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Molecule-Light Complex: Dynamics of Hybrid Molecule—Surface

Plasmon States**

Adi Salomon, Cyriaque Genet, and Thomas W. Ebbesen*

Charge transfer complexes, in which the molecules interact by
sharing electrons giving rise to new molecular states, are well
known. The interaction force between the molecules is
mediated by the exchange of electrons. Perhaps less well
known, but in close analogy, is the fact that molecules can
interact with an electromagnetic field by the exchange of
photons, leading to new hybrid states. Such strong interaction
can occur when the field has discrete energies just like the
molecule. In this case, the molecule and the field modes may
interact like any two systems as shown in Figure 1 which is
reminiscent of two atomic orbitals coupling to give new
molecular states.
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Figure 1. Molecular state diagram showing the ground state |Sy,>,
two excitonic states |S,> and |S,> and the formation of hybrid
states due to strong coupling between an SP resonance and |S,>.
The hybrid states |S,-SP>" and |S,-SP>" are separated by the Rabi
splitting A. They may open up different relaxation pathways after
photoexcitation and lead to new chemistry.

The question that then naturally arises from a chemist
point of view is what are the properties of such molecular
-light “complexes”? Can they be used to modify any physical
or chemical property of the molecule as in the case of
exciplexes or excimers ? To answer such questions, we need to
be able to prepare these species in a relatively simple way and
then to identify spectroscopically the hybrid states generated
by the interaction with light and probe their properties. As
discussed below, recent developments in the area of surface
plasmons makes the preparation much easier and as we show
herein, enables the first steps to be made in the exploration of
the properties of these molecular-light complexes.
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Traditionally the generation of hybrid states between
matter and the electromagnetic modes, known as strong
coupling, was achieved by placing, for instance, a semi-
conducting material in an appropriately tuned optical cavity
such as defined by two mirrors. Such systems have been
studied extensively both theoretically and experimentally.™!
The observed splitting between the coupled states (see
Figure 1), known as the Rabi splitting, is twice the interaction
energy. Molecules can also be observed to undergo strong
coupling with light in cavities® or with surface plasmons. We
recall that surface plasmons can be thought of as light trapped
at the surface of a metal and give rise to intense local
electromagnetic fields. Strong coupling between surface
plasmons (SPs) and molecules was first studied in the
1970’s.! More recently, we and others confirmed that such
coupling could indeed take place and there have been many
studies in this direction.”! Hole arrays in metallic films are
particularly useful for the purpose of the present study since
they have tunable SP resonances which also give rise to
enhanced transmission.”! They can be coated with molecules
and be placed, instead of optical cells, in any standard
spectroscopic apparatus such as a spectrophotometer or a
transient spectroscopy set-up.*” Below we use such struc-
tures to gain new insight in the properties of the hybrid states.

For the present study, hole arrays were milled by focused
ion beam in Ag films deposited on quartz slides (see insert in
Figure 2). For the molecular material, we chose the J-
aggregate of H,TPPS (acidic form of the tetraphenyl porphy-
rin tetrasulfonate) dispersed in PVA (polyvinyl alcohol)
which was spin-coated on the array. J-aggregates have the
advantage of having sharp absorption peaks with very high
absorption coefficients corresponding to the S, and S, exciton
states (Figure 2b). Such feature is particularly suitable for
strong coupling. The photophysical properties of these
aggregates have been well studied.®”

The evidence for strong coupling between molecules and
the SP field is typically verified by doing a number of different
static measurements. The most standard verification is the
opening of a gap (Rabi splitting) in the dispersion (energy
versus momentum) curve of the SP at the energy of the
molecular absorption transition. The splitting must be larger
than the width of the absorption peak and the coupled optical
mode, and it depends on the square root of the concentration
of molecules in the electromagnetic field. Such measurements
have all been performed for this system and will be detailed
elsewhere.!'”! Here we prefer to focus on the main points
relevant to the dynamic results presented below.

