distances 
from the metallic mirror in minima and maxima of the periodically changing PDOS (termed as LDOS), 
Figs. 11b and 11c. It has been concluded that, within the experimental error, the rate of the energy 
transfer was independent of PDOS. This experimental result was in agreement with the theoretical 
prediction (based on the Green function calculations) for single donor molecule and single acceptor 
molecule interacting in vicinity of a mirror 18. 

 

Fig. 11. (a) Donor (Atto488) and acceptor (Atto565) dye molecules separated by 6.8 nm DNA strand. (b) Total donor 

decay rate DA oscillates with distance to the mirror. Dash-dotted curve: model consisting of the calculated PDOS, 

averaged over the whole donor emission band, plus a constant energy transfer rate ET. (c) The total decay rate D of 
the donor-only samples shows the well-known oscillation as a function of distance d to the mirror. (d) Förster energy 

transfer rate ET is independent of the donor-only decay rate D that is proportional to the normalized PDOS at the 

donor emission frequency. Adopted from Ref. 18.  

Effects of the metallic and metal-dielectric substrates on the energy transfer   In Ref. 19, the effect of 
metallic and lamellar metal-dielectric metamaterial surfaces on the energy transfer was studied in thin, 33 
nm to 100 nm, (PMMA) films co-doped with donor (DCM dye, 2x1019 cm-3) and acceptor (DOTC dye, 
1.2x1019 cm-3) molecules. In DCM:DOTC:PMMA films deposited on glass, emission of acceptors, at ~720 
nm, was observed at excitation of donors at 400 nm, Fig. 12a. Furthermore, the emission kinetics of 



donors were shown to be different (much shorter) in the presence of acceptors than in the absence of 
acceptors, Fig. 12b. This was a proof of the efficient donor-acceptor energy transfer on top of glass. 

When the same experiments were repeated in similar DCM:DOTC:PMMA films deposited on top of Au, 
Ag or lamellar (hyperbolic) metamaterial substrates, (i) no emission of acceptors was observed at the 
excitation of donors, Fig. 12a, and (ii) the emission kinetics of donors in the presence of acceptors slowed 
down in comparison to those on glass, Fig. 12b. These observations suggest that the donor-acceptor 
energy transfer is inhibited in vicinity of metallic and lamellar metamaterials surfaces.  

When the rates of spontaneous emission of donors, in the absence of acceptors, were compared against 
the rates of energy transfer from donors to acceptors, it was found that the same nonlocal dielectric 
environments, which boost spontaneous emission, also inhibit the energy transfer, Fig. 12c. This 
conclusion is in agreement with the line of reasoning formulated for homogeneous media in the beginning 
of this section. However, it does not directly relate the rate of the energy transfer with PDOS. Thus, the 
theoretical study 19 of the effect of a metallic surface on the rate of the energy transfer between individual 
donor and acceptor molecules failed to describe the experimental results quantitatively and, in agreement 
with Ref. 18, has shown no correlation between the energy transfer and PDOS. 

As discussed below, it has been inferred that the observed phenomenon can be explained in terms of 
strong coupling and coherent behavior of large ensembles of donor and acceptor molecules and/or 
collective coupling of these ensembles with surface plasmon polaritons supported by metal/dielectric 
interfaces. 

 

 

Fig. 12. (a) Emission spectra of ≈80 nm thick PMMA films co-doped by DCM and DOTC molecules, deposited onto 
glass (1) and hyperbolic metamaterials (2) substrates and pumped at λ=400 nm into the absorption band of DCM.  
(b) Spontaneous emission kinetics in PMMA films deposited on glass: donors (DCM) in a singly doped PMMA film (1, 
D/glass), donors in the PMMA film co-doped with donors and acceptors (2, D+A/glass), and acceptors (DOTC) in the 
PMMA film co-doped with donors and acceptors (3, A/glass). Spontaneous emission kinetics in PMMA films 
deposited on metamaterial substrates with Ag as the top layer: donors (DCM) in a singly doped PMMA film (4, D/MM) 
and donors in the PMMA film co-doped with donors and acceptors (5, D+A/MM). All films were pumped into the 
absorption band of acceptors at λ=392 nm. (c) Emission decay rates and Förster energy transfer constants γ in dye-
doped films deposited on top of glass (1), metamaterial with MgF2 as the outermost layer (2), metamaterial with Ag as 

the outermost layer (3), Ag film (4), and Au film (5). Adopted from Ref. 19. 

