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The strong coupling of a molecular electronic transition with a quantized
radiation field can result in modified photophysics compared to its uncoupled
counterparts. Often, such changes are attributed to kinetic factors, over-
looking the possible modifications to intermolecular interactions. The spin-
cast films of chlorin e6 trimethyl ester (Ce6T) show an excitonic coupling band
in absorption resulting from their ground-state intermolecular interactions
and subsequent excimer-like emission upon photoexcitation. Interestingly,
the electronic strong coupling (ESC) of the Ce6T Soret and Q-band suppresses
the intermolecular excitonic interactions that otherwise exist in the Ce6T thin
films and brings back the monomer-like emission characteristics. Our experi-
ment provides a unique tool to tune the molecular assembly without involving
chemical modifications. Our results suggest that ESC can induce modification

to the intermolecular interaction forces that hold together the molecular
assemblies in the ground state, which is a significant step toward under-
standing the fundamentals of polaritonic chemistry in detail.

Like the zero-point energy of a molecular vibrational mode, the elec-
tromagnetic field also has quantum (vacuum) fluctuations for its low-
est state'. Interestingly, the ubiquitous phenomenon of spontaneous
emission results from the interaction of matter with the electro-
magnetic vacuum states”. Since there can be an infinity of vacuum
states in a medium in a given frequency interval, one may overlook the
interaction of the former with the matter'. A Fabry-Perot cavity, for
instance, can confine the photons within the field boundary condi-
tions, changing the availability and enhancing the amplitude of radia-
tion modes®. The molecules inside such cavities can interact
collectively with the resonant cavity mode, resulting in a weak or
strong light-matter coupling regime®*°. The weak coupling modifies
emission intensities and decay rates and is known as the Purcell effect®
or sometimes as metal-enhanced emission'"?. The cavity and matter
exchange energy faster than dissipation in the strong coupling regime,
forming new hybrid light-matter states called the polaritonic states’”.
The half-light, half-matter characteristic of the polaritonic state

renders unique properties to the system compared to their uncoupled
counterparts®®. Besides the Fabry-Perot cavity, numerous other
architectures, such as plasmonic substrates, hole arrays, Bloch surface
waves, whispering gallery mode resonators, and dielectric meta-
surfaces, can confine electromagnetic radiation and achieve strong
coupling®®.

The collective electronic strong coupling (ESC), wherein the
electronic transition dipoles hybridize with the cavity modes, has been
achieved in many excitonic systems such as J-aggregates, quantum
wells, small organic dyes, and polymers® . It has resulted in modifying
many photo-induced processes such as photoisomerization™,
energy transfer”®, and photobleaching®?. Only a few
experiments®?** and theoretical studies®*” examined the effect of ESC
on the ground-state molecular properties, such as work function” and
free energy***°. While most of the reports on molecular photophysics
under ESC focused on kinetics, the impact of ESC on molecular
interaction and assembly is unexplored. On the other hand, multiple
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experiments have shown that collective vibrational strong coupling
(VSC) leads to changes in ground-state intermolecular interactions .
Here we use chlorin e6 trimethyl ester (Ce6T) as an example to
investigate the role of ESC on molecular self-assembly and to identify if
there are parallels between ESC and VSC. Our results show the sur-
prising observation that the ESC of the Q- and the Soret band of the
Ce6T alter the ground-state intermolecular interactions that otherwise
exist in films of Ce6T, providing completely different photophysical
properties to the Ce6T.

Results

Excimer-like emission from Ceé6T in thin films

The molecule Ce6T (structure schematically shown in Fig. 1A), which is
a derivative of chlorophyll-a*, is less likely to form complete H- or
J-aggregates without the metal center®. Electronic strong coupling
experiments typically require an absorbance of ca. 0.2 or higher for the
active material to facilitate the effective energy exchange®. Therefore,
ESC experiments often use a high molecular concentration to obtain
the required optical density, because the cavity path length must be
within a few hundred nm for effective field confinement. Accordingly,
we prepared a Ce6T film (16 wt%; 400 nm thickness) in a polystyrene
(PS) matrix by spin-coating the solution of Ce6T and PS in toluene. The
absorption spectrum of the non-cavity Ce6T film (Fig. 1B, solid curve)
retains the spectral features and the intensity ratio of the Soret
(405nm) and Q-band (668 nm) as in the solution (Fig. 1B, dotted
curve). It indicates the absence of an extended J-aggregate, as seen in
metal coordinated chlorin, where both the Soret and Q-band absor-
bance reduce significantly with the simultaneous formation of the
intense redshifted J-aggregate band®>*°. Interestingly, we notice a new
absorption band in the thin film, peaking at 727 nm. The band is
observable when the Ce6T amount is above one wt%, and its intensity
grows slightly upon increasing the concentration with a concomitant
redshift (Supplementary Fig. 1A, B), suggesting a coupling and
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delocalization of the transition dipole” *°. The appearance of the new
band indicates that spin coating leads to the preorganization and
assembly*® of the molecules in the films, albeit the metal center is
absent. We verified that the Ce6T assembly is not just due to the PS
matrix by preparing films in a non-aromatic polymer, poly(methyl
methacrylate) (Supplementary Fig. 2). Thus, the absorption band at
727 nm is due to the ground-state intermolecular interaction of Ce6T
in films, as observed earlier in related systems**,

