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CONSPECTUS: The notion that light and matter states can
be hybridized the way s and p orbitals are mixed is a concept
that is not familiar to most chemists and material scientists. Yet
it has much potential for molecular and material sciences that
is just beginning to be explored. For instance, it has already
been demonstrated that the rate and yield of chemical
reactions can be modified and that the conductivity of organic
semiconductors and nonradiative energy transfer can be
enhanced through the hybridization of electronic transitions.
The hybridization is not limited to electronic transitions; it can
be applied for instance to vibrational transitions to selectively
perturb a given bond, opening new possibilities to change the
chemical reactivity landscape and to use it as a tool in
(bio)molecular science and spectroscopy. Such results are not only the consequence of the new eigenstates and energies
generated by the hybridization. The hybrid light−matter states also have unusual properties: they can be delocalized over a very
large number of molecules (up to ca. 105), and they become dispersive or momentum-sensitive. Importantly, the hybridization
occurs even in the absence of light because it is the zero-point energies of the molecular and optical transitions that generate the
new light−matter states. The present work is not a review but rather an Account from the author’s point of view that first
introduces the reader to the underlying concepts and details of the features of hybrid light−matter states. It is shown that light−
matter hybridization is quite easy to achieve: all that is needed is to place molecules or a material in a resonant optical cavity (e.g.,
between two parallel mirrors) under the right conditions. For vibrational strong coupling, microfluidic IR cells can be used to
study the consequences for chemistry in the liquid phase. Examples of modified properties are given to demonstrate the full
potential for the molecular and material sciences. Finally an outlook of future directions for this emerging subject is given.

■ INTRODUCTION
Perhaps the easiest way to understand the formation of hybrid
light−matter states is to start with an all-molecular analogy,
namely, the formation J- and H-aggregates, where the molecular
transition moments of the aligned molecules couple to give rise
to two new eigenstates, as illustrated in Figure 1a.1 The
fluctuating transition dipole moments generate the interaction
just in the same way that fluctuating ground-state dipole
moments contribute to van der Waals forces. If one places
molecules for instance inside an optical cavity, as illustrated in
Figure 2a, that is tuned to a given molecular transition, then
Figure 1a can be replaced by Figure 1b, where one side is now
replaced by the optical mode of the cavity. In this quantum
electrodynamics (QED) picture, the optical cavity is just
another oscillator with its own zero-point energy.2 The new
hybrid states thus formed, known as polaritonic states, have the
following wave functions:

| + ⟩ = | ⟩ | ⟩ + | ⟩ | ⟩c cP e 0 g 111 m c 12 m c (1)

| − ⟩ = | ⟩ | ⟩ + | ⟩ | ⟩c cP e 0 g 122 m c 21 m c (2)

where P+ and P− are constructed as linear combinations of the
molecule in the excited state (e) with 0 photons in the cavity
and the molecule in the ground state (g) with 1 photon in the

cavity. The phenomenon leading to the formation of P+ and
P− is known in physics as light−matter strong coupling. The P
+ and P− wave functions are hybrids in the true sense since
they are combinations of components with different spins, the
Fermionic electronic part and the bosonic photonic part. P+
and P− are separated by what is known as the Rabi splitting
energy (Figure 1b). Figure 2b illustrates what happens to the
absorption spectrum of molecules when they are placed in a
cavity that is resonant with the molecular transition and the
conditions are right for the hybridization.
Historically, light−matter strong coupling was mainly the

province of physicists, working first with atoms and then with
semiconductors.2−5 The quasi-bosonic nature of the polaritons
generated for instance by exciting a transition to P− and P+ has
been the focus of much interest, as it has led to the promises of
low-threshold lasers, photoluminescent devices, and high-
temperature Bose−Einstein-like condensation of polaritons.3,4

The coupling of phonon modes to surface plasmon
resonances6,7 was followed by the first demonstration of
light−molecule strong coupling in 1982.8 However, it was not
until two papers9,10 appeared in 1998 that light−molecule
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strong coupling generated increased interest among physicists,
leading eventually to the observation of lasing and polariton
condensation at room temperature in 2014.11−13

What stimulated our curiosity when we started working on
this topic14 was the impact of light−matter hybridization on
typical molecular and material properties, something that had
not at all been investigated.15−30 Therefore, the focus here is
first on the properties of the hybrid states and then on their
resulting impact on well-known properties such as conductivity
and chemical reactivity, presented from the perspectives of both
molecular and materials sciences. To better address these
issues, it is necessary to recall some of the underlying physics.