Control of concentration quenching with nonlocal dielectric environments    The effect of lamellar 
hyperbolic metamaterials and metal/dielectric interfaces on the concentration-dependent luminescence 
quenching in thin polymeric poly (methyl methacrylate) (PMMA) films doped with HITC dye molecules (2-
7-(1,3-dihydro-1,3,3-trimethyl-2H-indol-2-ylidene)-1,3,5-heptatrienyl-1,3,3-trimethyl-3H-indoliumiodide) 
has been studied in Refs. 105,106. Experimentally, thin (~80 nm) HITC:PMMA films were deposited onto 

glass, silver and lamellar metal/dielectric metamaterials (which had hyperbolic dispersion at >384 nm 19) 

and optically pumped at =795 nm with ~150 ns pulses of a mode-locked Ti:sapphire laser. The emission 

kinetics, recorded at >850 nm with a Vis-IR streak camera, were found to shorten with increase of the 
dye concentration, Fig. 13a. The rate of this concentration quenching (energy transfer to quenching 
centers) was approximately proportional to the square of the dye concentration, Fig. 13b. This finding is 



consistent with the assumption that (i) the quenching centers are pairs of aggregated dye molecules or (ii) 
the energy transfer to acceptors is assisted by the migration of excitation over donors 54.  

 
Fig. 13. (a) Emission kinetics of HITC:PMMA films deposited on glass at short-pulsed laser pumping at different dye 
concentrations:  0.002 mol/L trace 1, 0.003 mol/L trace 2, 0.007 mol/L trace 3, 0.010 mol/L trace 4, 0.015 mol/L trace 
5, 0.027 mol/L trace 6, and 0.035 mol/L trace 7. (b) Concentration dependence of the emission decay rates (on top of 
glass); red circles – experiment, solid line – fitting with the formula W=A+BNx. (c) Emission kinetics of HITC:PMMA 
films on silver and glass substrates at the dye concentrations equal to 0.035 mol/L and 0.027 mol/L. Adopted from 

Ref. 105. 

In line with Ref. 19, the concentration quenching (energy transfer) was found to be inhibited in vicinity of 
metallic films and lamellar metal-dielectric metamaterials. (The effect of metamaterials was marginally 
larger than that of the silver substrates.) The inhibition of the concentration quenching decreased with 
increase of the size of the spacer, MgF2, separating the dye-doped film and the metallic surface. The 
characteristic length-scale of the inhibition (the distance between the dye molecules and the metallic 
surface, at which the inhibition becomes significant) was found to be ~47 nm. It was much longer than the 
Förster radius (the characteristic distance of the donor-acceptor energy transfer, 5 nm to 7 nm), and 
smaller than the penetration of the surface plasmon polariton field to the dielectric (≥250 nm).  

In both Refs. 19 and 105, the characteristic system dimensions, e.g. the thicknesses of the dye-doped films 
and the average distance between dye molecules and the metallic surfaces, were much larger than the 
Förster radius. Therefore, the observed inhibition of the energy transfer cannot be explained in terms of 
the model 18,19 taking into account individual donor and acceptor centers affected by the presence of the 
metal. At the same time, the character of the donor-acceptor energy transfer is predicted to change 
dramatically if the electromagnetic coupling between donor molecules, leading to formation of a coherent 
collective state, is taken into account 12.  

At high concentration of HITC molecules used in the experiment (0.053 mol/L in solid state) 105,106, the 
coupling between the ensemble of dye molecules and SPPs was strong enough to produce 0.14 eV Rabi 
splitting of the SPP dispersion curve observed in the Kretschmann reflectance experiment, Figs. 14a,b.  

 

Fig. 14. (a) Kretschmann geometry setup for study of the SPP dispersion and the strong coupling. (b) SPP dispersion 
curves measured when the PMMA film is not doped (empty circles) and doped with HITS dye in concentration 0.053 
mol/L (filled triangles). The latter curve demonstrates the Rabi splitting of 0.14 eV, which characteristic of strong 
exciton-plasmon coupling. (The thickness of the polymer film is ~ 1 µm and the thickness of the Ag film is 32 nm). 

Adopted from Ref. 106. 

Strong coupling of dye molecules with plasmonics substrates is known to cause coherent spontaneous 
emission 75,79, manifesting formation of a collective state of donors – the phenomenon enabling long-range 



control of the energy transfer with an external mirror 12. On the other hand, the strong coupling affects 
energy eigenvalues of the hybridized states and, therefore, can change spectral overlap of the emission 
band of donors and the absorption band of acceptors, leading to a change in the energy transfer rate, Eq. 
5.  Therefore, the adequate description of the systems studied is likely to be sought in terms of the model 
taking into account coupling of donor and acceptor ensembles to surface plasmons and, through coupling 
with plasmons, to each other.  

