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Direct Evidence of Ultrafast Energy Delocalization Between
Optically Hybridized J-Aggregates in a Strongly Coupled

Microcavity

Mattia Russo, Kyriacos Georgiou, Armando Genco, Simone De Liberato, Giulio Cerullo,
David G. Lidzey, Andreas Othonos, Margherita Maiuri,* and Tersilla Virgili*

Strong coupling between light and matter in a microcavity can produce quasi-
particle states termed cavity-polaritons. In cavity architectures containing
more than one excitonic species, the photon mode can simultaneously

couple to the different excitons, generating new ‘hybrid-polariton’ states.

It is demonstrated that such hybrid polariton states can energetically connect
different molecular species, even when their intermolecular distance is much
larger than the Férster transfer radius. Here, this mechanism is unveiled and
observed in the time domain energy delocalization in a strongly coupled cavity
containing two layers of donor and acceptor molecules, separated by an inert
spacer layer of 2 um thickness. 2D electronic spectroscopy is used, a technique
that provides simultaneously high spectral and temporal resolution, to probe
the dynamics of the energy flow processes following ultra-fast excitation.

It shows that energy is almost instantaneously delocalized among the
polariton states, providing a direct connection between very highly separated
donor and acceptor molecules. The results are of potential significance

so-called strong coupling regime, light
and matter reversibly exchange energy,
with the newly formed polariton states
being described by a linear quantum su-
perposition of cavity photons and matter
excitations.l?) Owing to their unique prop-
erties and the wealth of phenomena they
can induce, polaritons have long been
of great interest.>”7] Organic-polaritons
are characterized by enhanced stability at
room temperature, stemming from the
high binding energy of Frenkel excitons
in organic semiconducting materials.[®]
Therefore, they have been used as testbeds
for studies of fundamental physics with-
out the necessity of cooling to cryogenic
temperatures.['13]  Recent experimental
and theoretical studies have shown that,
apart from non-linear polariton many-body

for light-harvesting devices, optoelectronics, and bio-photonic systems.

1. Introduction

Optically active materials placed inside microcavities can experi-
ence enhanced light-matter interactions and, under certain con-
ditions, form hybrid quasiparticles called polaritons.l!! In the

phenomena observed under intense exci-
tation conditions,"* 1! the photophysical
functionalities of organic materials could
potentially!2%2!] be altered through their hybridization with cavity
photons in the low-excitation regime, 222 or even in the com-
plete absence of optical excitation.!?’-2]

By strongly coupling more than one excitonic resonance to the
same confined photonic mode, new eigenstates emerge that are
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formally described as a mixture of the photon and of the different
excitons. If the different excitons are located in distant materi-
als inside the microcavity, the polaritonic coupling allows long-
range energy transfer (ET) between spatially separated donor—
acceptor molecular aggregates that are hybridized through their
mutual coupling to the same optical mode.**33! Importantly, un-
like other non-radiative dipole—dipole ET mechanisms, polariton-
mediated energy transfer is not limited by the separation be-
tween donor and acceptor molecular species. Rather, the large
exciton oscillator strengths permit coupling between molecules
having different electronic energy transitions®)! over meso-
scopic distances of several microns.**! We note that other phys-
ical properties — such as cavity photon lifetime and exciton
broadening — also affect the hybridization of the excitonic states
and can modify ET processes.

Theoretical work by Sdnchez—-Mufioz and coworkers!*! has
demonstrated that the temporal evolution of the energy flow in
such coupled systems depends on the degree of hybridization
between the various polariton states. Indeed, narrow, and spec-
trally well-separated excitonic transitions lead to polariton states
having a greater degree of hybridization, with the excitonic con-
tribution being (in some cases) comparable to that of the cavity
photon. This results in polaritons having a wavefunction that is
spatially delocalized throughout the entire microcavity, enabling
an ultrafast energy redistribution among polariton-states.