The Ce6T molecules in toluene have negligible emission from the
S, state upon excitation of the Soret band. The fluorescence spectrum
is primarily a mirror image of the Q-band, with a maximum at 674 nm
and a broad tail (Fig. 1C, dotted curve), as reported*. The emission
bands have similar decay characteristics (Supplementary Fig. 3A, B)
and lifetime (5ns), confirming their identical origin. In contrast, the
thin film emission peak is at 740 nm, and its intensity is four times
larger than the band at 674 nm (Fig. 1C, solid curve). Unlike in solution,
the two emission bands differed in their decay rate and characteristics,
indicating the difference in their origin. The 674 nm emission band
decays immediately with a lifetime of 790 + 30 ps (Supplementary
Fig. 3C), whereas the 740 nm band forms with a mono-exponential rise
time of 200 +10 ps and decays in 1.1+ 0.1 ns (Supplementary Fig. 3D).
We attribute the sharp 674 nm emission to the Ce6T monomer, as in
solution, while the 740 nm emission could be from the newly formed
excited state species. The excitation spectrum of the thin film Ce6T
(Fig. 1D, solid curve), recorded at the emission tail (770 nm), matched
with the thin film absorption, indicating that the electronic excitations
responsible for the emission are the same as that of absorption. The
vibrationless emission, formation time, and long lifetime compared to
the 674 nm band thus suggest that the origin of the 740 nm emission
band is from an excimer-like state. We call it excimer-like”*° because it
shows the emission characteristics of an excimer, while we cannot
exclude their ground-state interactions as evidenced by the 727 nm
absorption peak. The preorganization and assembly of Ce6T
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Fig. 1| Spectroscopic characterization of self-assembled Ce6T. A The schematic illustration of the molecular structure of Ce6T. B The absorbance, C the emission
(Aex =450 nm), and (D) the excitation (Aey, = 770 nm) spectra of Ce6T molecules in toluene (0.01 mM; dotted curve) and in thin films (16 wt% in PS; solid curve).
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Fig. 2 | Electronic strong coupling of Ce6T Q-band. A The schematic illustration
of ESC in an Al/Ce6T/Al Fabry-Perot cavity. B The cavity transmittance spectrum
shows the splitting of the Ce6T Q-band (black dotted curve) under ESC and the
formation of the polaritonic states, P+ and P- (red-shaded curve). C The emission
spectrum of Ce6T (Aex =450 nm) under ESC (red curve) and in an off-resonance
cavity (black curve). D Angle-resolved white light reflectance plots of strongly
coupled Ce6T. The white solid curve shows the coupled oscillator fit of the
polaritonic states. The blue dotted curve corresponds to the dispersion of the
uncoupled cavity mode (hw,), and the blue solid line represents the Ce6T Q-band
energy (hw,,). E Angle-resolved emission plot of strongly coupled Ce6T. The white

Wavelength (nm)

solid curve shows the coupled oscillator fit of the polaritonic states. The black solid
and dashed lines show the monomer and the excimer-like emission maxima of the
non-cavity Ce6T, respectively. To measure the dispersion, we prepared Fabry-Perot
cavities using Ag mirrors. Additional spectral characterization of the Ag cavity is
given in Supplementary Fig. 4. F Schematic representation of the Al/PVA/Ce6T/
PVA/AI cavity. G The transmittance spectrum shows the splitting of the Ce6T
Q-band (black dotted curve) under ESC and the formation of the polaritonic states
(red-shaded curve) in an Al/PVA/Ce6T/PVA/AI cavity. H The emission spectra of
Ce6T in Al/PVA/Ce6T/PVA/AI cavities under ESC (red curve) and off-resonance
(black curve). The A, represents the excitation wavelength.

molecules in the thin film results in (i) the coupling of the transition
dipoles leading to the 727 nm absorption band and (ii) excimer-like
emission upon photoexcitation. Thus, the 727 nm band in the excita-
tion spectrum directly indicates the ground-state intermolecular
interactions in Ce6T films.