(Note that the spectral overlap of the emission of donors and absorption of acceptors can also be caused 
by interaction of molecules with their mirror images 107. This possible explanation of the experimentally 
observed inhibition of the energy transfer in vicinity of metallic surfaces requires thorough theoretical 
investigation.) 

Long-range wetting transparency on top of layered metal-dielectric substrates 

The authors of Ref. 21 have experimentally studied wetting of several metallic, dielectric and lamellar 

metal/dielectric substrates, including glass, thin and thick Au films, and Au/MgF2 stacks (both pristine and 
coated with MgF2 layers of varied thickness). In general, van der Waals forces are not the only 
contributors to the surface energy and the wetting angle. Other important inputs come from e.g. material-
specific surface energy, determined by polarization and chemical activity of the top molecular layer of the 

substrate 69,108. Therefore, a series of wetting experiments has been designed, in which the topmost layer 

of the solid-state substrate that was in direct contact with the water droplet was kept the same, and the 
underlying medium as well as the corresponding distribution of non-local dielectric permittivity was 
changed in a systematic manner (Fig. 5) by e.g. changing the thickness of the topmost MgF2 film. 
It has been found that the wetting angle on top of thick, l≥100 nm to l≥400 nm, MgF2 layers is ≤10o, 
approximating the total wetting condition. At the same time, wetting angles on top of pristine glass, Au 
films and Au/MgF2 metamaterials (with Au outmost layer) are significantly larger, ≥65o. Remarkably, as 
layers of MgF2 of varied thickness are deposited on top of glass, Au or Au/MgF2 metamaterial, the contact 
angle does not change abruptly from the one corresponding to the underlying substrate to the one 
corresponding to thick MgF2. It has been, thus, concluded (to some surprise) that the wetting angle is 
nearly insensitive to the chemical nature of the immediate substrate and its surface. Instead, as the 
thickness of the MgF2 layer is gradually increased from l=0 nm (no MgF2) to l>100 nm, the wetting angle 
changes smoothly and continuously, demonstrating sensitivity to the presence of underlying substrate at 
the thickness of the MgF2 layer of the order of ~100 nm, Fig. 15. This phenomenon is referred to as long-
range wetting transparency.  

 

Fig. 15. Wetting angles measured on top of MgF2 films of different thickness deposited on thin (closed circles, 
average thickness 51 nm) and thick (open circles, average thickness 103 nm) Au films. Vertical error bars (±4 

degrees) are shown. Horizontal error bars are smaller than the size of the characters. Adopted from Ref. 21.  

The semi-qualitative analysis suggests that if the interaction energy of two parallel slabs changes with 
the distance as l-2 (the behavior predicted by the most simple model of dispersion van der Waals 



interactions), the wetting transparency, although possible, should not extend longer than several 
nanometers 21. The gradual change of the wetting angle occurring over tens of nanometers of the MgF2 
spacer 21 can be partly due to the thickness dependence of the MgF2 refractive index. However, it is 

unlikely that this effect can fully account for the whole magnitude of observed phenomenon (change of  
from ≥65o to ≤10o). It has been inferred 21 that the experimentally observed long-range wetting 
transparency can possibly be due to strong distance dependence of the Hamaker function, which 
determines the strength of the dispersion van der Waals-London interactions related to retardation of 
electromagnetic radiation.  

Control of chemical reactions in a weak coupling regime 

Control of photodegradation of semiconducting polymer P3HT with metallic and lamellar metal-dielectric 
substrates    As it has been discussed in the introduction and several subsequent sections, proximity to 
metallic surfaces, plasmonic structures, cavities and other inhomogeneous dielectric environments is 
known to control spontaneous emission, energy transfer, wetting, and many other phenomena of practical 
importance. The aim of the study 24 was to demonstrate that, in spirit of the Marcus theory, the rates of 
chemical reactions can, too, be influenced by nonlocal dielectric environments, such as metallic films and 
metal/dielectric multilayer structures. The chemical reaction studied in Ref. 24 was photodegradation of the 
semiconducting polymer P3HT, which is the material of choice in many organic photovoltaic devices 109. 
Under photoexposure in an ambient atmosphere, the P3HT absorption band at ~550 nm is getting smaller 
(due to photodegradation of thiophene rings forming the polymer) and shifts to the blue range of the 
spectrum (due to shortening of polymeric chains) 110,111, Fig. 16.  

 

Fig. 16. Absorbance spectra (natural logarithm) of the 23 nm thick regioregular P3HT film deposited onto a glass 
substrate with thick Ag film on the back (measured in the reflection experiment). The shoulder at ~610 nm and two 
(not well resolved) peaks at ~525 nm and ~555 nm are the signature of a quasi-ordered structure. Inset: Regioregular 

2,5-poly-3-hexyl-thiophene (P3HT) polymer. Adopted from Ref. 24. 