■ UNDERLYING PHYSICS
The physics of light−matter interactions are typically classified
as being in either the weak or strong coupling regime.2 In the
weak coupling regime, the radiative properties of the atom or
molecule are modified. The best example of this is the Purcell
effect, whereby the radiative rate constant and emission

quantum yield of an excited state are changed by for instance
placing the molecules in the confined electromagnetic field of a
resonant cavity. In the strong coupling regime, hybrid light−
matter states are formed, as described in the previous
paragraphs, whenever the two resonant components exchange
energy faster than any decay process. This is a key condition for
achieving strong coupling and can be seen immediately in the
Jaynes−Cummings two-state model that relates the Rabi
splitting to a number of variables, including dissipation:5,31,32

Δ = − = ℏΩ = − Γ − Γ+ −E E E V4 ( )R n
2

c e
2

(3)

where E+ and E− are the energies of P+ and P−, respectively, Γc
and Γe are given by the decay constants (Γ = ℏ/τ) of the
photon in the cavity and the excited state, respectively, and V is
the interaction energy between the electric component of the
electromagnetic field in the cavity, E0, and the transition dipole
moment of the material, d. In the absence of dissipation, the
Rabi splitting is simply

Figure 1. Schematic diagrams of (a) the all-electronic coupling between transition dipole moments leading to the formation of J- and H-aggregates
with their new energy levels and (b) the similar process between a molecular transition and a cavity resonance, in which the two hybrid light−matter
states P+ and P− are separated by the so-called Rabi splitting energy ℏΩR.

Figure 2. (a) Schematic diagram of the λ/2 mode formed between two Ag mirrors (a Fabry−Perot cavity) that is resonant with the absorption of
molecules (shown as little dipoles), which, when placed inside the cavity, interact strongly with the mode, resulting in the formation of light−matter
hybrid states. The molecules are said to be dressed by the electromagnetic field. (b) Experimental absorption spectrum of a cyanine dye molecule
before (black curve) and after (red curve) undergoing light−matter strong coupling with a cavity. Reproduced in part from ref 27.
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where ℏω is the resonant energy, ε0 is the vacuum permittivity,
v is the volume of the electromagnetic mode (Figure 2), and nph
is the number of photons involved in the coupling process.
From the last factor in eq 4, it is immediately clear that even in
the absence of photons ℏΩR has a residual value known as the
vacuum Rabi splitting. The word “vacuum” here refers to the
vacuum (electromagnetic) field in the cavity (i.e., the zero-point
energy of the cavity) and not to the absence of matter. In all
that follows, we will always be in this limit, as we will consider
systems where many molecules are coupled to a single mode
and where adding photons does not increase ℏΩR. From a
QED point of view, the zero-point-energy interaction between
the cavity and molecular transitions is due to the exchange of
virtual photons (Figure 1).
The volume v of an electromagnetic mode of a microcavity

or a surface plasmon is typically very large (∼λ3 or ∼μm3 in the
visible) compared with the volume occupied by a molecule
(∼nm3), so it is possible for the number of molecules within
one mode and interacting with it, N, to be very large (Figure 2),
which results in a significant enhancement of the Rabi splitting
since ℏΩ ∝ N v/R . Considering the molecular density, strong
coupling in the visible spectrum can involve as many as ∼105
molecules, resulting in vacuum Rabi splittings on the order of 1
eV. To observe such large splittings, the other parameters in eq
4 must also be optimized: the transition dipole moment (i.e.,
the molar absorption coefficient) should be as high as possible,
and the mode volume should be minimal to maximize E0. The
latter is obtained by using metallic mirrors for a standard
Fabry−Perot (FP) cavity or plasmonic structures,33 which
concentrate the field at the metal surface. Cavities made from
dielectric mirrors can give rise to much sharper transmission
resonances, but this comes at the expense of larger mode
volumes as a consequence of the multiple reflections on the
different dielectric layers composing the mirrors.
The experimental realization of hybrid light−matter states