In ESC experiments, the J-aggregate absorption band is often
strongly coupled with the cavity modes®”. Planar molecules, such as
porphyrins and phthalocyanines in the absence of bulky substituents,
form extended aggregates in thin films, quenching the strong

absorption bands of isolated molecules*. Then, it is not apparent
whether the ESC of the monomer transition will affect the excitonic
interactions of the assembled state. In this regard, Ce6T in thin films is
different: the absorption characteristics of the isolated molecules are
primarily preserved, although a weak exciton coupling band exists due
to self-assembly during spin coating. The linear plot of the Q-band
absorbance against the varying concentration of Ce6T in the films
verifies the above argument (Supplementary Fig. 1C). Thus, Ce6T
presents a unique opportunity to probe the ground-state
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Fig. 3 | Modification of the excitation spectra and emission lifetime of Ce6T
under ESC. A The excitation spectrum of Ce6T under ESC in the Al/Ce6T/Al cavity
(red shaded curve) and in the Al/PVA/Ce6T/PVA/AI cavity (brown shaded curve).
The bottom two panels show the excitation spectrum of non-cavity Ce6T (blue-
shaded curve) compared to its absorption spectrum (blue-dotted curve). The
excitation spectra were recorded following the emission at 770 nm. B The emission
decay profile of the non-cavity Ce6T (blue spheres) and strongly coupled Ce6T in
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the Al/Ce6T/Al cavity (red open triangles) and in the Al/PVA/Ce6T/PVA/AI cavity
(brown open squares). The top panel represents the emission decay collected at
674 nm (non-cavity) and 690 nm (under ESC). The bottom panel corresponds to
the emission decay collected at 740 nm. The inset in the bottom panel is the zoom
of the decay profile, showing the presence and absence of rise time in non-cavity
and under ESC, respectively.

intermolecular interactions of the assembled state under the ESC of its
Q- and the Soret bands. While the chlorin family of molecules has been
the subject of ESC experiments in thin film*** and nanofluidic cavity*®,
features corresponding to excitonic interactions were not observed,
highlighting the importance of our molecule selection for the
present study.

Electronic strong coupling of the Ce6T Q-band

To explore the role of cavity ESC on the intermolecular interaction and
the emission from the excimer-like state, we strongly coupled the
intense Q-band of Ce6T (An.x=668nm; 1.85eV) by placing spin-
coated Ce6T films in a Fabry-Perot cavity made of Al or Ag mirrors of
25 nm thickness (see scheme in Fig. 2A). The concentration of the Ce6T
(16 wt% in PS) and film thickness (~400 nm) were optimized to strongly
couple the Q-band with the second (A) mode of the cavity. See Sup-
plementary Discussion. The two new peaks in the transmission spec-
trum at 642 nm (1.93 eV) and 696 nm (1.78 eV), corresponding to the
polaritonic states (P+ and P-), indicate the ESC of the Ce6T Q-band
(Fig. 2B, red-shaded curve). The angle-resolved reflectivity plot in
Fig. 2D shows the dispersion and the characteristic avoided crossing of
the polaritonic states. Further, we extracted the Rabi splitting energy
(hQg) from the experimental dispersion curves by fitting it using a
simple coupled oscillator model**%. The estimated 7AQgr from the
coupled oscillator model (150 meV) matched well with the transmis-
sion (150 meV) and the reflectivity (150 meV) data. The dispersion
features of the polaritonic states and the larger 7Qg (150 meV) than the
FWHM of the cavity mode (120 + 5meV) and the Q-band (60 meV)
confirm the ESC of the Ce6T Q-band.

We then analyzed the emission properties of the strongly coupled
Ce6T by exciting it at 450 nm. The Ce6T under ESC (Fig. 2C red curve)
shows an intense narrow emission (Amax =690 nm) and a weak emis-
sion band (A2« = 740 nm). The intense emission band disperses with
varying angles of incidence, indicating its polaritonic nature (Fig. 2E,

Supplementary Fig. 4). We attribute its origin to the emission from the
P- state. The emission dispersion is comparable to that observed for
strongly coupled chlorin e6 molecules in nanofluidic cavities*®. The
slight blue shift of the P- emission compared to the absorption has
been a feature in many experiments*®*°*!, The emission from the P+
state is rarely observed in molecular strong coupling at room tem-
perature due to the non-radiative decay to the lower energy
levels*****, Interestingly, the weak emission (Fig. 2E, Supplementary
Fig. 4) showed no dispersive characteristics, indicating a non-
polaritonic nature>*°. In the off-resonance (Fig. 2C, black curve), red-
detuned, and one-mirror cavities (Supplementary Figs. 5-7), the
emission spectra resemble the one in non-cavity, confirming that the
emission modification originates from the ESC of Q-bands.