In the photo-oxidation studies, P3HT films were deposited on a variety of substrates, including glass,  Ag, 
Au and Al films, Ag/MgF2 lamellar metamaterial (with Ag as the topmost layer) and all the same 
substrates coated with 25 nm MgF2 layers. In the photodegradation experiments, the samples were 
exposed to a white light illumination by a 50 W halogen lamp. The total exposure time approximated 100 
hours. During this period, the absorbance spectra of the p3th films were measured multiple times in the 
transmission and reflection experiments. After proper normalization, the latter spectra were equivalent to 
transmission spectra of the P3HT films of double thickness.  

With increase of the light exposure, the P3HT absorption band was getting smaller (due to reduced 
number of survived thiophene rings) and its maximum position experienced a blue shift (due to shortening 
of the π conjugated P3HT polymer chains). When the absorbance and the wavelength corresponding to 
the maximum of the absorption band were plotted against the exposure time, they resulted, respectively, 
in the absorption decay kinetics (Fig. 17) or the spectral shift kinetics (inset of Fig. 17).   

It has been found 24 that (i) the rates of photodegradation (reduction of absorption and the frequency 

shift) are smaller on top of metallic films and lamellar metal/dielectric substrates, covered with a thin 
insulating MgF2 layer, than on top of purely dielectric substrates, glass and MgF2, Fig. 18. (The latter 
rates were corrected for interference effects, spectral sensitivity of photodegradation, and emissivity of 



the lamp used to photo-expose the samples.) This central observation of Ref. 24 proves that chemical 
reactions, e.g. photodegradation of P3HT, can be controlled by nonlocal dielectric environments. (ii) At 
the same time, the rates of photodegradation of P3HT films deposited directly onto metallic substrates 
were higher than those in purely dielectric reference samples. The latter effect can be partly due to a 
conventional catalysis 112,113,114, Fig. 18. (iii) The type of metal (e.g. Ag, Au or Al) used to fabricate metallic 
and metal/dielectric substrates affects the ratio between the rate of reduction of absorption and the rate of 
the blue shift. Interestingly, the order of the latter ratios correlated with the order of dielectric permittivities 

in the metals studied 24, inset of Fig.18. (In a separate study 115, it has been shown that the rate of 

photodegradation of P3HT does not correlate with the substrate-specific excited state concentration and 
spontaneous emission of thiophene rings.)  

 

Fig. 17. Dependence of the maximal absorbance on the exposure time in the P3HT films deposited on glass 
(squares) and Ag/MgF2 metamaterial with Ag on top (triangles). Inset: Dependence of the (normalized to one) 
wavelength of the absorption maximum on the exposure time, measured in the same samples as in the main frame. 

Adopted from Ref. 24. 

 



Fig. 18. The rate of the reduction of absorbance plotted against the rate of the frequency shift of the absorption 
maximum. The rates are normalized to the corresponding effective pumping intensities. Inset:  Spectra of real parts of 

dielectric permittivities in Al 116 (trace 1), Ag 117 (trace 2), and Au 117 (trace 3). Red ellipse shows the reduction of  the 

absorption decay rate in the strong coupling regime (as it is discussed in the section Control of Chemical Reactions in 

a Strong Coupling Regime below). Adopted and adapted from Ref. 24. 

Thus, it has been unambiguously proven 24 that the rates of chemical reactions can be controlled not only 
by local dielectric permittivities, but also by non-local dielectric environments. This important step toward 
understanding of a complex relationship between chemical reactions and nonlocal dielectric environments 

has been followed by the theory development and a broader scope of thorough experimental studies 26, 

as discussed below. 

Effect of lamellar metal-dielectric substrates on a charge transfer   The effect of lamellar metal-dielectric 
hyperbolic metamaterial substrates on the charge transfer in a thin layer of triphenylene:perylene diimide 

dyad supramolecular self-assemblies (Figs. 19 a,c) has been demonstrated in Ref. 26. Thus, in the vicinity 

of the metamaterial surface (Fig. 19b), the rate of charge separation decreased by a factor of 2.4, while 
the rate of the charge recombination got reduced by a factor of 1.7. (The inhibition has been shown to 
increase with increase of the number of pairs of metal and dielectric layers.) This experimental result was 
explained in terms of the modified Marcus theory taking into account mirror images of the interacting 
molecular dipoles. It has been argued that the latter non-local effect influences the energy of dipole-dipole 

interaction, the reorganization energy  26 and the rate of the charge transfer the same way as the 
modified local dielectric permittivity  (e.g. dielectric permittivity of a solvent) would do. A good 
agreement of the model and the experiment as well as a qualitatively similar result obtained in the 

PH3T:PC60BM system 26 show the generality of this non-local phenomenon and suggest that a wide 

range of kinetic tailoring opportunities can arise from substrate engineering. This work paves the way 
toward the design of artificial substrates to control CT dynamics of interest for applications in 
optoelectronics and chemistry.  
 