Ultrafast spectroscopy is a powerful tool to probe carrier
dynamics and energy transfer processes in materials and
devices.3336-8] However, when applied to study polariton relax-
ation dynamics, ultrafast experiments become very challenging
to perform and to interpret!**] due to two factors: i) the ultrashort
lifetime of the cavity photons, typically of the order of few tens of
femtoseconds, depending on the cavity Q factor, and ii) the ultra-
fast polariton decay, mainly dominated by relaxation toward dark
states. These are formalized by the Tavis-Cummings model*]
and are also understood as resulting from uncoupled excitons
that exist in a ‘reservoir’ of states.[2646-48]

To probe timescales on which polaritons are coherent (i.e.,
when the wavefunctions of excitons and photons are insepara-
bly mixed[263644]) it is necessary to use ultra-short laser pulses
whose duration is shorter than the lifetime of polaritons. 2D elec-
tronic spectroscopy (2DES)[**%is a powerful technique that al-
lows one to achieve high temporal resolution while, at the same
time, providing high spectral resolution over the excitation fre-
quency. Three delayed laser pulses are used in 2DES, with the ex-
citation energy axis being obtained by performing a Fourier trans-
form of the signal with respect to the coherence time t, between
the first two pump pulses. The temporal evolution of the system
is then obtained by scanning the delay t, (waiting time) between
the second and the third pulse, the latter acting as a probe.

Recently 2DES has been applied to study ultrafast dynam-
ics in a few microcavity structures.12331 Notably, Son and
coworkers!®>3] evidenced an energy cascade process in donor-
acceptor cavities containing films of semiconducting carbon nan-
otubes distanced by ~150 nm, with a transfer from the highest- to
the lowest-energy polariton state occurring in 200 fs. However, in
the limit of narrow excitonic transitions and significant photonic
components of the polariton states, they predicted the upper-to-
lower energy relaxation to become quasi-instantaneous. This was
not observed due to the largely excitonic nature of the polari-
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tons formed in the cavities studied. Therefore, forming highly
hybridized polaritons and showing experimentally the inherent
instantaneous energy redistribution over mesoscopic distances,
remains a challenge.

In this work, we report the fabrication of a microcavity con-
taining two thin films of J-aggregated organic semiconductors
(named TDBC and NK2707), where the J-aggregate layers are
separated by a micron-thick, inert, and transparent spacer. Here,
strong coupling to the cavity photon-mode results in the forma-
tion of a series of hybrid-polariton states. In this system, excitonic
transitions are sufficiently narrow and spectrally separated, lead-
ing to hybridized polariton states containing a significant photon
component, as well as a mixture of the two excitons.

We use 2DES to characterize the energy flow mechanisms be-
tween the polariton states both temporally and spectrally. Our
measurements provide direct evidence of ultrafast mesoscopic
energy delocalization and coupling between the molecules in
the different layers driven by polariton hybridization. Our re-
sults agree with theoretical predictions for systems in which po-
lariton states have strong photon character. Our findings have
relevance for the development of advanced optoelectronic de-
vices exploiting polaritons to enhance energy transfer and for the
understanding of energy-harvesting processes in bio-photonic
architectures.>*>]

2. Results

As the active materials in our experiments, we have used
the molecular dyes 5,6 dichloro-2-[[5,6-dichloro-1-ethyl-3-(4-
sulphobutyl)-  benzimidazol-2-ylidene]-propenyl]-1-ethyl-3-(4-
sulphobutyl)-benzimidazolium hydroxide, sodium salt, inner
salt (TDBC) and 5-chloro-2-[3-[5-chloro-3-(3-sulphopropyl- 2(3H)-
benzothiazolylidene]-2-methyl-1-propenyl]-3-(3-sulphopropyl)-
benzothiazolium hydroxide, inner salt, compound with tri-
ethylamine (NK2707). These were dispersed into a transparent
polymeric matrix (gelatine) and cast into thin films by spin-
coating. Upon aggregation, such dyes form J-aggregates, which
result from phase-separation and subsequent crystallization
/self-assembly of the cyanine dyes placed in a matrix.?!l In
these aggregates electronic coupling between molecular dipoles
creates delocalized, redshifted, and spectrally narrowed excitonic
states. We have used a sequential spin-coating technique to
create a multilayer structure in which J-aggregated TDBC and
NK2707 dye layers were physically separated from one another
using a 2 pm optically transparent polystyrene (PS) spacer layer.
The mesoscopic thickness of the PS spacer layer, which is much
larger than the Forster radius, prevents direct ET between the
J-aggregated dyes. Figure 1a shows a schematic of the multilayer
film, together with the chemical structure and the steady state
absorption of both J-aggregated dyes. The TDBC J-aggregate
(highlighted in blue) has an absorption peak at 2.13 eV, while
the absorption of the NK2707 aggregate (plotted in red) peaks at
lower energy (1.96 eV) together with a broad shoulder that peaks
~2.13 eV.