To check whether the metal molecule interaction at the mirror-
dielectric interface influences the emission features, we prepared
cavities by including a poly (vinyl alcohol) (PVA) spacer, as schemati-
cally shown in Fig. 2F. We spin-cast the PVA layer (c.a. 15 nm) on top of
the bottom Al and separated it from the Ce6T-PS matrix. Similarly,
another layer of PVA (c.a. 15 nm) was deposited on top of the Ce6T-PS
film to prevent direct contact between the top Al and the Ce6T. We
maintained the cavity path length the same as earlier (400 nm) and
strongly coupled the Ce6T Q-band to the second mode of the cavity.
The observed Rabi splitting (Fig. 2G red shaded curve) in this Al/PVA/
Ce6T/PVA/AI cavity is 158 meV and larger than the uncoupled cavity
mode width (120 £ 5meV) and the Ce6T Q-band (60 meV), ensuring
the ESC. The emission characteristics (Fig. 2H) of the strongly coupled
cavity with a PVA spacer are similar to those of the spacerless (Al/Ce6T/
Al) cavities. Again, the off-resonance Al/PVA/Ce6T/PVA/Al cavity
emission was similar to that of the non-cavity (Supplementary Fig. 8C).
These experiments confirm that the observed changes in emission are
due to ESC and not due to any metal-Ce6T interactions.

Interestingly, we do not observe any apparent uncoupled mole-
cular emission in the monomer emission (674 nm) region in the
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Fig. 4 | Photophysics of Ce6T under weak and strong coupling regimes. A The
transmission spectra show changes in the Rabi splitting energy as a function of
Ce6T concentration (wt% of Ce6T in PS indicated in the figure). Changes in B the
emission (Aex =450 nm) and (C) the excitation (A¢,, =770 nm) spectra of Ce6T
under weak and strong coupling of the Q-band. The violet- and the red-shaded

curves correspond to the weak and strong coupling regimes, respectively. D The
emission lifetime of Ce6T under weak and strong coupling. The red spheres show
the lifetime of the cavity monomer-like emission (P- state under ESC), and the red
open diamonds represent the lifetime of the 740 nm band. The error bars corre-
spond to the standard deviation calculated from a minimum of three samples.

strongly coupled cavities. The field amplitude for a second-mode
cavity near the metal surface will be higher than a first-mode cavity,
and the maximum will be at 1/4th the total path length from either side
of the metal, with a node at half the cavity path length®. Since the Ce6T
molecules are spread across the cavity path length, except for the
~15nm at the metal interface in Al/PVA/Ce6T/PVA/Al cavities, it is
possible to have a fraction of uncoupled molecules emitting at the
respective non-cavity Ce6T emission regions. The intensity of the
674 nm emission in the non-cavity itself is low, so the emission from
the fraction of uncoupled molecules could be negligible compared to
the polaritonic emission. We also notice that, unlike the J-aggregates
under ESC***%%*%7 the emission spectrum of strongly coupled mole-
cules such as chlorin 6", BDAB”, and fluorescein® does not show
traces of uncoupled molecule emission. Meanwhile, the weak 740 nm
emission observed under ESC in the present case could be thought of
as originating from the fraction of uncoupled molecules in a first
assumption.

To understand the origin of the weak 740 nm emission band
under ESC, we recorded the excitation spectrum by collecting the
emission at 770 nm. The excitation spectrum in the top panel of Fig. 3A

corresponds to the strongly coupled Ce6T in the Al/Ce6T/Al cavity.
The spectrum exhibited peaks at P+ (648 nm) and P- (686 nm) posi-
tions and a weak transition at 612 nm, indicating that the non-dis-
persive, weak emission band (A.x=740nm) originates from the
excitation of the polaritonic states. The contribution of the P+ state to
the emission is relatively more significant than P-, as seen earlier in
other experiments**”, and suggests that excitation of the two polari-
tonic states can contribute differently to the observed emission. The
surprising and remarkable feature of the excitation spectrum under
ESC is the absence of the excitonic coupling peak at 727 nm, in contrast
to the absorption and excitation spectra of the non-cavity Ce6T
(Fig. 3A, blue dotted and shaded curve). The absence of the 727 nm
peak cannot be due to any instrumental limitation when measuring the
cavity, as we see the contribution of the weak 612 nm band towards the
740 nm emission, and it also rules out the possibility of a cavity filter
effect.

