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Light-matter interactions can be classified into two very
different regimes based on the strength of the interactions. In
the weak regime, the energy levels of the material remain
essentially unchanged, such as upon excitation of molecules
and subsequent fluorescence. In the so-called strong coupling
regime, the interactions become so strong that new hybrid
light-matter states are formed by very rapid photon exchange.
Atoms and semiconductors have been studied in this regime
owing to the unique properties of the hybrid states and the
potential they offer in physics.'"' Molecules can also be
strongly coupled to the electromagnetic environment,’>>"!
which opens fascinating possibilities for molecular and
material science that remain largely unexplored. To achieve
this regime, the molecules are typically placed in an optical
cavity, such as two parallel mirrors, that is resonant with
a transition in the molecule (Figure 1a). Upon strong
coupling, the excited state is split into two new hybrid states
(P—, P+), also known as polaritons, resulting in two new
peaks in the ground state absorption spectrum. In this
condition, the molecules can be thought as dressed by the
electromagnetic field, in analogy to the terminology proposed
for atoms by Cohen-Tannoudji and Haroche.”! The energy
separating P— and P + is known as the Rabi splitting. In the
experiments presented herein, the Rabi splitting 2Q2zvis due
to the vacuum electromagnetic field, which is always present
in the cavity even in the absence of light.*® For dye molecules,
hQygy can be very large, on the order of 0.1 to 1 eV, owing to
their high transition dipole moments (that is, large absorption
extinction coefficients). Furthermore, /Qyy is itself propor-
tional to the square root of the concentration of coupled
molecules in the cavity, that is +/C, which enables the Rabi
splitting and therefore the properties of the dressed molecules
to be modulated.

This concentration dependence implies that the energies
of P+ and P— are determined collectively by the number of
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dressed molecules involved. In fact, it is known that the P +
and P— are so-called Dicke states,”” and their collective
nature can be observed, for instance, in the fluorescence of
P—, which is coherent for molecules micrometers apart.” In
other words, many molecules are dressed together by the
same electromagnetic field (or mode) (Figure 1b). In our
experiments, the number of molecules in the volume of the
mode of the cavity is about 10°. It should be noted that other
Dicke states are also formed, which are located between P +
and P-, so-called dark states as the transition dipole moment
to these states is zero and therefore they are not visible in the
absorption spectrum of the coupled molecules.”

As can be noticed in the absorption spectrum (Figure 1a),
a small residual absorbance peak (circled) remains between
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Figure 1. a) The strong coupling between molecules resonant with

a cavity mode fiw, leading to the formation of two new eigen hybrid
light-matter states P+ and P— separated by the Rabi splitting energy
hQy. The ground-state energy of the coupled or dressed molecules is
modified as compare to the bare molecules by the standard Gibbs free
energy AG?. An example of the absorption spectra of the bare and
dressed molecules (J-aggregates of TDBC) is also shown.” The
dashed circle shows a small bump in the spectrum indicating that not
all the molecules are dressed in a coupled system. b) Illustration of
how one cavity mode interacts with many molecules to form the
dressed molecules and the collective Dicke states states P+ and P—.
K is the equilibrium constant. Here the fraction of molecules that are
coupled to the mode are indicated in red.
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Figure 2. Fluorescence spectra of cavities with different concentrations
of TDBC in polyvinylalcohol, with the fluorescence intensity /¢ recorded
normal to the surface with the excitation wavelength at 450 nm

(a: 0.045m, b: 0.06 M, c: 0.07 m, d: 0.0135 m).

the polariton peaks, which indicates that some of the
molecules (in the form of J-aggregates of TDBC, see the
Supporting Information) are not dressed, or in other words
not coupled. In fact this is a general feature of such systems. In
Figure 2, we show the fluorescence of the TDBC J-aggregates
inside the cavity at different concentrations. In the cavity
there are two fluorescence peaks: one that is due to the
uncoupled molecules at 590 nm and one at longer wave-
lengths associated with P— Two trends can be noticed. First
with concentration, the two peaks separate as the coupling
strength or Rabi splitting increases. At the same time, the
fluorescence of the bare J-aggregates decreases relative to P—
In other words, the fraction of coupled molecules to the
uncoupled ones increases with the Rabi splitting 7£02gy. This is
very reminiscent of molecular complexation, where the
equilibrium is shifted towards complexed state as the
equilibrium constant K increases.

