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Modifying Chemical Landscapes by Coupling to Vacuum Fields**
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Just as atoms exchange electrons to form molecular orbitals,
an electromagnetic field can interact with a quantum system
by the exchange of photons. When this interaction is strong
enough to overcome decoherence effects, new hybrid light—
matter states can form, separated by what is known as the
Rabi splitting energy (Figure 1). This strong coupling regime
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Figure 1. Simplified energy landscape showing the interaction of a
HOMO-LUMO (S-S,) transition of a molecule resonant with a cavity
mode fiw.. When energy exchange between the molecular transition
and the cavity is rapid compared to energy loss, strong coupling leads
to the formation of two hybrid light-matter (polaritonic) states |P+)
and |P—), separated by the Rabi splitting energy /iQ2;. Note that the
absolute energy of the ground level of the coupled system |0) may
also be modified by strong coupling.

is typically achieved by placing the material in an optical
cavity, such as that formed by two parallel mirrors, which is
tuned to be resonant with a transition to an excited state.
Theory, discussed below, shows that even in the absence of
light, a residual splitting always exists due to coupling to
vacuum (electromagnetic) fields in the cavity. While cavity
strong coupling and the associated hybrid states have been
extensively studied due to the potential they offer in physics
such as room temperature Bose-Einstein condensates and
thresholdless lasers,'"* the implication for chemistry remains
totally unexplored. This is despite the fact that strong
coupling with organic molecules lead to exceptionally large
vacuum Rabi splittings (hundreds of meV) due to their large
transition dipole moments.">?¥ The molecules plus the cavity
must thus be thought of as a single entity with new energy
levels and therefore should have its own distinct chemistry.
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We demonstrate here that one can indeed influence a
chemical reaction by strongly coupling the energy landscape
governing the reaction pathway to vacuum fields.

In the absence of dissipation, the Rabi splitting energy %
Qy (Figure 1) between the two new hybrid light-matter states
is given, for a two-level system at resonance with a cavity
mode, by the product of the electric field amplitude E in the
cavity and the transition dipole moment d:["*!

7
hQR:2Ed,/nph+1:2\/$d,/nph+l (1)

where % is the cavity resonance or transition energy, g, the
vacuum permittivity, V the mode volume and n,, the number
of photons in the cavity. As can be seen, even when n,;, goes to
zero, there remains a finite value for the Rabi splitting, 7Qvxgs,
due to the interaction with the vacuum field. This splitting is
itself proportional to the square root of the number of
molecules in the cavity, /7, '* which in turn implies that /
Qygs 1s proportional to the square root of the concentration
v/Ima/V, as observed experimentally for instance in the case
of molecules strongly coupled with surface plasmons.!!

We chose as a model system a photochrome which
provides one form with a transition dipole moment d to
favor strong coupling [Eq. (1)] and the associated chemical
reaction is monomolecular to avoid any complications due to
diffusion. The photochromic molecule is the spiropyran (SPI)
derivative  1',3’-dihydro-1',3',3’-trimethyl-6-nitrospiro[2H-1-
benzopyran-2,2’-(2H)-indole] which undergoes ring cleavage
following photoexcitation to form a merocyanine (MC)
(Figure 2a). The extended conjugation of the latter results
in strong absorption in the visible (Figure 2¢, red curve). The
reverse reaction can be achieved photochemically or by
thermal means. The simplified potential energy surface for
this photochrome is shown schematically in Figure 2b. The
absorption spectrum of the SPI form in a poly(methylmeth-
acrylate) (PMMA) film is shown in Figure 2c. Upon irradi-
ation at 330 nm, the SPI photoisomerizes to the MC form and
the absorbance of the MC form (A, =560 nm, red curve
Figure 2¢) increases until the photostationary state is
reached.

To form the resonant cavity, the PMMA film containing
the photochrome was sandwiched between two Ag mirrors,
insulated from direct contact to the Ag by thin poly(vinyl
alcohol) (PVA) films as shown in Figure 2d. The first Ag
mirror was deposited on the glass substrate but note that the
second mirror was not sputtered nor evaporated directly on
the PMMA film to avoid any possible perturbation of the
chemical system. Instead the top Ag film was deposited on a
separate block of poly(dimethylsiloxane) (PDMS) which was
then transferred to the sample, effectively encapsulating the
photochrome in the microcavity (see Supporting Information
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vacuum Rabi splitting is in the
order of 700 meV (Figure 2 f).
In other words, the new hybrid
states, |P+) and |P—), have
absorptions at + 350 meV rel-

ative to the transition energy
of the uncoupled MC
(2.2 eV). Note that this Rabi
splitting does not arise from
the photons used to probe the
system but is only due to the
vacuum field as can be seen
from the fact that the spec-
trum of the coupled molecules
is independent of the weak
light intensity used to record
it.