 
 
Fig. 19. (a) Schematics of the Ag/Al2O3 hyperbolic metamaterials structure with donor and acceptor molecules (diads) 
on top. (b) Triphenylene:perylene diimide dyad (TriPh: PerDi) composed of discotic mesogenic conjugated units. (c) 
Connected by a decyloxy flexible bridge, the TriPh (D) and PerDi (A) units are prone to self-assemble in a solid-state 
multi-segregated D–A columnar structure. Spontaneous planar orientation of columnar hexagonal structures (Colh) 

consisting of domains of lying columns. Adopted from Ref. [26]. 

Control of chemiluminescence   In pursuit of alternative classes of chemical reactions that can be 
controlled with nonlocal metal/dielectric environments, Peters et al. 118 studied chemiluminescence 
kinetics a series of thin R6G:DNPO:PMMA films deposited onto a variety of metallic, metal/dielectric and 
dielectric substrates. Here peroxyoxalate Bis(2,4-dinitrophenyl) oxalate (DNPO) is one of the most 
efficient nonenzymatic chemiluminescent reactants 119, for which chemiexcitation proceeds via the 

chemically initiated electron-exchange luminescence mechanism 
119

,120 (Fig. 20), rhodamine 6G (R6G) dye 

is an emitter, and poly(methyl methacrylate) (PMMA) is a host polymer. The experimental samples, 



R6G:DNPO:PMMA films deposited onto metal/dielectric substrates, were mounted on the end of the rod 
attached to the inner side of a lid closing a glass jar, Fig. 21a. The jar was partly filled with an H2O2 
solution and the R6G:DNPO:PMMA films were exposed to the H2O2 vapor. The chemiluminescence 
emission kinetics were collected and analyzed as explained below.  

 

 

Fig. 20. (a) Rapid reaction between hydrogen peroxide and DNPO produces monoperoxide 2-(2,4-dinitrophenoxy)-2-
oxoethaneperoxoic acid (I), which undergoes an intramolecular nucleophilic displacement reaction to give 1,2-
dioxetanedione (II). (b) Thermolysis of 1,2-dioxetanedione generates the S = 1 oxalate biradical, which oxidizes R6G 
to R6G•+ and decomposes to give CO2  and S = 1/2 CO2•- . Back electron transfer (BET) ensues to yield CO2 and 

excited R6G*, which emits upon relaxation. Adopted from Ref. 118 

 

Fig. 21. (a) Schematics of the experimental setup for the chemiluminescent reaction and emission measurement. (b) 
Emission kinetics of chemiluminescence (in vapor) on top of Ag (trace 1), Ag covered with a thin film of MgF2 (trace 

2), and MgF2 (trace 3). Adopted from  Ref. 118 

We found that when the R6G:DNPO:PMMA films were exposed to H2O2 vapor, chemiluminescence 
kinetics on top of Ag and Au films covered by insulating MgF2 layer were shorter than those on top of 
purely dielectric substrates, MgF2 films on glass, Fig. 21b. In line with the modified Marcus theory 26, it has 
been inferred that Ag- and Au- based substrates with insulating MgF2 layer deposited on top affected the 
reaction rates by influencing polarization energies of reactants and surrounding molecular dipoles. At the 
same time, the chemiluminescence kinetics on top of Ag and Au surfaces (without insulating MgF2 
spacer) were substantially shorter than those on top of dielectric substrates, probably because of 
conventional chemical catalysis 112,113,114.  



A qualitatively similar behavior was observed on top of Au-based thin films and lamellar metamterial 
substrates. However, chemiluminescence decay times on top of the metamaterials were slightly shorter 
than those on top of single Au films and Au/MgF2 substrates. 

The peak emission intensities on top of metallic substrates (with and without MgF2 layer on top) were 
lower that those on top of purely dielectric substrates, most likely, due to inhibition of the energy transfer 
to acceptors (R6G dye molecules) known in vicinity of metals. The further reduction of the 
chemiluminescence intensity on top of lamellar metal/dielectric stacks could be due to preferential 
emission of light inside the volume of the metamaterial rather than outside. 