Figure 2a illustrates the transmission spectrum of hole
array in the absence of the J-aggregates. Each peak is
associated with an SP resonance whereby the electromagnetic
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Figure 2. a) Transmission spectrum of an hexagonal hole array in a
100 nm thick Ag film spin-coated with a PVA layer of about 150 nm.
The transmission was measured with collimated white light at normal
incidence. The array periodicity is 480 nm with hole diameter of about
230 nm. Inset: a scanning electron microscope (SEM) image of part of
the hole array. b) The absorbance spectrum of H,TPPS J-aggregates in
PVA spin-coated onto a quartz substrate. The peak positions of the S,
and S, exciton bands are at 706 nm and 490 nm, respectively. The
peak at 420 nm is the monomer residue. c) Transmission spectrum of
the hole array covered with the J-aggregate PVA film (solid trace). The
spectrum clearly shows the formation of a new mix state at 525 nm as
discussed in the text. The dotted line is the same transmission
spectrum as in (a).

field becomes intense at the metal interface. The position of
the SP resonances, and therefore of the transmission peaks,
are given in a first approximation by the following equation
for an array with hexagonal symmetry:®

P Eméq
gm + Sd (1)
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where ¢, and &, are respectively the dielectric constants of
the metal and the dielectric material in contact with the
metal, (i,j) the scattering orders and P the periodicity of the
array.

It is important to note that both interfaces of the metal
film can support SP resonances and that these can in turn
interact, modifying their energies which is the case in this
experiment, specially because the metal film was kept thin to
facilitate the transient spectroscopy study. In the array of
Figure 2 a, the period (430 nm) was chosen in order that one
of the resonances (i,j: 2,0) overlaps with the strong S, to S,
excitonic transition of the J-aggregates around 490 nm
(shown in Figure 2b) and to give rise to the strongest coupling
intensity. This combination splits the SP transmission reso-
nance of the array into three peaks as can be seen in Figure 2¢
due to the threefold degeneracy of the SP resonance, a direct
consequence of the triangular symmetry of the hole array. The
complexity of the splitting precludes a simple determination
of the exact gap of the hybrid states but the separation of the
peaks is on the order of 200 meV for the concentration of J-
aggregate used in the PVA film (ca. 3 x 107*m), typical value
observed for molecular strong coupling.**

The static transmission peaks of the molecule-hole array
combination (of Figure 2¢) only reveals the strong interaction
and its associated energy but tell us nothing about the nature
of these hybrid states. The latter must have electronic as well
as plasmonic character so that they should be apparent in the
absorption spectra of the ground state and one should be able
to populate them transiently. Nevertheless, extracting the
absorption spectrum of the molecule-SP complex from the
static transmission of the hole array in the presence and
absence of J-aggregates (i.e. from the two spectra in
Figure 2¢) is extremely difficult because of the coupling and
the presence of the strong absorption band of the molecule at
high concentrations induces a local change in the refractive
index (i.e. Kramers-Kronig relations)"! which in turn shifts
the SP related transmission peaks as expected from Equa-
tion (1) and observed experimentally.”!"! The great advant-
age of transient absorption spectroscopy is that it can measure
small absorbance changes which as consequence perturb the
index of the J-aggregate/PVA film very little. In such
conditions, the transient spectrum of the molecules on the
hole array reflects the difference in the absorption spectra of
the ground state and the excited states generated and
therefore should provide information on the existence of
hybrid states.

To verify this, various samples were analyzed with a 150 fs
pump-probe laser setup (ca. 0.3 mJ cm ™ per pulse at 400 nm).
The transient differential absorption spectra recorded imme-
diately after excitation at 400 nm are plotted in Figure 3. The
first spectrum is that of the J-aggregate film in the absence of
a hole-array in good agreement with that reported in the
literature!” with the dips at 490 nm and 700 nm due to the
depopulation of the ground state and, in between, a broad
positive maximum due to the absorption of the populated
state to higher excited states. The next spectra are recorded
for samples with different hole-array periods to move an SP
resonance gradually into coincidence with the S, to S,
transition. As the period increases, strong new spectral
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Figure 3. Transient absorption spectra of H,TPPS J-aggregates in PVA
spin-coated onto different substrates: quartz and Ag hexagonal hole
arrays with periodicities of 250, 300, 400, and 480 nm as indicated in
the figure. The spectra were taken immediately after the 150 fs pulse.
They have been corrected for chirping and smoothed.