We first use broadband 2DES to demonstrate the absence of di-
rect ET between the two J-aggregated dyes in the multilayer film.
Broadband laser pulses, spanning from 1.88 to 2.25 eV, tempo-
rally compressed to 15 fs, were used to pump and probe the exci-
tonic population of the two J-aggregates. The 2DES apparatus is
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Figure 1. a) Schematic representation of the multilayer film accompanied by the steady-state absorption and molecular structure of the NK2707 (red)
and TDBC (blue). Here the black wavy arrow corresponds to an intramolecular energy relaxation process in NK2707. b) Steady-state absorption spectrum
(right) of the non-cavity control film and purely absorptive 2DES maps at t, = 25 fs (left) and 150 fs (right), where the spectral positions of the TDBC
and NK2707 exciton states are identified using horizontal and vertical dashed lines. c) Purely absorptive 2DES maps of a TDBC single film at t, = 25 fs
(left) and 150 fs (right). d) Purely absorptive 2DES maps of an NK2707 single film at t, = 25 fs (left) and 150 fs (right).

described in the Methods section. Figure 1b shows 2DES maps
of the multilayer recorded at waiting times t, = 25 and 150 fs, to-
gether with steady-state absorption spectrum in the right panel.

At t, = 25 fs, the 2DES map is composed of two diago-
nal signals in correspondence with the absorption peaks of the
two species, with no cross-peaks being evident. Each of these
signals contains a positive peak, corresponding to the ground
state bleaching and stimulated emission of the excitonic tran-
sition, and a negative peak at slightly higher photon energies,
corresponding to a photoinduced absorption (PA) due to the
transition from exciton states to energetically higher excited
states.’%57] At t, = 150 fs, we observe the formation of a positive
cross peak that corresponds to excitation over the spectral range
covering 2-2.2 eV and detection at 1.96 eV (the absorption peak of
NK2707). This peak could either represent direct ET from TDBC
(the donor) to NK2707 (the acceptor) or a simple internal re-
laxation process within NK2707, in which excitons scatter from
higher to lower energy states. To determine the nature of this pro-
cess, 2DES was performed on films of pure TDBC and NK2707
with the same thickness and concentration as used in the multi-
layer film.

Figure 1c shows the 2DES maps of a TDBC thin film at t, =
25 and 150 fs. At both time delays, a diagonal peak reflecting the
steady-state absorption is observed. The main difference between
the two 2DES maps relates to the lineshape of the diagonal peaks;
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specifically, the peak observed at t, = 25 fs has an elliptical shape
and is stretched along the diagonal. At t, = 150 fs this feature
has broadened along the anti-diagonal direction. This process is
typical in molecular materials, and results from spectral diffusion
effects and loss of excitation memory.l>®!

Figure 1d shows 2DES maps of a NK2707 film at t, = 25 and
150 fs. Here the maps are dominated by an intense absorption
peak at 1.96 eV that is located along the diagonal line. We ob-
serve the build-up of a cross peak at 1.96 eV following excitation
in the spectral range 2-2.2 eV. We attribute such peaks to an in-
ternal conversion process from a higher to a lower energy state at
1.96 eV. Such signals are comparable in magnitude with the cross
peaks observed in the multilayer film, implying that there is no
direct ET process between the donor (TDBC) and the acceptor
(NK2707) species. Rather, the cross-peaks observed in the multi-
layer films result from an internal conversion mechanism within
the NK2707 (see wavy black arrow in Figure 1a). The dynamics
of these cross-peaks are compared in Figure S1 (Supporting In-
formation), and no difference is observed between the multilayer
film and the film containing NK2707 alone.