We now analyze the pho-
toisomerization kinetics
inside and outside the cavity.
The detailed photoisomeriza-
tion mechanism, schemati-
cally simplified in Figure 2b,
is still in debate in the liter-
ature due to its complexity
and is reported to involve
several intermediate isomers,
including the triplet manifold,
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Figure 2. a) The molecular structure of spiropyran (SPI) and merocyanine (MC). b) Diagram of the energy
landscape connecting the two isomers in the ground and first excited state where kg and kg’ are the rates
of photoexcitation and the others the rates of the internal pathways; for example, k; represents the sum of
non-radiative and radiative relaxation rates from MC* to MC. Vibrational sub-levels are not included for
clarity. c) The ground state absorption spectra of SPI (black) and MC (red) in PMMA film. d) The structure
of the cavity; note that cavity and non-coupled measurements were done concurrently on the same film.
e) Diagram of the energy landscape connecting the two isomers in the ground and first excited state, with
modification of the MC states by strong coupling and the appearance of the polariton states | P+) and

| P—), separated by the Rabi splitting /. f) The ground state absorption spectra of SPI (black) in PMMA
and of the coupled system (green, structure shown in (d)) determined experimentally in the available
wavelength window by measuring the transmission T and reflection R of the sample (Abs=1—-T—R).

for details). The transmission spectrum of this cavity structure
is characterized by two features: a peak at 326 nm due to the
transparency window of silver corresponding to its plasma
frequency, and the fundamental Fabry—Perot cavity mode,
which for a total PVA/PMMA/PVA thickness of 130 nm
occurs at 560 nm (these cavity transmission features can be
seen in Figure 3a, black curve).” The Fabry—Perot mode is
therefore resonant with the absorption of MC. UV irradiation
of the cavity at 330 nm causes formation of MC just as for the
case of the isolated PMMA film.

When the MC is strongly coupled to the vacuum field in
the cavity, the resulting formation of the hybrid states (or
polaritons) is evidenced by the splitting of the absorption into
two new peaks (green curve Figure 2 f). The detailed physics
of the strong coupling of this particular system have been
presented elsewhere.”" In brief, at the photostationary state,
ca. 80% of the MC species are strongly coupled and the
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here collectively shown as a
single species 1.1 Never-
theless the reaction proceeds
with  observed first-order
kinetics in solution. An over-
all first-order reaction mecha-
nism (k) is also predicted
from the simplified reaction
diagram in Figure 2b where
ko 1s @ complex function of
the quantum yields of the
various individual photoin-
duced steps:

400 500 600 700

Wavelength / nm ——

dmc]

o = kax[MC]+b

. (K k, ks K,
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and b = ks ks ke [SPI],
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The detailed derivation of this rate equation is given in the
Supporting Information. It assumes that the intermediates
SPI*¥,1and MC* are in a stationary state and it is simplified by
irradiation at the isosbestic point for the two species at
330 nm. The photostationary (PS) concentration ratio under
the experimental conditions for this model is given by:

[MClJps ksk', ( ky >
= 14— 3
[SPIlps  K'3(K'y + K5) * k, 3)
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Figure 3. a) Transmission spectrum of the coupled system in the cavity
as a function of irradiation time at 330 nm where the Ag film has a
transparency window as seen in the spectra. Notice that the initial
Fabry—Perot mode at ca. 560 nm (black curve) splits into two new
modes as the SPI to MC photoreaction proceeds. b) Kinetics of the
growth of the MC absorbance (i.e. concentration) measured for the
bare molecules (red) and the coupled system (green) in the config-
uration shown in Figure 2d; in other words, the uncoupled molecules
were irradiated through one mirror on the same sample as the cavity
system involving two mirrors. The negative log plot stems from taking
In(1—=[MC],/[MC]..) versus t. For this case, in which the cavity
resonance is tuned to exactly match the MC absorption at 560 nm, the
difference in the rates increases with the degree of strong coupling.

c) In contrast, when the cavity thickness is tuned such that it is non-
resonant with the MC absorption for all angles of incidence, the
photoisomerization rate is identical to that of the non-cavity sample.