If this analogy is pertinent then one can view the
uncoupled (U) and the coupled molecules (C) as linked by
an equilibrium (Figure 1b):

K
U=C

, i _ 1A (AGe (1)
with an equilibrium constant K = U exp T

where AG? is the standard Gibbs free energy difference
between ground states of the uncoupled and coupled mole-
cules (as in Figure 1a), [U]+ [C]=[N], the total concentra-
tion of molecules in the system, and ky is Boltzmann’s
constant. Note the thermodynamic quantities quoted here
will all be given in molecular energies and in eV. The standard
Gibbs free energy is the appropriate thermodynamic quantity
in this context, as the experiments are done at constant
pressure and not at constant volume. The thermal bath is
provided by the matrix in which the dye molecules are
embedded.

To test the validity of this view, we have estimated the
ratio [C])/[U] from the fluorescence in the presence and
absence of coupling of TDBC (Figure 2) and plotted it as
a function of the Rabi splitting as shown in Figure 3. While
a clear trend is visible, there are many assumptions underlying
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Figure 3. Standard Gibb’s free energy AG? as a function of the Rabi
splitting. Black points are TDBC fluorescence data (see text). The blue
and red points represent the data after deconvolution for BDAB and
merocyanine, respectively. The curves are linear or quadratic fits of the
data points. The correspondence with the proportion of coupled
molecules is given on the right side.

such a plot, most notably that the radiative rate constant of
uncoupled molecules remains constant. To make a more
accurate assessment of the dependence of K on the Rabi
splitting, we have developed a method for deconvoluting the
absorption spectra inside the cavity to estimate the fraction
[C)/[U] as a function of Rabi splitting. A key difficulty is that
the normal additivity of absorbances does not hold inside
a Fabry—Perot cavity so that straightforward deconvolution is
no longer possible. The details of our method, including the
assumptions and the sources of error, are given in the
Supporting Information.

Using this method, AG? = —kBTln% at room temper-
ature is plotted in Figure 3 as a function of Rabi splitting for
two different molecules at various concentrations: BDAB and
merocyanine, dissolved in PMMA (polymethylmethacrylate),
all placed in Fabry—Perot cavities with one semi-transparent
Ag mirror (Q-factor =25, see the Supporting Information for
details). These molecules all reach the ultra-strong coupling
regime where the Rabi splitting is a significant fraction (> 0.1)
of the transition energy involved in the coupling?2* (see also
the Supporting information).

The proportionality tendency is quite clear, indicating that
this is not fortuitous. It can be noticed in Figure 3 that AG? is
negative for all the measured splittings, indicating that strong
coupling is spontaneous as expected, as the mere closing of
the cavity generates the coupling. In terms of standard values
used in chemistry, the observed AG? values are in the range
of a few kImol™'e (for example, 25 meV corresponds to
2.4 kJmole™). The large noise for the MC data stems mostly
from the fact that when a very large fraction of molecules are
coupled (>90%), the fraction of uncoupled molecules can
only be estimated within a few percent (see the Supporting
Information).

To ascertain this interpretation and that the plot in
Figure 3 has its origins in the thermodynamics of the
formation of the dressed molecules, the temperature depend-
ence of —In[C]/[U] was analyzed. The analysis is made
difficult by the fact that the absorption of the uncoupled dye
molecule can shift and the cavity length can be slightly
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modified by a change in temperature. Nevertheless by
a careful choice of conditions, the analysis could be carried
out for the BDAB over small temperature ranges from which
the changes in standard entropy ASS and standard enthalpy
AH? associated with coupling to the vacuum field can be
extracted, because:

AGE = —kBTln% = AH® — TAS® )
Figure 4a shows an example of the spectral changes associ-
ated with the temperature dependence of coupled BDAB and
as insert the bare molecule. The changes are very small owing
to the limited temperature range and the fact that the
thermodynamic constants are tiny, as shown next. In Fig-
ure 4b, the deconvoluted spectral changes are replotted as
a function of temperature, and the linear dependence enables
the extraction of ASE and AH¢ for different values of 7Qgy.
The results are gathered in Table 1 for BDAB. AH¢ is
extremely small and negative, while ASS >0 and dominates
the final AGY at room temperature.