We now discuss the ultrafast optical response of the multilayer
film when its components are strongly coupled to the optical mi-
crocavity. The linear optical properties of this structure have pre-
viously been discussed in detail by Georgiou et al.,** and it has
been demonstrated that the excitonic states of both TDBC and
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Figure 2. a) Energy dispersion map of the microcavity where the colored lines indicate the Upper (blue), Middle (orange), and Lower (green) polariton
branches calculated using a coupled oscillator model. We also identify the TDBC and NK2707 exciton states and the cavity modes (violet dashed lines).
On the right side, there is a zoom-in of the reflectivity map at 10° from 1.88 to 2.25 eV along the energy axis, which corresponds to the region probed in
the 2DES experiment. b) Energy level scheme of the organic microcavity in the strong coupling regime where the energy axis is labeled with the energies
of the polariton states; UPB at 2.17 eV, MPB at 2.06 eV, and LPB at 1.93 eV. The black dashed lines mark the dominant excitonic contributions to each
polariton state. c) Purely absorptive 2DES spectra att, = 25 fs (top) and 50 fs (bottom). The dashed lines along the detection axis represent the position
of the polariton states and the dashed lines along the excitation axis correspond to the excitonic states of NK2707 (1.96 eV) and TDBC (2.13 eV).

NK2707 are simultaneously strongly coupled to a series of cavity
modes.?* As a result of this coupling, several polariton branches
are observed that undergo simultaneous anti-crossing.

Figure 2a shows angle-dependent white-light optical reflectiv-
ity measurements of the cavity to map out the dispersion of the
polariton branches over an angular range between 10° and 70°,
as previously measured.3*l Due to the substantial thickness of
the cavity spacer layer (leading to a significant optical cavity path-
length), multiple cavity modes are supported (labeled I'2, I'3, and
I'4), each of which undergoes anticrossing when they come into
resonance with the two molecular species (see absorption spec-
tra shown in the right side of the panel). This ladder of cavity
modes results in a series of different polariton modes that we
term upper, middle, and lower polaritons (UP, MP, LP). We de-
scribe the energy dispersion of these polariton modes using an
n-level coupled-oscillator model fit as shown in Figure 2a, with
relevant parameters and Hopfield coefficients reported in Sup-
porting Information (Table S1 and Figure S2, Supporting Infor-
mation). The exact photon/exciton character of the different po-
lariton branches is dependent on energetic detuning and angle of
observation, however, it has been previously shown that for the
UP and LP the cavity mode is preferentially mixed with a sub-
stantial fraction of either TDBC or NK2707, respectively.** In
contrast, the MP contains an admixture of the cavity mode with
both molecular species.34
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Here, we focus on the polariton states covered by the spec-
trum of our laser (from 1.88 to 2.25 eV) and measurement an-
gle (10°), highlighted in the zoom out of Figure 2a, right panel.
It is apparent that there are several polariton states within the
measurement window (namely LP4, MP4, and UP3,4). In what
follows, we focus our discussion on describing the series of po-
lariton states coupled with photon-mode I'4. For simplicity, we
refer to UP4 (at 2.17 eV) as UPB, MP4 (at 2.06 eV) as MPB,
and LP4 (at 1.93 eV) as the LPB as sketched in Figure 2b. The
rationale for excluding UP3 from our analysis is that in multi-
mode polariton systems, photonic modes exist in a ‘decoupled’
regime which has been theoretically predicted®>*°! and exper-
imentally observed."%?] Thus in our cavity, the various pho-
tonic modes are not coupled to each other, and the sets of
polariton-states generated (LP, UP, and MP) can be treated
individually.

Figure 2c shows the 2DES maps obtained for the organic mi-
crocavity for 10° incidence angle at t, = 25 and 50 fs. In this
experiment, we pump the cavity using broadband laser pulses
and record its transient reflectivity (AR). Here, the main polari-
ton contributions to the probe signal are identified via different
colored areas (LPB — green, MPB —orange, UPB — blue). We iden-
tify the energies of the different polariton states via vertical lines
in the 2DES maps, with the energy of the uncoupled excitons
shown using horizontal lines.