The excitation spectra of the strongly coupled Al/PVA/Ce6T/PVA/
Al cavity also showed peaks at P+ and P- positions and the remarkable
absence of the excitonic coupling band. Preparation of the Al/PVA/
Ce6T/PVA/Al cavities is challenging as there are hydrophilic-
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Fig. 5 | Modification of the Ce6T emission properties under the ESC of its
Soret band. A The cavity transmittance spectrum (red-shaded curve) shows the
splitting of the Ce6T Soret band (black dotted curve) and the formation of the
polaritonic states under ESC. B The emission spectrum of Ce6T under the ESC of
the Soret band (red curve) and in a non-cavity (black curve). The Ce6T-PS film
thickness is c.a. 100 nm for the ESC and non-cavity samples, and the excitation
wavelength is 440 nm. C The angle-resolved emission plot of Ce6T under the ESC
of the Soret band shows the non-dispersive emission and the absence of

polaritonic character. To measure the dispersion, we prepared Fabry-Perot cav-
ities using Ag mirrors. D The excitation spectra of the Soret band strongly cou-
pled Ce6T (red-shaded curve) and the non-cavity Ce6T (blue-shaded curve). We
recorded the excitation spectra following the emission at 770 nm. E Schematic
illustration of the excimer-like exciton formed between two interacting Ce6T
molecules in a non-cavity film upon spin coating (top panel). The bottom panel
shows the Ce6T molecules with suppressed intermolecular interaction

under ESC.

hydrophobic polymer interfaces. It sometimes leads to cavities with
broader modes (FWHM =180 +20 meV) than the typical width of Al/
Ce6T/Al cavity modes (120 +5meV). Even though former cavities
exhibit large splitting (<160 meV) as if under strong coupling, the
energy is smaller than the cavity mode width, hence not under ESC.
The excitation spectra of such cavities (Supplementary Fig. 8) match
the non-cavity, further confirming that the changes to the excitation
spectral character only happen under ESC of the Q-band of Ce6T.
These observations again prove that we are not observing any filter
effects or multiplication of bare molecule absorption and cavity
transmission®® in the excitation spectra. The excitation spectra of off-
resonance, far-red detuned, and one-mirror cavities were similar to
those of non-cavity (Supplementary Figs. 5-7). Hence, we confirm that
the observed changes in the excitation spectra originate from the ESC
of the Q-band of Ce6T. Since the 727 nm band is characteristic of the

excitonic interaction, its absence in the excitation spectrum suggests
that the intermolecular interaction is absent under ESC, despite the
assembly of the molecules in the spin-cast film. In other words, the
weak, non-dispersive 740 nm emission under ESC differs from the
excimer-like emission of non-cavity.

In Fig. 3B, we show the decay of the polaritonic and weak emission
bands of both Al/Ce6T/Al (red open triangles) and Al/PVA/Ce6T/PVA/
Al cavities (brown open squares) and compare them with non-cavity
(blue spheres). The emission decay was analyzed using the time-
correlated single photon counting (TCSPC) technique. The P- emission
decays nearly three times faster (220+20ps) than the monomer
emission of non-cavity Ce6T (790 + 30 ps; Fig. 3B top panel). Thus, ESC
creates an efficient pathway for the Ce6T molecules to emit through
the polaritonic state. The 740 nm band under ESC has a shorter life-
time (800 + 50 ps) and does not show the rise time compared to the
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non-cavity excimer-like emission (bottom panel inset in Fig. 3B). Since
an excimer is associated with a rise time*’, the absence of the formation
time under ESC indicates that the hybrid-light matter states suppress
the transition dipole interactions between Ce6T, preventing excimer-
like formation in the thin film. It further signifies that the character of
the 740 nm band under ESC differs from the non-cavity excimer-like
emission and is closer to the non-cavity monomer. It also indicates that
the fraction of uncoupled molecules or their contribution to the
emission is negligible in the strongly coupled samples. Once again, the
emission decay of the off-resonance, red-detuned, and the one-mirror
cavities was identical to that of non-cavity Ce6T molecules (Supple-
mentary Figs. 5-7), and the 740 nm emission under ESC originates
from a monomer-like excited state.

Comparison between weak and strong coupling

The weak coupling of light and matter can also modulate the emission
properties. However, the weak light-matter coupling typically modifies
the radiative decay and is not known to affect other molecular
properties®®. To check the effects of weak and strong coupling, we
varied the coupling strength by varying the concentration of the Ce6T
molecules, as the Rabi splitting energy varies with the square root of
the number of coupled molecules*. Since the Al/Ce6T/Al cavities
showed the same characteristics under ESC as that of Al/PVA/Ce6T/
PVA/AI, and the fabrication of the latter was challenging, we prepared
Al/Ce6T/Al cavities for the comparison between weak and strong
coupling. We varied the Ce6T concentration from 1wt% to 20 wt%
while maintaining the cavity path length as 400 nm. We recall that the
molar extinction coefficient of non-cavity Ce6T did not vary in the
concentration range of 1wt% to 20 wt% (Supplementary Fig. 1C). The
Rabi splitting energy observed for 10 wt% of Ce6T (128 + 5 meV), which
is larger than the FWHM of the cavity mode (120 +5meV) and the
Ce6T Q-band (60 meV), marks the onset of ESC in our experiments.
The red-shaded curves in Fig. 4A show the ESC regime, where the Ce6T
concentration is >=10wt%. For other lower Ce6T concentrations
(Fig. 4A, violet shaded curves), the splitting is less than the FWHM of
the cavity modes (120 + 5meV) and is in a weak coupling regime. The
plot of the Rabi splitting energy against the square root of Ce6T con-
centration also shows a distinct variation of slopes below and above
10 wt% of Ce6T, indicating a transition from weak to strong light-
matter coupling (Supplementary Fig. 9).