To summarize this section, three very different chemical reactions were demonstrated to slow down in 
vicinity of metallic and metal-dielectric substrates covered by a thin insulating MgF2 layer. This 
phenomenon can be tentatively explained by change of dipole interaction and reorganization energies in 
presence of metallic reflecting surfaces. 

Control of chemical reactions in a strong coupling regime 

State of the Art    Strong and, in particular, ultra-strong coupling have been reported to modify the surface 
potential 121, electrical conductivity 122, exciton transport 123,124, Raman scattering 125,126,127 and energy 

transfer beyond the Förster regime 128. Of particular interest to the study 25 discussed below was the 

effect of strong coupling on chemical reactions. Thus, control of a photoisomerization reaction with the 
strong coupling to a Fabry-Perot cavity and reversible all-optical switching between two isomers, 

spiropyrane and merocyanine, have been demonstrated in the pioneering studies 22,23. A more recent 

example of the effect of strong coupling of J-aggregated TDBC 129 organic dye molecules with triangular 
silver nanoprisms, resulting in hundredfold reduction of the photodegradation rate, has been reported in 
Ref. 130. The effect of strong coupling on photochemical reactions (the type of reaction researched in the 

study 25) was explained in the literature in terms of altered landscapes of electronic excited and ground 

states 23,131, modification and creation of avoided crossing energy gaps 131,132, and increase of relaxation 

rates of hybridized states 130. Strong coupling of a coherent molecular ensemble to a cavity mode was 

also shown to trigger many-molecule reactions with a single photon 133.  

Furthermore 25, strong coupling of a cavity with an electronic transition was predicted to decouple 

collective electronic and nuclear degrees of freedom in a molecular ensemble, leading to enhancement or 
suppression of intramolecular electron transfer by orders of magnitude in comparison with free space 134. 
As photochemical reactivity critically depends on strong coupling involving excited molecular electronic 
states, a much larger class of ground state reactions are controlled by strong coupling of vibrational 
states to the vacuum electromagnetic field in a cavity 135,136,137. Thus, the ground-state deprotection of a 
simple alkynyl-silane, has shown fivefold reduction of the reaction rate when the Si-C vibrational 

stretching modes of the reactant were strongly coupled to the resonant IR cavity 137. The progress and 

trends in the polariton chemistry are reviewed in recent Ref. 138.  

Photodegradation of  the semiconducting polymer P3HT in the strong coupling regime    As it has been 
shown above, redox chemical reactions, such as photodegradation of the semiconducting polymer P3HT, 
can be controlled by a (weak) coupling with nonlocal metal/dielectric environments. On the other hand, 
strong coupling of quantum wells, quantum dots and dye molecules with resonant cavities and surface 
plasmons enables and affects scores of physical phenomena, including chemical reactions (see 

references in the section above). In Ref. 25, Peters et al. have combined the two phenomena and 

demonstrated that under tungsten lamp illumination, strong coupling of the semiconducting polymer P3HT 
with a resonant cavity (characterized by the gigantic Rabi splitting of 1.0 eV) causes threefold reduction of 
the rate of photodegradation.  

The experimental setup and the measurements in the study 25 were similar to those in Ref. 24. The 
absorption spectra of P3HT films on glass (Fig. 22a) and the reflectance spectra of resonant Fabry-Perot 
cavities filled with P3HT polymer (Fig. 22b) were measured after numerous light exposures (with 
Tungsten lamp), over several tens of hours. The observed reduction of the absorption band and the 
change in the spectral positions of the dips in the reflection spectra (corresponding to two polariton 



branches in the strong coupling regime) were used to determine the concentration of remaining thiophene 
rings as the function of time and light exposure. The resultant kinetics (Fig. 23) were used to calculate the 
rates of photodegradation of P3HT in Fabry-Perot cavity as well as control samples. 

The latter rates were further normalized by (i) the action spectrum of the P3HT photodegradation, (ii) the 
emissivity spectrum of the lamp, (iii) the spectrum of the light intensity integrated over the P3HT film’s 
thickness, (iv) reduction in the oxygen flow caused by the top silver mirror, and (v) possible effect of 
chemical catalysis. The reported three-fold effect of the resonant cavity (in the strong coupling regime), 

which was presumably dominated by the singlet oxygen mechanism 111, was larger than that of the 

Ag/MgF2 thin film and lamellar metamaterial substrates 24 (see Fig. 18), manifesting that control of light-

matter interaction in the strong coupling regime is more efficient than that in the weak coupling regime.  