© 2024 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 3. 2DES time traces: a) Purely absorptive 2D map at t, = 100 fs used to highlight specific dynamics at selected excitation/detection energies.
b) t, traces obtained by exciting the TDBC exciton (2.13 eV) and detecting the UPB (2.17 eV, blue) and MPB (2.06 eV, orange) states. c) t, traces obtained
by exciting the NK2707 exciton (1.96 eV) and detecting the MPB (2.06 eV, orange) and LPB (1.93 eV, green) states. d) normalized t, traces obtained
by exciting the UPB (2.17 eV) and detecting the UPB (2.17 eV blue), MPB (2.06 eV, orange), and LPB (1.93 eV, green) states. The dynamics reported in
panels (b), (c), and (d) correspond to the points in the 2D map of the panel (a) that are emphasized with dashed lines and colored circles.

At t, = 25 fs we observe three diagonal peaks that correspond
to transient signals of each polariton state. These peaks have a
derivative lineshape with contributions from both negative and
positive signals. This effect results from the fact that when an
organic exciton-polariton is pumped, the refractive index of the
active material and the oscillator strength of the exciton peak are
reduced.!'7%3] This causes a contraction of the Rabi splitting and a
near instantaneous blue/redshift of the polariton states, resulting
in a derivative lineshape of the 2DES signal. At t, = 50 fs we find
that the 2DES map includes cross peaks detected at MPB and
LPB energies as a result of excitation of the UPB state, marked
in the 2DES map with orange (MPB) and green (LPB) circles.
Such signals are a signature of a transfer mechanism between
the polariton states and, consequently, between the TDBC and
NK2707 molecules.

3. Discussion

In this section, we investigate possible energy transfer pathways
between the donor and acceptor dyes assisted by the polariton
states via an analysis of the dynamics of the cross peaks, which
represent transient absorption signal of the system detected at
an energy that is different with respect to the excitation energy.
Figure 3a shows a 2DES map of the organic microcavity at t, =
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100 fs; here the horizontal dashed lines correspond to excitation
of the following states: UPB (2.17 eV), TDBC exciton (2.13 eV)
and NK2707 exciton (1.96 eV). Figures 3b—d plot the measured
dynamics of the cross peaks identified in panel (a) as a function
of the waiting time t,.

We first focus on the polariton cross peaks that result from the
excitation of the uncoupled exciton reservoir. This is shown in
Figure 3b where we plot the dynamics obtained by excitation at
2.13 eV (corresponding to the TDBC exciton) and detection of the
cross peaks at 2.06 eV (MPB, orange) and 2.17 eV (UPB, blue).
Both dynamics have a rise time comparable with the ~20 fs tem-
poral resolution of the experiment. This suggests that once the
TDBC reservoir excitons have been created, an immediate co-
herent coupling to the cavity occurs, resulting in instantaneous
bleaching of the UPB and MPB states. After the signal build-up,
the dynamics of the two polaritons look very different. In particu-
lar, the UPB undergoes a more rapid decay than the MPB, whose
transient signal remains nearly constant over the first 500 fs. We
ascribe such slow MPB dynamics to the balance between forma-
tion and decay mechanisms; the formation is due to the relax-
ation from the UPB states, while the decay is due to relaxation
to the LPB ground state. It is important to underline that our
2DES data do not allow to completely isolate the contribution
of the exciton reservoir, since the linewidths of the excitons are
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broader with respect to the energy distance between the polariton
states. For this reason, our results do not exclude a possible trans-
fer from the UPB to the TDBC exciton reservoir, however, they
clearly show that the coupling between all the polariton states oc-
curs on an ultrafast time scale.

Figure 3c plots the cavity dynamics obtained following excita-
tion at 1.96 eV (corresponding to the NK2707 exciton) and de-
tection at energies corresponding to the cross peaks at 2.06 eV
(MPB - orange) and 1.93 eV (LPB — green). We observe a nearly
instantaneous rise in the signal, again confirming an immediate
coupling with the cavity mode. The subsequent decay of the LPB
is comparatively slower than that of the MPB, a result that likely
signals a degree of exciton relaxation from the MPB to LPB states.
Other possible relaxation pathways include scattering from MPB
states to the exciton reservoir which then populates states in the
LPB.[%6] Therefore, the dynamics of LPB states may well be
slower than the depopulation of the MPB because this likely in-
volves partial filling of and then depopulation of the exciton reser-
Voir.