Interestingly, the monomer/polaritonic emission is more intense
than the 740 nm emission band in both weak and strong coupling
regimes (Fig. 4B). The cavity mode in the weak coupling regime almost
resonates with the Ce6T emission as the Stokes shift is only 6 nm.
Hence, the Purcell effect can enhance the monomer emission under
weak coupling*®. However, for 1 and 4 wt% Ce6T, the weak coupling has
less significance as the monomer emission dominates the excimer-like
even in non-cavity (Supplementary Fig. 10). In the ESC regime, the P-
emission peaks are =690 nm, which is 16 nm redshifted compared to
the monomer emission band. Therefore, the intense polaritonic emis-
sion is not just due to modifying the radiation mode density at the
emission wavelength. The excitation spectral response collected at 770
nm, far from the P- emission peak or cavity modes, conspicuously
distinguishes the effect of weak and strong coupling on Ce6T films. In
the weak coupling regime (Fig. 4C, violet shaded curves), the excitation
spectra consist of Q-bands and the excitonic coupling band at 727 nm,
as in non-cavity (Supplementary Fig. 10), and the primary excitation
responsible for the emission at 770 nm is the 668 nm Q-band. These
observations confirm that the weak coupling enhances the emission at
the monomeric region without affecting the intermolecular excitonic
interaction. Remarkably, under the ESC regime, the primary excitation
is through the polaritonic bands, and more interestingly, the 727 nm
excitonic coupling band is absent (Fig. 4C, red-shaded curves).

We then analyzed the emission decay in the weak and strong
coupling regime and compared it with the non-cavity. The emission

lifetime of the monomer and the excimer-like emission decreased
steadily in the weak coupling regime (Fig. 4D, red spheres and open
diamonds) and in non-cavity (Supplementary Fig. 12), indicative of the
enhanced intermolecular interaction with the increase in the con-
centration of Ce6T. In contrast, under ESC, the lifetime of the polari-
tonic state (220 + 20 ps) and the 740 nm band (850 + 70 ps) remained
nearly the same (Fig. 4D and Supplementary Fig. 13). The other
remarkable aspect is the presence (weak coupling) and the absence
(under ESC) of rise time in the emission decay of the 740 band,
showing its distinct character in the weak and strong light-matter
coupling regimes.

Photophysics of Ce6T under the ESC of Soret band
Ce6T possesses a strong absorption transition from S to S, state, often
known as the Soret band. The Soret and the Q-band share the same
electronic ground state. Therefore, the ESC of the Soret band could also
quench the ground-state excitonic interaction in Ce6T films. To check
the latter, we strongly coupled the Ce6T Soret band with the A/2 (first)
cavity mode, whose path length is ~100 nm. A 100 nm thick Ce6T non-
cavity film (25% by wt. in PS) showed an OD of 0.5 at 405 nm (Fig. 5A and
Supplementary Fig. 14). It maintained all the characteristic features,
including the excitonic coupling band at 727 nm, similar to the 400 nm
film. The intense excimer-like emission band (Fig. 5B, black curve) and
the presence of the 727 nm peak in the excitation spectrum (Fig. 5D,
blue shaded curve) confirmed the presence of the excitonic interac-
tions in the Ce6T non-cavity film. Under strong coupling conditions, the
Soret band splits to form the polaritonic peaks at 360 nm (P+) and
435 nm (P-), and the large Rabi splitting energy (600 meV) ensures the
ESC (cavity mode FWHM =520 meV, Soret band FWHM =445 meV).
The emission spectrum of the Soret band strongly coupled Ce6T
(Fig. 5B, red curve) showed an intense peak at 679 nm and a less pro-
minent band near the excimer-like emission region. The modified
emission of strongly coupled Ce6T compared to the non-cavity
(Fig. 5B, black curve) indicates that the ESC of the Soret band and the
Q-band of Ce6T impact the photophysics similarly. The transmission
spectrum of the Soret band coupled cavity (Fig. 5A, red shaded curve)
shows the absence of cavity modes in the emission region of Ce6T that
can provide a Purcell enhancement or even act as a filter. Thus, the
enhanced emission at the monomeric region offers unequivocal evi-
dence for suppressing the excimer-like state under ESC, which other-
wise exists in Ce6T non-cavity of similar thickness. We did not observe
considerable emission from the Soret band under ESC conditions,
suggesting a faster non-radiative transfer to the emissive Q-bands®.
The emission bands are non-dispersive (Fig. 5C), indicating the non-
polaritonic character. Interestingly, the excitation spectrum of the
Soret band coupled Ceé6T, recorded by collecting the emission at
770 nm, showed no trace of the excitonic coupling band (Fig. 5D, red
shaded curve) contrasting the non-cavity Ce6T (Fig. 5D, blue shaded
curve), again pointing to the suppressed intermolecular interaction
under ESC. The peaks in the P+ and the P- regions were visible in the
excitation spectrum when we collected the emission at 670 nm, which
facilitated the excitation from 360 nm (Supplementary Fig. 11B).
Additionally, we have analyzed 3\/2 mode cavities strongly coupled to
the Soret band of Ce6T (Supplementary Fig. 14). The results were
identical to those of the ESC with the A/2 mode cavity and showed that
the effect of ESC on the assembly of Ce6T is cavity mode independent.