through strong coupling is quite straightforward. The simplest
is the use of an FP cavity. A glass slide is coated with a thin
metallic film (e.g., 30 nm of Ag). A polymer heavily loaded with
the dye (typically 50% by weight) is then spin-coated on top of
the mirror to the desired thickness so that when a second
mirror is deposited on top, the cavity is in resonance with the
absorption peak to be coupled. Figure 2b shows an example of
the consequences of strong coupling on the absorption
spectrum of the sample, with the appearance of two new
absorption peaks corresponding to the transitions to P+ and
P−. The energy separation between the two peaks reflects not
just the Rabi splitting but also the rate of energy exchange

between the molecules and the optical mode, vR, since this
quantity is given by

π
=

ℏΩ
=

Ω
v

h 2R
R R

(5)

vR must be higher than the rates of decay of the constituent
states, namely, the excited state and the photon in the cavity.
The latter can be calculated from the full width at half-
maximum (FWHM) of the optical mode (τ = ℏ/ΓFWHM). In
other words, the two new hybrid peaks must be separated by
more than the FWHM of both the molecular absorption and
the optical mode. The shape of the polaritonic absorption peaks
is mostly determined by the spectral features of the cavity
mode.
It should be noted that judging whether strong coupling has

been attained from the appearance of two transmission peaks
for the coupled system can be very misleading.31 After all, any
absorber can split a transmission peak in two. Therefore, both
the reflection (R) and transmission (T) must be measured to
calculate the absorption (A) spectrum (A = 1 − T − R).
Another important check is to measure the dependence of the
Rab i sp l i t t ing on the concent ra t ion (C) , i . e . ,
ℏΩ ∝ =N v C/R . Other features such as the angular
dependence will be discussed in the next section.

■ FUNDAMENTAL PROPERTIES OF HYBRID
LIGHT−MATTER STATES

Collective States

As already discussed, the strong coupling of a large number of
molecules to a given optical mode significantly enhances ℏΩR.
The large splitting perturbs the levels of the other molecular
eigenstates that are not directly involved in the coupling, as
illustrated in Figure 3. It also implies that the N molecules
generate N + 1 collective states, of which two are detectable (P
+ and P−) and the other N − 1 linear combinations are
collective dark states (so-called because transitions to these
states from the ground state are forbidden).31 The important
point is that the wave function of these hybrid states can be
delocalized over ca. 10N molecules in the mode volume,
offering a unique possibility to affect the electronic and energy
transport in molecular systems, as will be seen. Moreover, it has
been shown that the emission from P− is spatially coherent
over micrometer distances, resulting in interference fringes.34,35

In other words, coupled molecules that are micrometers apart
emit in-phase!
It has been argued that the Rabi splitting experienced by each

molecule involved in the collective coupling is not ℏΩR but
ℏΩ N/R . If this were the case, the splitting would be tiny, and
it is unlikely that any molecular or material property would be
modified as observed experimentally. As discussed below, the

Figure 3. Illustration of the collective states (P+, P−, and dark states (DS)) delocalized over many molecules M.
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chemical reactivity of individual molecules is directly affected by
the collective coupling strength,16,30 as theoretical studies have
recently confirmed.36

Angular Dispersion

Another particular behavior of hybrid light−matter states is that
they inherit the dispersive behavior of the photonic component
(see ref 37 for an introduction to dispersion curves). In other
words, their properties become dependent on momentum and
therefore on angle, as illustrated in Figure 4a for the spectrum
of cyanine dye coupled to a cavity mode. Physicists
conveniently replot such data as energy versus the in-plane
momentum k∥ to visualize the dispersive nature of the hybrid

states (as illustrated in Figure 4b). For an FP cavity, the
following formula can be used to plot such dispersive curves:

π
λ

θ| | = =kk
2

sin
(6)

where θ is the angle of incidence and λ is the peak wavelength.
The intersection of the nondispersive dye absorption band and
the dispersive optical component leads to an anticrossing
(Figure 4b). It is important to note that an anticrossing alone is
not proof of strong coupling. The Rabi splitting is defined by
this minimum energy gap, where the photonic and material
components are isoenergetic and contribute equally to the

Figure 4. (a) Absorption spectrum of a thin film of carbocyanine dye (Cy5) and the corresponding transmission spectra of a strongly coupled system
measured as a function of angle (every 5°). (b) Replot of the data in (a) as a dispersion curve. A gap (anticrossing) appears at the intersection of the
nondispersive Cy5 absorption peak and the dispersive optical mode of the FP cavity, from which the Rabi splitting can be determined. (c)
Illustration of an FP cavity tuned such that the anticrossing appears at normal incidence (k∥ = 0). EC is the FP cavity resonance (dashed green line),
and EM is the molecular transition energy (dotted red line). (d) Emission of a strongly coupled dye molecule plotted as a function of k∥ according to
eq 6. The nondispersive emission (M) is from the uncoupled molecules in the cavity, while the coupled ones give rise to dispersive emission from
P−.
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hybrid states. At larger k∥ values, P+ has an increasing photonic
component while P− becomes more material-like (Figure 4b).
Figure 4c illustrates the shape of the dispersion when the
absorber is at resonance with the optical mode at normal
incidence (k∥ = 0), and Figure 4d shows a corresponding
experimental result for the emission of P− plotted in the same
way according to eq 6. This implies that if one wishes to
determine for instance the P− emission quantum yield, it must
be integrated over all angles. Figure 4d also shows some
nondispersive fluorescence from uncoupled molecules as
discussed next.
Field Strength, Molecular Orientation, and Fraction of
Coupled Molecules

From eq 4, the Rabi splitting is expected to be strongly
dependent on the field strength E0. This can be seen by varying
the position of a thin molecular layer of 5,6-dichloro-2-[[5,6-
dichloro-1-ethyl-3-(4-sulfobutyl)benzimidazol-2-ylidene]-
propenyl]-1-ethyl-3-(4-sulfobutyl)benzimidazolium hydroxide
sodium salt (TDBC) J-aggregates inside an FP cavity that is
resonant with the molecules (Figure 5a). The vacuum field is

not constant in the cavity, approaching 0 at the nodes and a
maximum at the antinodes. The value of ℏΩR follows the field
strength precisely (Figure 5b), so the Rabi splitting is
maximized by placing a given number of molecules in the
vicinity of the antinode compared with having them spread
evenly throughout the cavity.20

The coupling strength is also sensitive to the relative
orientation of the molecular transition dipole moments d and
E0. In an FP cavity, the maximum interactions would be in a

plane parallel to the mirrors, while the molecules whose
transition dipole moments are perpendicular to this plane
would not couple to the cavity. Therefore, in typical samples
with random molecular orientations in a varying electric field,
the measured ℏΩR is an average value. As a consequence, when
one measures a given property for a coupled system, it is
composed of the sum of the uncoupled and coupled molecules,
e.g., as illustrated with the emission shown in Figure 4d. The
ratio of coupled to uncoupled molecules has been treated as the
consequence of the thermodynamics of the coupling process.21