Finally, Figure 3d shows normalized cavity dynamics recorded
following excitation of the UPB and detection at the diagonal peak
at 2.17 eV (UPB, blue) and the cross peaks at 2.06 eV (MPB, or-
ange) and 1.93 eV (LPB, green). As expected, the signal from
the UPB diagonal peak forms instantaneously; remarkably, the
cross peaks detected at MPB and LPB also undergo a nearly in-
stantaneous rise within the limit of the sub-20-fs experimental
temporal resolution. Interestingly, the excitation of the UPB re-
sults in a detectable signal from the LPB, which is not visible
following the excitation of the higher energy TDBC exciton. This
result strongly indicates that our transient responses are com-
pletely dominated by the polaritons properties and they cannot be
reproduced simply considering the cavity as a filter of the ground-
and excited-state excitons populations, as previously reported in
different systems.’] Figure S3 (Supporting Information) com-
pares the unnormalized cross peaks dynamics when exciting the
TDBC excitons at 2.13 eV (Figure S3a, Supporting Information)
and the UPB at 2.17 eV (Figure S3b, Supporting Information).
The lack of a cross-peak at the LPB when exciting the TDBC exci-
ton indicates that, on a short timescale, exciton-driven incoherent
energy transfer pathways between TDBC and NK2707 are not ef-
fective. Moreover, also a direct excitation of the NK2707 at 2.13
or 2.17 eV does not lead to an appreciable nonlinear signal in the
microcavity.

Our measurements allow us to draw two main conclusions:
i) coherent coupling occurs between the three polaritons states,
however this is not observed following the direct excitation of the
exciton reservoir and ii) the ultrafast formation of the transient
signal detected at MPB and LPB energies following the excitation
of the UPB suggests that the energy rapidly delocalizes through-
out the entire cavity. This coupling drives energy delocalization
between the different molecular species, even though they are
physically separated by 2 um, a distance much greater than the
Forster transfer radius. Note that this process still respects causal-
ity, and when using the term instantaneous we implicitly refer
to timescales substantially longer than the inverse coupling fre-
quencies between light and matter, which in our case are of the
order of the experimental time resolution. We would like to un-
derline that we use the term “energy delocalization” as equivalent
to “coherent coupling” or “excitation delocalization” between po-
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lariton states. Coherent excitations can be transferred very rapidly
between a photon and an exciton in the strong coupling regime
(with the transfer rate given by the Rabi frequency). A previously
reported example of the importance of fast coherent processes in
these systems is the observation of Rabi oscillations in 2D spec-
troscopy experiments on molecular J-aggregates strongly coupled
to a plasmonic grating.[%®] Furthermore, very recently T. Pajunpii
et al. demonstrated by full quantum dynamics simulations that
polariton-assisted exciton population exchange dynamics can oc-
cur over a distance of 1 pm between interacting materials.[®]

To confirm our data, we performed additional measurements
using broader pump and probe pulses, with a spectrum spanning
1.77-2.25 eV, which also excites the I'3 cavity mode. Again, we
see a very similar phenomenology for the dynamics of the UPB,
MPB, and LPB (see Figure S4, Supporting Information).

To gain further insight into this process, we have simulated
the 2DES signal from the cavity using a fully coherent, broad-
band polaritonic model summarized in the Experimental Section
and the Supporting Information. The Experimental Section also
discusses justifications and limitations of the theoretical model.
Figure 4a (top panel) shows the experimental 2DES data at t, =
100 fs limited to the excitation region from 2.13 to 2.25 eV to
emphasize the cross peaks, with the bottom panel in Figure 4a
being a theoretical simulation of the experimental data. While
our coherent model is unable to provide quantitative predictions,
it reproduces correctly the position of the polariton peaks and
their derivative lineshape, validating our interpretation of instan-
taneous energy delocalization between the different exciton com-
ponents driven by a single cavity mode. Here, we mark the peaks
using colored circles in panel a and then plot their normalized
simulated dynamics in Figure 4b. Specifically, the dynamics plot-
ted are generated following simulated excitation at 2.17 eV (UPB)
and then detection at 2.17 eV (blue), 2.06 eV (MPB, orange), and
1.93 eV (LPB, green).