Discussion

Our experiments reveal remarkable features of strongly coupled Ce6T:
(i) the modification of emission characteristics, (ii) the absence of the
727 nm excitonic coupling band, and (iii) the nearly constant emission
lifetime. We show that although both weak and strong coupling
changes the emission characteristics, the underlying mechanism of
action is distinctly different. The collective strong coupling suppresses
the ground-state excitonic interaction of Ce6T molecules, which
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otherwise exist in the preorganized thin film. It leads to the subsequent
quenching of an excimer-like state as schematically shown in Fig. 5E. The
enhanced monomer-like emission under the ESC of the Ce6T Soret band
in a A/2 cavity is direct evidence for the latter. However, it is difficult to
dissect the contribution of the Purcell factor in enhancing the emission
under the ESC of the Q-band. The invariant lifetime of polaritonic
emission in the ESC regime suggests that the onset of ESC modifies the
emission characteristics by establishing newer, or modifying the exist-
ing, intermolecular interaction factors. Our observation aligns with
recent theoretical studies®”, which show that the competition between
short-range intermolecular forces and photonic correlation under col-
lective strong coupling induces local changes to the transition density
and polarizability of the solvation shell. Interestingly, chlorin e6 (Ce6), a
nearly identical molecule to Ce6T, also showed the excitonic coupling
band and subsequent excimer-like emission (Supplementary Fig. 15).
Remarkably, the strong coupling of the Q-band transition of Ce6 resul-
ted in the suppression of the excimer-like emission, showing that the
effect of ESC on intermolecular interactions could hold for different
chlorin molecules of similar structures.

The nature of the 740 nm emission under the ESC of Ce6T Q-band
is intriguing. The non-dispersive character shows the non-polaritonic
nature of the emission®. The different lifetimes of the P- and 740 nm
emissions suggest they originate from distinct emissive states. A pos-
sibility is that the 740 nm emission arises from the excimer-like state in
accordance with the 727 nm absorption. Then, there can be fractional
population transfer from P+ to P- and subsequently to the lower-lying
emissive state. The excitation spectrum under ESC shows the presence
of P+ and P- bands. However, the excitonic coupling band at 727 nm is
absent, indicating that the excimer-like state is not responsible for the
emission at 740 nm. The absence of a rise time signifies that the
emission is not from the uncoupled molecules like in a non-cavity,
which involves a formation time of 200 ps. The other plausible origin
for the 740 nm emission under ESC is from the monomer-like dark
states®. These dark states are not uncoupled molecules, but collective
states generated under strong coupling®. Spectroscopically, the dark
state levels should be between the polaritonic state energy levels.
However, Scholes et al.?* show that the polaritonic states occupy above
the dark states in terms of free energy due to the lower entropy of the
former than the latter. It can allow the population to transfer from the
polaritonic states to the dark state, from which it can emit*. This sce-
nario correlates well with the non-dispersive character of the 740 nm
emission, the excitation spectrum, and the absence of rise time under
ESC. Therefore, the 740 nm emission band under ESC of the Ce6T
Q-band could be from monomer-like dark states, which get populated
through the polaritonic states. Thus, ESC suppresses the excimer-like
formation in Ce6T and Ce6, and the non-radiative channeling of the
excitation energy from the polaritonic states to the emissive molecular
states results in the non-dispersive monomer-like emission.