Polariton Lifetimes and Emission Quantum Yield

At first thought, once P+ and P− are populated, their lifetimes
should not be much longer than the shortest lifetime of the
molecular and optical components from which they are
constructed. This is the lifetime of the photon in a metallic
cavity or a plasmon mode, which is typically less than 50 fs.
However, nature is full of examples to the contrary, such as
molecular excimers and exciplexes, which can be much longer
lived than the excited states from which they are formed.
In the case of the experimental observations of P− and P+

lifetimes, the interpretation depends very much on the groups
involved, and this might be due to the fact that the results are
sensitive to the coupling strength.38 Some see in the very short
spectral relaxation times (below 100 fs) the fact that the
lifetimes of both P+ and P− are indeed limited by the optical
component (see, e.g., ref 39). However, at very high coupling
strength, we find that while P+ is very short lived (<150 fs) like
typical upper excited states because of nonradiative decay
channels, the P− lifetime is comparable to or sometimes even
longer than that of the molecular component, on the
picosecond time scale. This is observed from both the transient
absorption and the emission lifetime of P−. For instance, in the
case of thin layers of J-aggregates deposited at a specific
location inside an FP cavity (Figure 5), the decay of P− is
complete within a few picoseconds, and the measured half-lives
are collected in Table 1 and compared with that of the

uncoupled sample. As can be seen, τ1/2
P− is more than twice that

of the bare J-aggregate and 1000 times longer than the lifetime
of the photon in the cavity. One way to check whether this is
reasonable is to measure the emission quantum yield of P−,
since this quantity is given by

τ τΦ =
+

= ≈−
−

− −
− − − −k

k k
k kE

P r
P

r
P

nr
P r

P P
r
P

1/2
P

(7)

and kr
P− can be calculated from the absorption peak of P− using

the Bowen−Wokes formula.20 The value of τ1/2
P− determined

from ΦE
P−/kr

P− is within a factor of 2 of the experimental value

Figure 5. (a) A 20 nm layer of TDBC J-aggregates is placed at
different positions (z) between the two Ag mirrors of a resonant FP
cavity. The molecules interact with different electric field strengths
(blue line), and as a consequence, the Rabi splitting varies with z as
shown in (b). The red dashed line is the minimum splitting above
which the strong coupling condition of eq 5 is met. Reprinted from ref
20. Copyright 2014 American Chemical Society.

Table 1. Comparison of the Properties of the Excited State J1
of the TDBC J-Aggregate Outside the Cavity (Bare Film)
and Inside the Cavity at the Node (Zero-Field) with Those
of P− Formed by Placing the TDBC at the Antinode
(Maximum Field)a

J1 of bare film J1 of λ cavity node P− of λ cavity antinode

τ1/2 (ps) 0.6 0.6 1.4
ΦE 2 × 10−2 1 × 10−3 1 × 10−2

kr (s
−1) 3 × 1010 1.7 × 109 7.1 × 109

knr(s
−1) 1.6 × 1012 1.7 × 1012 7.1 × 1011

aAs shown in Figure 4, at the antinode the strong coupling leads to the
highest value of ℏΩR.

20
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directly measured by pump−probe spectroscopy. In other
words, the emission quantum yield is only compatible with a
long P− lifetime.20 With an emission quantum yield on the
order of 10−2, the P− lifetime in the above example is
dominated by the nonradiative events such internal vibrational
relaxation and intermolecular dissipation of the excitation
energy.
The above findings are also consistent with systems with

large Rabi splittings that are in the non-Markovian regime,
where the dynamics of the coupled state cannot be estimated
from that of the uncoupled constituents, and hence, the lifetime
of the coupled state can be longer than that of either uncoupled
state.22

■ MOLECULAR AND MATERIAL PROPERTIES UNDER
STRONG COUPLING

While molecules have been mostly studied under strong
coupling to an electronic transition (ESC), vibrational strong
coupling (VSC) also has much potential (refs 38−58 provide a
sampling of recent studies by other groups). Below a few
examples of modified properties taken from our work are given.