Comparing the dynamics calculated from the theoretical
model excited at the UPB frequency to the measured data in
Figure 3d, we can see how the model reproduces some of the
early-time features observed in the data, such as the slower rise-
time of the signal detected at LPB and MPB frequencies with re-
spect to the UPB. The model fails however to correctly reproduce
the evolution of the signal at longer delay times due to its fully co-
herent nature, conflating populations, and coherence lifetimes.
This does not allow signal damping to be correctly described as
it is visible by the much faster decay predicted by the theory as
compared to measured data. We note that in the absence of de-
phasing, the theoretical model predicts coherent oscillations (see
Figure 4b) due to beating between the different polariton modes,
not sufficiently clear in the experimental observations, with these
oscillations being akin to the Rabi oscillations observable in the
time dynamics of strongly coupled systems.

4. Conclusion

In summary, we exploited the combination of high temporal and
spectral resolution of 2DES to reveal the mechanism of long-
range ultrafast energy transfer between two dyes in a strongly
coupled organic microcavity. We study a multilayer comprised
of two thin layers of the J-aggregate dyes TDBC and NK2707
that were spatially separated by a 2 um PS transparent film. Our

© 2024 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 4. Simulation and model: a) Experimental data (top) and simulated signal (bottom) purely absorptive 2DES map att, = 100 fs where the excitation
axis is cut from 2.13 to 2.25 eV and the detection axis is limited between 1.88 and 2.25 eV. b) Simulated t, traces of the points indicated in the simulated
2DES map reported in panel (a). Here such points are obtained by exciting the UPB (2.17 eV) and detecting the UPB (2.17 eV, blue), MPB (2.06 eV,
orange), and LPB (1.93 eV, green). c) Deactivation energy level scheme after the excitation of the UPB state where dashed black arrows indicate an
ultrafast delocalization of the energy among exciton and polariton states. The yellow line in the energy level scheme (top) represents the energy path

that provides a connection between the TDBC and NK2707.

results show that this system behaves differently when located
inside or outside a microcavity. Specifically, when measured out-
side a cavity, we do not evidence any energy transfer process be-
tween the two dyes, a result expected on the basis of the Forster
transfer-radius limit. 2DES measurements on the cavity indicate
the presence of the polariton states due to the strong coupling and
the presence of cross peaks that are formed in a time scale com-
parable with the temporal resolution of the experiment (20 fs).
Figure 4c schematically illustrates the cavity system (bottom) and
its energy levels (top). Here, we graphically represent the ultrafast
energy delocalization over the entire system obtained as a result
of the excitation of the UPB state. Specifically, upon excitation of
the UPB, energy is coherently delocalized throughout the entire
cavity, providing a direct connection between the molecular exci-
tons. Such a mechanism is supported by simulations of the 2DES
data obtained using a model that considers the interaction of the
molecular excitons with a single cavity mode. Despite the fact
that our model does not reproduce the amplitude of the various
signals, it does allow us to predict the ultrafast formation of the
cross peaks and their 2D lineshape. Our results should stimulate
the design of innovative optoelectronic devices in which polari-
ton states are exploited to drive efficient energy transfer among
coupled chromophores.

5. Experimental Section

2D Electronic Spectroscopy (2DES): The experimental apparatus used
in this work was described in detail elsewhere.[70] Briefly, the broadband
laser pulses were generated by a non-collinear optical parametric amplifier
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(NOPA) pumped by an amplified Ti:Sapphire laser that generates 100-fs
pulses at 1kHz and 800 nm wavelength. The NOPA produces pulses with
a 1.88-2.25 eV bandwidth, that were compressed to sub-20-fs duration us-
ing a pair of chirped mirrors. In this work, pump and probe laser pulses
were frequency degenerate and a partially collinear pump-probe geometry
was used in which the first two pulses were collinear and a third probe
pulse, acts as local oscillator. The delay time t; was controlled using a
common-path birefringent interferometer, the Translating-Wedges-Based
Identical pulses encoding System (TWINS) system.[”"] In this experiment,
t; was scanned from —30 to 250 fs. The delay time t, was controlled by
a standard mechanical translation stage along the probe optical path and
was scanned from —250 to 3000 fs. In all the experiments reported, the po-
larization between the pump and the probe beam was fixed at the magic
angle (54.7°). The single-component molecular films and the multilayer
film were measured in transmission and excited at a fluence of 45 pj cm=2.
The organic microcavity however was measured in reflection at an inci-
dence angle of 10° (+5°) and excited at a fluence of 100 u) cm~2. The
small incidence angle allows to neglect of the polarization dependence of
the cavity mode.[”?]