features appear near this transition at longer wavelengths.
These features occur exactly at the wavelengths where the
strong coupling is apparent in the static experiments (Fig-
ure 2¢). It also worth noting that there are no new spectral
features at the S, to S, absorption peak around 700 nm as
expected since this transition is only weakly coupled to a
broad SP resonance (small absorption dip in solid trace of
Figure 2¢). The negative dip around 525 nm (for period:
480 nm) must be due to a strong positive absorption at this
wavelength in the ground state spectrum of the molecule-SP
complex corresponding to the transition from S, to the |S,-
SP > ~ state. The latter lies ca. 170 meV below S,, giving again
an estimation of the Rabi splitting in agreement with the
static measurements. From the relative intensities of the dips
at 525 nm (Syto | S,-SP > 7) and at 490 nm (S, to S,), it is clear
that not all the molecules are strongly coupled and that the S,
to |S,-SP > ~ absorption coefficient (transition probability) is
high. Next we study the relaxation dynamics of the different
spectral features for the same strong coupling conditions.
Figure 4 shows the temporal evolution of the transient
spectrum together with the kinetics at three different wave-
lengths corresponding to three negative dips in the transient
spectrum. With deconvolution for pulse width, a rapid decay
with a half-life of 700 fs is seen around the dip at 525 nm.
Simultaneously a small growth can be seen at 700 nm. The
transient spectrum continues to evolve with a slower decay
having a half-life of ~2.5 ps followed by a component having
a half-life of ca. 30 ps. These are the same as those of the J-
aggregate/PVA film alone. When the sample is excited at
690 nm, the spectra and decay are essentially the same except
for the first fast 700 fs relaxation which is no longer present.
We attribute the fast component, most easily observed at
525 nm, to the lifetime of the hybrid |S,-SP >~ state. It is
populated by the excitation at 400 nm. The |S,-SP >~ state
then decays partially at least to S, explaining the small growth
at 700 nm observed immediately after the pulse. The subse-
quent decays which occur also in the absence of strong
coupling have been studied in detail by others.”’ The 2.5 ps
decay has been attributed to vibrational cooling of the S; state
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Figure 4. a) Transient spectra recorded at different times after excita-
tion at 400 nm of the J-aggregates (H,TPPS) in PVA spin coated onto
big hole array with 480 nm periodicity (blue curve of Figure 3). They
have been corrected for chirping and smoothed. b) Kinetic traces at
480, 524, and 710 nm.

and probably explains small spectral shifts occuring in the first
picoseconds (see Figure 4a) while the longuest component is
the lifetime of the S, exciton in the conditions of our film.
These spectral and dynamic results are quite different from
another study involving H,TPPS-surface plasmon strong
coupling, probably due to the different configuration of the
experiment.[*!

Many studies over the past 30 years have shown that the
high fields of the SPs can enhance photophysical and photo-
chemical processes.'>?! This is typical of surface enhanced
Raman or photopolymerization where the metallic structure
acts to concentrate the electromagnetic field much like a lens
focusing light. While such uses of SPs are interesting in
themselves, these processes are in what one would call the
weak coupling regime where the molecular states are
essentially those of the isolated molecules.

Such SP enhanced phenomena must not be confused with
the strong coupling regime studied here where new hybrid
states between molecules and SPs are formed. The SPs
provide a convenient way to prepare and control the
molecule-light complexes. It is clear that transient absorption
spectroscopy is ideally suited to study strong coupling. For
instance, a new negative absorption peak in the differential
spectrum can only be the result of a transition from the
ground to the hybrid state, providing unambiguous signatures

Angew. Chem. 2009, 121, 8904 —8907


http://www.angewandte.de

of strong coupling, in the same way as photoluminescence
experiments.'%*! The hybrid molecule-SP states can be
clearly identified and populated with lifetimes comparable
to the pure molecular excitonic states, providing a new
channel for relaxation or chemical events. The properties of
the molecule-light complexes are reminiscent of exciplexes
and hence such species should perhaps be named photo-
plexes. By their intrinsic nature, the energies of these
photoplexes can be tuned both via the surface plasmon
resonance frequency as well as the concentration for the
molecules, the symmetry of the structure and the polarization
of the light. Such unique features should offer many
possibilities for modifying photophysical and photochemical,
and perhaps even chemical, properties of molecules. We
expect more findings on such molecule-light complexes in the
future.
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