 
Fig. 22. (a) Transformation of the absorption spectrum of P3HT deposited on glass under tungsten lamp illumination 
in the presence of oxygen. (b) Same for the reflectance spectrum of the P3HT filled cavity. Inset of Figure 1a: 
chemical formula of P3HT.  Inset of Figure 1b: Schematic of the experimental samples: P3HT in the cavity, P3HT on 

glass, P3HT on glass covered by a thin semitransparent Ag film. Adopted from Ref. 25. 

 
Fig. 23. Photodegradation kinetics of P3HT on glass (circles) and in cavity (squares) under illumination with Tungsten 

lamp. Adopted from Ref. 25. 

Strong coupling with a Farry-Perot cavity causes hybridization of the molecular excited states and the 

cavity mode 22,23,130,131,132, resulting in formation of the upper (+) and lower (-) polariton branches 

separated by the Rabi energy , see the reaction pathways involving single oxygen mechanism 111 

without (Fig. 24a) and with (Fig. 24b) strong coupling with the cavity. According to Refs. 130,139, one of the 

possible factors contributing to deactivation of 3P* in organic molecules is the reverse intersystem 

crossing 3P*1P*, see Fig. 24b. This process, whose rate is proportional to exp(-EST/kT), is negligibly 



small at large energy gap EST between the singlet and triplet states and its efficiency grows as EST 

becomes smaller (here EST is the energy difference between the singlet and tripled excited states, k is 

the Boltzmann constant and T is temperature). As it has been claimed in Ref. 139, strong coupling with the 

cavity lowers the low polariton branch (-), which is of singlet origin, and does not affect the energy 

position of the triplet state 3P*. Therefore, this process reduces EST and increases the reverse 

intersystem crossing, ~exp(-EST/kT), which depopulates the tripled state 3P*.  
One can infer that a similar mechanism of depopulation of the excited triplet state 3P* and slowing down 

photodegradation of P3HT in the cavity took place in the experiment of Ref 25. In fact, the cavity in Ref. 25 

was resonant with the absorption band of P3HT at ~550 nm, which caused the splitting of the dispersion 

curve, and “pushed” the low polariton branch down, reducing the energy gap EST. This hand-waving 

reasoning is in qualitative agreement with the experimental result 25. At the same time, this is not the only 

possible model, and a different mechanism of depopulation of the triplet excited state was claimed to be 

responsible for the hundredfold suppression of photo-oxidation in Ref. 130. The quantitative examination 

of possible photodegradation mechanisms, is the subject of future studies. 
One should note that in the vast majority of the literature reports as well as in the experiments discussed 
above (carried out in both weak and strong coupling regimes) the effect of non-local dielectric 
environments on chemical reactions is inhibition. This dominating tendency is also calling for its 
understanding and explanation. 

 

Fig. 24. Scheme of polymer photodegradation by single oxygen. (a) P – ground state of the polymer; 1P* - excited 
singlet polymer state; 3P* – excited triplet polymer state; 3O2 – ground state oxygen; 1O2 – singlet oxygen; k1P*, k3P* 
and k1O2 – deactivation constants; kq – quenching constant; kr – reaction constant; kISC – intersystem crossing 
constant. Horizontal thick black lines represent the energy levels. (b) Same as Figure a, but with the excited state 1P* 
split into two polariton branches, (+) and (-), due to interaction with the cavity.  – Rabi splitting; kRISC – reverse 

intersystem crossing constant; EST – energy difference between excited triplet state of the polymer 3P* and the lower 

polariton branch (-) of the excited single state of the polymer 1P*. Adopted from Ref. 25. 

PART III. Summary 

Rationally designed metal-dielectric environments found in photonic (meta) materials and structures can 
control a broad range of physical and chemical phenomena, which extend far beyond absorption, 
transmission and reflection of light. A brief review of these exciting phenomena, exemplified by selected 
experimental studies, was the goal of this Perspective. It was never designed to be comprehensive or all-
inclusive, and many related topics, such as plasmonic chemistry 140,141,142,143 hot-electron-induced 

phenomena 144,145,143, Bose-Einstein condensation of polaritons 146,147,148,149, etc., have not been covered. 

Interested readers are referred to original research papers and comprehensive reviews, some of which 
are referenced above. 



To summarize, light-matter interactions (of e.g. excitons and resonant cavities or surface plasmons) can 

occur in both weak and strong coupling regimes 75,76. The former process affects the rates of electronic 
transitions, leaving energy eigenvalues of interacting constituents unaltered. On the other hand, strong 
light-matter interactions affect both the transition rates and the energy eigenvalues.  

The phenomenon, which resides at the borderline between optics and quantum physics is spontaneous 
emission. Its rate can be controlled by the photonic density of states (PDOS, related to the Purcell 

enhancement factor 29) in cavities, plasmonic environments, metamaterials and many other metal-

dielectric structures, which can be as simple as metal-dielectric interfaces.  