In a polymer matrix, the internal isomerization processes
are further complicated by convolution with the heteroge-
neous segmental motion of the polymer resulting in devia-
tions from exponential behavior.”” The kinetic build-up of
MC in the PMMA matrix (outside the cavity) during UV
irradiation at 330 nm shows indeed deviation from linearity
when plotted on a log scale (red points in Figure 3b). Shown
in Figure 3 a is the progression of the same reaction, but inside
the cavity, monitored by transmission spectra of the cavity
structure. The Fabry—Perot mode is reduced and splits as the
MC concentration increases. Using transfer matrix simula-
tions, the transmission spectra as a function of time allow us to
calculate the absorbance of MC at each time. This data is
superimposed on that of the bare molecular film in Figure 3b,
making a slight correction for the different intensities of
330 nm light impinging on the polymer layer for the open
structure and for the cavity (around 20 % higher in the latter
case). It is clear (Figure 3b) that while the rates measured for
the two systems are similar at early times, as the reaction
proceeds, the observed photoisomerization rate is slowed
down significantly in the cavity structure. This retardation
corresponds to the onset of strong-coupling conditions and
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the formation of the hybrid light-matter states. The larger the
splitting, the slower is the overall reaction reaching a fraction
of the initial rate. We stress that the intensity of the UV light
penetrating the cavity remains constant, which is ensured by
the invariance of the spectrum around 330 nm. Hence, the
change in rate cannot be attributed to a simple optical effect.
The final concentrations of the species at the photostationary
state are also modified, increasing the MC yield in the cavity
by ca. 10 %. Furthermore, it was checked that when the cavity
is designed in such a way to be out of resonance (at all angles)
with the MC absorption transition, there is no change in rate
(Figure 3¢) compared to the film outside the cavity.

A slowing of SPI-MC photoisomerization as the system
enters strong-coupling conditions is fully consistent with the
change in energy landscape in Figure 2e and Equation (2).
The upper lying | P +) state will rapidly decay to | P—) which
in turn by lying lower than the uncoupled excited state MC*
will favor the return to ground state (path (1) over path (2) in
Figure 2¢e). The corresponding change in the rate constants k;,
and k, would result in a reduction in k,, for the photo-
isomerization (through the decrease of the k,/(k,+k;) term in
Equation (2)) and an increase in the photostationary concen-
tration of coupled MC [k /k, increases in Eq.(3)], as is
observed.

While the modification of the reaction potential by strong
coupling shown in Figure 1 and 2 emphasizes the splitting of
the excited-state energy levels, one must bear in mind that this
modification will be “felt” through the entire system,
reordering the energy levels including possibly the ground
state. If that is the case, the formation of the light-matter
hybrid state might not only alter the photoisomerization rates
between SPI and MC, but also the thermal conversion of MC
to SPI in the ground-state energy landscape. Theoretical
considerations of such ultra-strong coupling regime (into
which this cavity/photochrome system falls)?* also predict a
modification of the ground-state energy.""'? Nevertheless,
careful analysis of the thermal back reaction did not reveal
any change in the rate beyond experimental error.

To gain further insight into the photochemical events,
transient differential absorption spectroscopy (pump-probe)
experiments were carried out on the coupled system and
compared to that of the uncoupled molecules. This technique
has the advantage of probing the excited states by detecting
very small absorbance changes with minimal perturbation of
the system, with the ability to also detect non-radiative decay
processes in contrast to time-resolved fluorescence. Figure 4a
shows the transient spectra immediately after the 150 fs pump
pulse (560 nm) for different coupling strengths. As can be
seen, the transient spectra are all very different from that of
the uncoupled molecules. To understand these spectra, it is
worth remembering that the transient differential absorption
AA(M) is given by Equation (4):P%

AAA) = [0%(A)—0,(1)—0sg (A)JxdMC¥| 4)
where o*(1) is the excited-state absorption cross-section in
cm~2, g,(A) the ground-state absorption cross-section, ogg(4)
the stimulated-emission cross-section of the excited state, x

the constant that relates the molar extinction coefficient to
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Figure 4. Transient spectra and kinetics of the coupled system. a) Tran-
sient spectra recorded immediately after the 150-fs pump pulse at

560 nm for a bare molecular film and the cavity system for different
coupling strengths. The arrows mark the position of the bare molecule
absorption peak (topmost curve), and the linear transmission peaks of
the cavity for each coupling strength. Note that the apparent bleaching
at the absorption wavelengths of the lower polariton just reflects the
fact that its absorption cross-section to higher excited states is lower
than that of the ground state to | P—) while the reverse is true at the
wavelengths where upper polariton absorbs [Eq. (3)]. b) Transient
spectra at the maximum coupling strength recorded after excitation at
different wavelengths as indicated. Inset: decay kinetics at the same
wavelengths compared to the absence of cavity. c) Transient spectra at
different excitation intensities.

the cross-section (2.63x10* M 'cm) and d (cm) the path-
length or thickness of the film.