Control-Film and Microcavity Fabrication: )-aggregates NK2707 (sup-
plied by Hayashibara Biochemical) and TDBC (supplied by FEW Chemi-
cals GmbH) were dissolved at a concentration of 5% and 10% by weight
in a deionized water/gelatine solution (20 mg mL™"), respectively. J-
aggregate/gelatine solutions were held at a temperature of 65 °C before
100 pL of solution was used to spin-cast thin films. PS (supplied by Sigma—
Aldrich) having a molecular weight of Mw 350 000 was dissolved in
toluene at a concentration of 100 mg mL~" and spin-casted using 200 uL
of solution held at room temperature. Control over the thickness of the
various thin layers was achieved by changing the rotation speed of the
substrate during spin-casting, and was determined with a Bruker Dektak
XT profilometer.

An Angstrom Engineering thermal evaporator was used to evapo-
rate the microcavity Ag mirrors. The Ag deposition rate was maintained
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between 0.5 and 1A (s=1)~" with the sample chamber being held at a base
pressure of 2 X 107® mbar. The bottom and top mirrors had a thickness of
200 nm (fully reflective) and 34 nm (semi-transparent), respectively. The
organic multilayers were fabricated by subsequently spin-casting the vari-
ous J-aggregate / gelatine and PS layers, as described above.

Theoretical Model: General quantum theories of 2DES that were able
to provide quantitative predictions need to consider both coherent and in-
coherent processes on the same footing.[] This was due to the potential
proximity of the timescales involved in the two kinds of processes in ultra-
fast optical experiments. Due to the inherent complexity of the many-body
coupling between bright and dark states in polaritonic systems, alternative
approaches were used to confirm the qualitative interpretation of experi-
mental data.[’#] If delay times substantially longer than the cavity lifetime
was considered, a fully incoherent theory could be used in which the os-
cillations of the short-lived polaritonic states interact nonlinearly with an
incoherent reservoir of dark excitons. In this case, a cavity lifetime of
~164 fs was well resolved using the available temporal resolution. It thus
used a complementary, fully coherent polaritonic model. In the same
spirit, a broadband approximation is made in which it neglects the tempo-
ral overlap between successive pulses. Note that for waiting times com-
parable or longer than the excitation lifetimes, the predictions of the fully
coherent model regarding the absolute value of the signal intensity will
necessarily degrade due to the absence of dark states. In other terms, in
this theory populations and coherences have the same lifetime.

As described in more detail in the Supporting Information, the pumped
system was described using the non-Hermitian, non-linear Hamiltonian
H=YH(q) + Y Hn.(g g, q"), where the first term models the lin-

q q'q/’q//

ear, lossy, and pump system, and the second the cubic nonlinear inter-
actions between cavity photons, TDBC excitons, and NK2707 excitons. It
could solve Hy (q) by writing the time evolution of the photon and exciton
fields under the effect of the external pump and their mutual interactions
and then injecting these into Hy, (q,9', q”) to calculate the induced third-
order polarization. Such simulations were performed in the broadband ap-
proximation, that is considering instantaneous pulses. This explains the
non-zero value of the pumped mode obtained at t, = 0. The linear param-
eters required for the simulations were determined from the experimen-
tal steady-state absorption spectrum of thin films containing each type of
J-aggregated dye (see Figure 1) with the frequencies and line widths of
the different modes obtained by fitting the coupled resonances. The non-
linear coefficients of the excitons have been calculated from the respec-
tive molecular densities using the Agranovich-Toshich transformation,[”>]
while the non-resonant non-linear coefficient of the photonic field, corre-
sponding to the transparent polystyrene spacer-layer, has been taken from
the literature.[”®] The dynamical evolution of the system could then be writ-
ten as a nonlinear wave equation coupling the cavity mode with the two
excitonic resonances, and analytically solved in the broadband limit for the
intensity of the photonic component which is proportional to the 2DES
measured signal. More explicit calculations, as well as the list of parame-
ters used are given in the Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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