In recent years, of particular interest to the research community were metamaterials with hyperbolic 

dispersion 41,42,43,44, which have a broadband singularity of PDOS and can control the rates 6,7,8,10,11 the 

spectra 15 and the directionality 10,16 of spontaneous emission. It has also been shown that hyperbolic 

metamaterials can control not only spontaneous but also stimulated emission 96 (in a dye-doped 

polymeric film deposited onto lamellar metal-dielectric metamaterial) and reduce the lasing threshold by a 
factor of two or more. 

The rate and the quantum yield of spontaneous emission depend not only on the Purcell enhancement 

factor but also on the donor-acceptor energy transfer 54, commonly referred as Förster energy transfer 55. 

The dependence of the latter on PDOS is the subject of unsettled debates. The three studies of the 
Förster energy transfer discussed in the section Control of Energy Transfer with Nonlocal Metal-Dielectric 
Environments indicate that (i) Although the energy transfer rate is theoretically predicted to be 

independent of PDOS 18,19, the experiments demonstrate that the same metal-dielectric environments, 

which boost the spontaneous emission, inhibit the energy transfer 19. (ii) Vicinity of metallic films and 

lamellar metal-dielectric metamaterials inhibit energy transfer 19,105. (iii) The characteristic length scale of 

this effect, ~50 nm 105, is larger than the Förster radius, ~5 to 7 nm, and smaller then the penetration of 

SPP film to a dielectric, ~ 250 nm. (iv) Due to strong exciton - plasmon coupling taking place at 
characteristic (high) concentration of dye molecules in the energy transfer experiments, the phenomenon, 
likely, should be described in terms of collective interaction of an ensemble of donors with an ensemble of 

acceptors, mediated by SPPs 105. 

In wetting experiments, metallic films and lamellar metal-dielectric substrates, separated from a water 
droplet by a layer of MgF2, were shown to affect the contact angle when the distance between the water 

droplet and the metal exceeded tens or even hundreds of nanometers 21. This long-range wetting 

transparency can tentatively be ascribed to the effect of non-local dielectric environments on van der 
Waals interactions. However, this experimental finding is still waiting for its theoretical explanation. 

Metal-dielectric substrates (covered with a thin MgF2 layer) cause inhibition of chemical reactions 24,118, 

qualitatively similar to an inhibition of the energy transfer. This qualitatively similar behavior was shared 

by strongly different from each other redox 26, chemiluminescence 118 and photodegradation 24 reactions. 

The latter inhibition of photodegradation was even stronger in the regime of strong coupling 25 (of 

semiconducting polymer P3HT with a Fabri-Perot cavity) than in the case of weak coupling with metal-
dielectric substrates.  

In the regime of weak coupling, the inhibition of redox reactions in vicinity of lamellar metal-dielectric 
metamaterial substrates can be understood in terms of mirror images of interacting dipoles, modifying the 

energy of dipole-dipole interactions 26. At the same time, the inhibition of the photooxidation of P3HT in 

the strong coupling regime was tentatively explained by the Rabi splitting of the polymer’s singlet excite 
state and enhanced reversed intersystem crossing, which, in turn, caused the reduction of the polymer’s 

triplet excited state participating in the photodegradation reaction 25. 



Unique properties of metal-dielectric structures described above and their coupling with ensembles of 
excitons enable and enhance scores of applications and devices exemplified below. (i) Thus, 
enhancement of the rate and the quantum yield of spontaneous emission by hyperbolic metamaterials 

paves the road to development of a single photon gun for quantum optics communication 10. (ii) Control 

of energy transfer in weak or strong coupling regimes (assuming that enhancement of an energy transfer 
is possible) can be used for energy harvesting in a broad range of photovoltaic devices and optical 
sensors. (iii) Harnessing van der Waals interactions and wetting can lead to design of the new generation 
of hydrophobic surfaces, with applications ranging from self-cleaning windshields to de-icing of airplanes. 
(iv) Control of chemical reactions can be essential in a variety of chemical engineering processes as well 
as materials’ stability and resistance to degradation (e. g. corrosion). (v) Finally, many strong coupling 
phenomena can be employed in the design of optical filters, laser pulse shapers and dispersion-control 
optics. 

To conclude, the studies of light-matter interactions occurring in weak and strong coupling regimes, which 
affect a broad range of physical and chemical phenomena discussed above, just scratched the surface of 
a large and intriguing field of research, and scores of exciting discoveries and applications are expected 
in years to come.  
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