The possibility that solvation plays a role in the entropy
and enthalpy was explored by comparing the data for BDAB
in two different polymers: PMMA and polystyrene (PS),
which have different molecular structures and (static) polar-
ities. Indeed both AHE and AS? are significantly modified
(Figure 4b and Table 1). As AQyy increases, the perturbation
induced by the splitting pushes the ground state down
affecting AHS but mostly AS2, the interaction with its
immediate environment (solvation shell) being perturbed
with a loss of microscopic order.

a) 07
0.6
4 05

[0
S 0.4

03440 460 480

400 450 500 550
A /nm—

by o0 ‘ 50% 2
3
-0.5 62% 2
-~ o " o 1 £
1 - —2 73% 8
5 — %99 0 9o ¢ , §
=15 82% 5
=
S
2 TV Vv v v v v g4 88% 9
[
_2_5 92% |

8 3 3.2 3.4 3.6 3.8

1T /K1 — X107

Figure 4. a) Example of changes in the absorption spectra of BDAB
due to the increase of temperature, when the molecule is inside or
outside (insert) the cavity between 10°C (black curve) and 64°C (red
curve). b) —In(K) (=AG? /ksT) as a function of the inverse temper-
ature. The symbols show the data points while the lines are their linear
fits. The concentrations of BDAB are 1) 0.224 m, 2) 0.258 M, 3) 0.285Mm
in PMMA and 4) 0.285m™ in PS.
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Table 1: AH, AS, and AG? for different values of 12, for BDAB in
PMMA and PS.

Qe at  AHZ  AS? AG? at Fraction of
298 K [meV] [meVK] 298 K coupled
[meV] [meV] molecules
BDAB 431.1 —4.14 0.051 —-19.13 68.1%
(0.224m/
PMMA)
BDAB 491.3 —0.41 0.082 —24.52 72.5%
(0.258 m/
PMMA)
BDAB 526.5 —6.59 0.086 -31.71 77.8%
(0.285m/
PMMA)
BDAB 485.0 —14.34 0.128 —51.90 88.6%
(0.285 m/PS)

It has been known for a long time that not all molecules
were coupled in a strongly coupled system.*” In fact it has
been assumed that only a very small fraction of the molecules
are coupled. However the notion of thermodynamic equilib-
rium between uncoupled and coupled molecules was never
considered as far as we know. When considering that the
molecules go spontaneously and reversibly between uncou-
pled and coupled state by simply placing or removing one of
the mirrors of the cavity, the two states of the systems must be
in thermodynamic equilibrium.

Our results confirm that this is indeed the case and that
there is a direct relationship between Rabi splitting and the
ground state energies difference between the uncoupled and
coupled molecules as reflected in AG?, which is nevertheless
modulated by solvation effects as can be seen notably in the
entropy. As a consequence for a given initial concentration of
molecules, Rabi splitting, AG and therefore the fraction of
coupled molecules can be modulated by solvation. In fact the
Rabi splitting dependence of the concentration of coupled
molecules implies that:

HQyg x VC =

LAG’ 3)
1+ exp(ks;)

The shift of the ground level of the coupled system has
been predicted!™ and observed!™ for the ultrastrong coupling
regime and the dependence was supposed to be quadratic on
the Rabi splitting, which would also be expected from
Equation (3). A quadratic dependence can be fit to the
BDAB data (Figure 3), but it might just be fortuitous. Indeed
no such fit can be done for the merocyanine even within the
large error bars of the data. Furthermore there is no clear
reason why the AG¢ has to be negative. Indeed if the fraction
of coupled molecules is less than 50 %, AG2 must be positive.

At the microscopic level, the co-existence of uncoupled
and coupled molecules can be understood in terms of
distributions related to inhomogeneously broadening, such
as molecular orientations and solvation. Furthermore, the
location and orientation relative to the cavity field will
generate a distribution of coupling strengths. As the Rabi
splitting or coupling strength increases, the collective Dicke
state will include more and more molecules with unfavorable
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transition dipole orientations,locations, or transition energies.
The equilibrium implies that each molecule is rapidly
exchanging between the uncoupled and coupled states, the
ratio of the rates in both directions being K. These rates must
be very fast, and < 107" s as perturbations induced by 150 fs
pump probe experiments that we have carried out do not
reveal any re-equilibration processes between the ground
states. These rates are probably related to fluctuations within
the inhomogenously broadened linewidth discussed above.

The large attainable fractional values of coupled mole-
cules, opens the door for the controlled modification of
properties of molecules and materials in the bulk as it has
been reported for instance for the dynamics of a photo-
isomerization reaction and the work function of a mate-
rial.®*¥1 Such examples are only a sampling of what could be
possible through the formation of hybrid light-matter states
with the vacuum field. This will require well-defined con-
ditions for which the thermodynamics presented here pro-
vides the framework of understanding. As we have demon-
strated, the thermodynamics of strong coupling is mostly
determined by the Rabi splitting modulated by both micro-
scopic solvation effects and by macroscopic optical properties
of the coupled molecule-cavity system. The findings reported
here should thus be very useful for exploring the full potential
of strong coupling in molecular and material science.
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