Coupling of a Chemical Reaction to the Vacuum Field

The splitting of the excited state by ESC naturally modifies the
internal dynamics of the excited states (as discussed above) and
the excited-state potential surface. This has immediate
consequences for the excited-state reactivity, as we demon-
strated for the first time with a photoisomerization reaction and
then confirmed theoretically with stilbene as a model
compound.36 As we concluded at the time, it should also be
possible to modify ground-state chemistry by VSC.16 After all,
by strong coupling to a given vibration, as illustrated in Figure
6a, the vibrational frequency ωv is lowered by the splitting, and
thus the bond strength f might be weakened, since

ω
μ

∝
f

v

where μ is the reduced mass of the atoms involved in the
vibration. In addition, the Morse potential should then be
modified. Technically, samples can be strongly coupled in
microfluidic IR FP cells,26,52 and the reactions can be
monitored in the liquid phase. A first example of the effect of
VSC on chemical reactivity was recently reported.30 We chose

Figure 6. (a) Schematic illustration of the light−matter strong coupling between the Si−C stretching vibrational transition and a cavity mode
resulting in the Rabi splitting. (b) The silane deprotection reaction of 1-phenyl-2-trimethylsilylacetylene (PTA) with tetra-n-butylammonium
fluoride (TBAF). (c) IR transmission spectrum of PTA before (blue trace) and after (red trace) it was placed inside an FP cavity having a series of
resonances, one of which was strongly coupled to the C−Si stretching modes at 860 cm−1. (d) Kinetics of the reaction extracted from the temporal
shifts in the higher-order cavity modes in an on-resonance cavity (red squares), outside the cavity (blue squares), and in an off-resonance cavity
(green squares). Reprinted from ref 30.

Accounts of Chemical Research Article

DOI: 10.1021/acs.accounts.6b00295
Acc. Chem. Res. XXXX, XXX, XXX−XXX

F

http://dx.doi.org/10.1021/acs.accounts.6b00295


the pseudo-first-order deprotection reaction of an alkynyl silane
(Figure 6b). The cavity was tuned to be resonant with the
stretching transitions of the C−Si bonds around 860 cm−1, a

double peak corresponding to the C−Si and modes.

The reaction slowed by a factor of 5.5 under VSC (Figure 6d).
The change in reaction rate under VSC was very sensitive to
the collective Rabi splitting ℏΩR (Figure 7a) and the tuning of
the IR cavity resonance to the vibrational band (Figure 7b).

Qualitative GC−MS analysis of the progress of the reaction
also confirmed the decrease in the reaction rate.30 Temperature
studies for a given Rabi splitting showed that the enthalpy of
activation ΔH⧧ increased from 39 to 96 kJ mol−1 under VSC,
while the entropy of activation ΔS⧧ went from −171 to 7.4 J
K−1 mol−1, suggesting a change from an associative to a
dissociative transition state.
Such remarkable changes in reaction rates and thermody-

namics clearly indicate that the reactivity landscape is

Figure 7. (a) Plot showing the reduction in the ratio of the reaction rate under VSC to that outside the cavity as a function of the Rabi splitting
energy. The inset shows the linear dependence of the Rabi splitting on the square root of [PTA]. (b) Plot showing the reaction rates inside (red
squares) and outside (blue squares) the cavity as functions of the cavity tuning. The black solid line shows the double-peaked IR absorption peak
associated with the Si−C modes of PTA. The dotted lines are guides to the eye. Reprinted from ref 30.

Figure 8. (a) Schematic diagram of the setup for measuring the I−V curves of organic semiconductors interacting with plasmonic modes of a hole
array between a source and a drain. (b) The energy of the plasmonic modes (ESP) of the hole array was varied by changing the period P of the holes
so that it crosses the transition energy of the organic semiconductor (EM). (c) Plot of the current at a given voltage as a function of k∥ = 2π/P,
revealing two current peaks for two different semiconductors. (d) The current peaks correspond exactly to where the nondispersive absorptions of
the semiconductors (dashed lines) cross two of the plasmonic modes. At these crossings, strong coupling occurs with a Rabi splitting of ∼0.7 eV.
Reproduced from ref 28.
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significantly modified with many consequences, as discussed
below.