The spectra contain both positive peaks where the
transient state absorbs more than the ground state and
negative peaks at wavelengths where either the second and/or
third term in Equation (4) dominate(s). The contribution of
these terms to the spectra of the coupled system depends on
the coupling strength in two ways. As the vacuum Rabi
splitting increases, the photophysical properties of the cou-
pled system are gradually modified but at the same time the
fraction of coupled molecules increases. In other words, in
such disordered molecular systems both coupled (polariton)
and non-coupled (incoherent) states coexist,’®” and both are
excited by the pump pulse and thereby contribute to the
transient spectrum. At the strongest coupling strength, the
transient absorption spectrum is dominated by the coupled
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system. This can be checked by changing the excitation to
wavelengths where the coupled system absorbs more strongly
as shown in Figure 4b. By exciting at 670 nm directly in the
ground state to | P—) absorption band, the transient spectrum
is only slightly modified. This also indicates that the recorded
transient spectrum for the coupled system is essentially the
differential absorption between |P—) and ground state. In
other words, the | P +) state is too short-lived to be detected in
the 150 fs resolution of the apparatus. It is common in
molecules that the lower excited state is the longest lived.
That is why fluorescence is typically observed only from | P—),
if at all.'"”! Finally, it was also checked that the shape of the
transient spectrum is invariant with the pump intensity and
that the differential absorbance increases linearly (Figure 4c),
demonstrating thereby that the signal is due to a mono-
photonic transition to the excited state. It also confirms that
the Rabi splitting is a result of coupling to the vacuum field.

The uncoupled (bare) molecules display a small amount
of stimulated emission in the transient experiments and they
also undergo spontaneous fluorescence from the lowest
excited state, typical of aromatic organic molecules. The
strongly coupled system showed no emission (spontaneous or
stimulated) indicating again significant changes in the photo-
physical dynamics. The kinetics of the transient spectra are
also modified by the strong coupling (inset, Figure 4b). The
decay kinetics of the excited uncoupled MC is not a single
exponential in agreement with other fs studies® and as
discussed earlier it is due to the involvement of several
intermediate isomers and matrix heterogeneity. The first half-
life is ca. 30 ps while that of the coupled system is shortened to
10 ps (inset, Figure 4b). This reduction in | P—) lifetime inside
the cavity is totally consistent with the results of the steady-
state irradiation experiments as discussed above.*"

The rearrangement of the molecular energy levels by
coupling to the vacuum field has numerous important
consequences for molecular and material sciences. As we
have shown here, it can be used to modify chemical energy
landscapes and in turn the reaction rates and yields. Strong
coupling can either speed up or slow down a reaction
depending on the reorganization of specific energy levels
relative to the overall energy landscape. Both rates and the
thermodynamics of the reaction will be modified. It is
important not to confuse reaction modification by strong
coupling in the vacuum field regime with such phenomena as
photochemical reactions in strong fields where the molecules
retain their electronic structure and the rates are enhanced by
concentrating the light. Although the semi-classical approach
can be used to predict the shape of the spectrum and the Rabi
splitting in strongly coupled systems, it cannot account for the
lifetime of the discrete states, their dynamics and their
interrelationships. For this the quantum nature of the field
needs to be invoked.

The coupling was done here to an electronic transition but
it could also be done to a specific vibrational transition for
instance to modify the reactivity of a bond. In this way it can
be seen as analogous to a catalyst which changes the reaction
rate by modifying the energy landscape. Like all chemical
reactions, the effect is favored by higher concentrations but
for a different reason—here it modifies the energy landscape
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and not just simply the collision rates. Since the formation of
hybrid states changes the energy levels at play, it will in
principle modify the ionization potential and the electron
affinity of the system. So not only will the redox reactions be
affected, but we also expect that the work function of the
coupled material will be modified and measurements to verify
this are underway. Fine tuning the work function by strong
coupling to vacuum fields could have significant consequen-
ces for device design and performance, for instance in the case
of organic light emitting diodes, photovoltaics and molecular
electronics. It is important to note that in the context of
applications, strong coupling is not limited to the Fabry—Perot
configuration used here. Any photonic structure that provides
a sufficiently sharp resonance can be used. When using
molecular materials with large transition dipole moments,
even low-quality resonators are sufficient to generate strong
coupling, especially when the mode-volume is small such as in
the case of a metallic microcavity or a confined surface
plasmon resonance generated on metallic hole arrays.!'>2¥
Such “open” plasmonic structures can be accessed more
easily for further characterization and for connection to more
complex functionalities.

The harvesting of cavity vacuum fields for modifying
chemical reaction landscapes and material properties puts an
entirely new tool into the hands of the chemist for influencing
useful reactions, with important implications for material
science and molecular devices. It is thus an area of much
scientific and technological potential and warrants further
exploration.
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