Interestingly, the experiments under VSC have also shown the
modification of the dispersion forces®, crystallization®®, and molecular
self-assembly”*., Together with the VSC studies®™, our finding that
the ESC can change the ground-state intermolecular interactions points
to the possibility that collective light-matter strong coupling can alter
the weak intermolecular interaction forces, and we argue that the mode
of action under VSC or ESC can be similar. Such modifications to the
inter- or intra-molecular interactions can indeed cause changes to the
phase transition®” and may open up new conducting pathways® ¢,

Methods

Cavity preparation

The polystyrene (PS, Mw=192,000), poly(methyl methacrylate)
(PMMA, Mw =120,000), poly (vinyl alcohol) (PVA, Mw = 89,000) were
purchased from Merck and used without further purification. Spec-
troscopy grade toluene was purchased from Sisco Research Labora-
tories (SRL), Hyderabad, India. Glass slides from CORNING were cut

into small pieces (1.5 cm x 1.5 cm), flushed with N, gas, and rinsed with
milli-Q water to remove dust particles. Subsequently, we cleaned it
using ultrasound cleaner (EIma; frequency 35 kHz) in a weakly alkaline
solution (0.5% Hellmanex in water), milli-Q water, and ethanol to get a
clean impurity-free surface and dried it in a hot air oven at 120 °C. We
used a benchtop sputtering tool (HHV Bangalore make, 90 W power,
150 mA current) to deposit the Al mirrors (25 nm thickness) on the
dried glass slides. We prepared the solution for spin coating the active
material by mixing 10 mg of Ce6T in 4 wt% PS solution (in 1.5mL
toluene) to obtain a 16 wt% Ce6T. Subsequently, we spin-coated the
Ce6T-PS solution to get a ~400 nm film on top of the Al or Ag-coated
glass slides using PLOS spincoater, Netherlands. The cavities were
completed by depositing the top metal layer (25 nm) above the spin-
coated Ce6T or Ce6 films. Further, we varied the film thickness to
achieve off-resonance and detuned cavities.

Absorption and emission spectra of cavities

The absorbance and transmission of the samples were measured using
a Shimadzu UV-Vis 2600 spectrophotometer in the range of
300-800 nm. We recorded the emission and excitation spectra in
front-face geometry using a Horiba Jobin Yvon-Spex Fluorolog-
3 spectrofluorometer. Reflection and TM polarized emission disper-
sion measurements of the strongly coupled cavities were performed
from 53 ° to +53 ° using a halogen lamp connected to an Eclipse Ti2
(Nikon) inverted microscope®. The reflected light was collected
through a 100x objective going through a Fourier lens to a spectro-
meter (SpectraPro HRS-300, Princeton Instruments) coupled to a
liquid nitrogen-cooled charge-coupled device (CCD) camera (Pylon
100Bx) for spectral acquisition.

Time-resolved emission measurements

We performed the time-correlated single photon counting (TCSPC)
measurements in our home-built spectrometer. A BBO crystal is
pumped at 900 nm (with 100 fs pulse width and 80 MHz repetition
rate, Ti-Sapphire Laser, Mai tai HP) to generate a second harmonic at
450 nm, which we have used for excitation. The excitation laser is
focused on the sample using a 10x long working distance objective
(with a numerical aperture of 0.26, Mitutoyo Plan Apo NIR Infinity
Corrected Objective) to a spot of 2.1 um diameter. The emission is
collected through the same objective, led to the Andor Kymera 328i
spectrometer, dispersed by a 300 lines/mm grating, and detected
using iDus 416 CCD. For TCSPC, the emission is passed through the
spectrometer (used as a monochromator to allow only a specific
emission wavelength) and focused on a single-photon avalanche diode
(Micro Photon Devices) equipped with a PicoHarp 300 (PicoQuant)
timing module. We have used a trigger diode (TDA 200, PicoQuant) to
generate the sync signal for the timing module.

The solution state fluorescence lifetimes were recorded with a
Horiba Jobin Yvon-IBH make TCSPC system. We excited the sample
using a 452 nm pulsed diode laser (NanoLED-450L; 1.2 ns pulse width,
repetition rate: 1MHz) and detected the emission using a micro-
channel plate detector. The IRF for this setup was 500 ps. The decay
curves were fitted using the IBH DAS6.3 software to determine the
fluorescence lifetime. The goodness of the fit was determined by a chi-
square value less than 1.1 and a standard deviation below +2.

Coupled oscillator fit

The interaction of the Q-band transition of the chlorin molecule with
the A mode of the Fabry-Perot cavity can be understood by the simple
coupled oscillator model*”*¢, Hamiltonian for a strong-coupling
interaction can be given as

H:<Ex—ith g ) M
g E, — iht,
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Where the £, is the energy of Q-band transition (1.85eV), ht, and hr,
are the homogenous linewidth of the Q-band and the -cavity,
respectively. g corresponds to the interaction of the electronic
transition with the cavity mode at the resonance condition. The
energy of the cavity is dispersive and is dependent on the background
refractive index (ng) as

E(0)=Eo(1— (sin®/ny)*)"? @

Ey is the energy of the cavity and n,z =1.58 for the polystyrene

matrix in TM polarization®®,

Data availability

The authors declare that data supporting the findings of this study are
available within the paper and its supplementary information
files. Source data are provided with this paper.
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