Coupling of Materials to the Vacuum Field

Under ESC, the Rabi splitting can be as large as around 1 eV,
corresponding to a significant fraction of the original transition
energy. This is known as the ultrastrong coupling regime,
where the other eigenstates of the material are also significantly
perturbed, leading to modification of the ground-state proper-
ties and, more generally speaking, of the bulk material
properties. Indeed, we have found changes in the work
function of an organic material and in the phase transition of
a perovskite under strong coupling.17,19

Transport properties of materials should benefit from the
delocalized nature of hybrid light−matter states. To test this
possibility, three different organic semiconductors known to
have very different mobilities were placed on plasmonic
structures (hole arrays) whose resonances could be tuned by
varying the period P.28 At resonance the Rabi splitting was
about 0.7 eV for all three compounds. The current−voltage
curves were recorded as a function of P, and when the current
for a given voltage was plotted as a function of k (=2π/P), two
peaks in the current appeared, corresponding to strong
coupling with two different plasmonic resonances of the
array, as shown in Figure 8. When the absorption peak of the
organic material shifted, the current resonances occurred at the
new crossings with the plasmonic modes. The increase in
conductivity reflects a corresponding change in charge mobility,
and for the best semiconductor it was enhanced by an order of
magnitude under strong coupling. A theoretical model shows
that delocalized states play a key role, including not only P−
but more importantly the dark states (Figure 3), which have
much higher density.28

The above experimental results also stimulated theoretical
studies of energy (or polariton) transport via the polaritonic
states, which should be extremely efficient again due to their
delocalization.55,56 The analogous donor (D) to acceptor (A)
energy transfer has been investigated under ESC. In one
study,57 energy transfer was reported on the basis of excitation
spectra, but no change in lifetime of the donor was found as
would have been expected for nonradiative energy transfer. We
found that the Förster-type nonradiative transfer rate can be
increased by a factor of 7 with an efficiency approaching
unity.29 Thus, strong coupling can be used not only to modify
the spectral response of absorbers but also to direct energy
efficiently to a given molecule or detector. Metal-to-semi-
conductor electron transfer has also been boosted by ESC,50

and theoretical simulations predict up to a 3 orders of
magnitude increase in electron transfer reaction rates.48

■ OUTLOOK

The modifications induced by strong coupling can be found in
the bulk properties as well as at the level of molecules. The
collective states generated by strong coupling offer unique
possibilities to enhance properties where delocalization is
important, such as in the case of transport. The demonstration
of an order of magnitude boost in the mobility of organic
semiconductors should be seen as a proof of principle, and
further studies with optimized systems should lead to much
higher enhancements. Another direction is to check physical
phenomena that are sensitive to phonon energy. Metal−
insulating and superconducting transitions for instance might
be significantly modified under strong coupling.

It is already clear that chemical reactivity landscapes are very
much altered by strong coupling. This also opens the possibility
of achieving vibrational-state-selective chemistry at room
temperature. Systematic studies of different classes of reactions
under VSC need to be undertaken to extract general features
induced by the hybridization. The effect of strong coupling on
biological processes could also be investigated. The collective
coupling implies that the molecules are quantum-mechanically
indistinguishable, i.e., that events (charge recombination,
emission, reactivity) will occur at the level of a molecule but
that the particular molecule involved cannot be predicted.
Coherent effects on (bio)chemical events might also be
observed. The potential of strong coupling in spectroscopy
and sensing, in homogeneous and heterogeneous catalysis, and
in mechanistic studies has yet to be explored. Perhaps the most
important drawback of strong coupling for such chemical
applications is the fact that high concentrations are necessary to
achieve significant Rabi splittings. It would thus be very
important to find a way of amplifying the Rabi splitting. To
better understand the properties of the hybrid states, further
development of QED chemistry calculation methods, akin to
those in quantum chemistry, would be extremely valuable.
Thus, light−matter hybridization offers many new oppor-

tunities for the molecular and materials sciences. It works in the
absence of light, it is simple to implement, and its full potential
is waiting to be explored.
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■ NOTE ADDED AFTER ASAP PUBLICATION
This paper was published ASAP on October 25, 2016, with an
error to Figure 4 and Figure 5. The corrected version was
reposted on October 28, 2016.
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