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Abstract:

The electronic strong coupling (ESC) of a molecular transition with cavity modes can result in
modified excited state photophysics compared to its uncoupled counterparts. Often, such
changes are attributed to kinetics effects, overlooking the possible modifications to ground-
state intermolecular interactions. The spin-coated films of Chlorin e6 trimethyl ester (Ce6T)
provide a platform for studying the role of ESC in dictating photophysics and intermolecular
interactions. The preorganization of Ce6T molecules in thin films facilitates intermolecular
excitonic interaction, leading to an intense excimer-like emission upon photoexcitation.
Interestingly, the ESC of the Ce6T Q-band results in modified luminescence characteristics,
where the polaritonic emission dominates over the excimer-like emission. Remarkably, our
steady-state, time-resolved emission and the excitation spectral analysis reveal that ESC
suppresses the ground-state intermolecular excitonic interactions that otherwise exist in the
preorganized Ce6T thin films. These findings will provide valuable insights into the
fundamentals of quantum light-matter interactions and coherent energy transport processes.

Main Text:

The electromagnetic field has zero-point energy for its vacuum state, often known as vacuum
fluctuations,*? similar to the zero-point energy of a vibrating molecule. The physical processes,
such as spontaneous emission, result from the interaction of matter with the vacuum fluctuation
of the electromagnetic field.® Since free space consists of an infinity of vacuum states, one may
overlook the interaction of vacuum fluctuations with the matter.* A photonic device, such as a

Fabry-Perot cavity, can confine the photons within the field boundary conditions, enhance the
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radiation mode density, and modify the availability.* A molecule inside such a cavity can
resonantly exchange energy with the light modes through photons. When the light-matter
energy exchange is faster than dissipation, it reaches the strong coupling regime and forms new
hybrid light-matter states called the polaritonic states (P+ and P-).> The half-light, half-matter
characteristic of the polaritonic state renders unique properties to the system compared to their

uncoupled counterparts.®’

The electronic strong coupling (ESC), or in other words, the hybridization of molecular
electronic transition dipoles and cavity modes, has resulted in the modification of
photoisomerization,® % transport,!*1* energy transfer,®>2! photobleaching,?>?® and ultrafast
polariton propagation.?*? However, only a few experiments?®2’ and theoretical?®3° studies
explored the effect of ESC on the ground-state molecular properties, such as work function?
and free energy.?’ Here, by studying the photophysical properties of a spin-coated film of
Chlorin e6 trimethyl ester (Ce6T) in non-cavity and under electronic strong coupling
conditions, we research the role of ESC in dictating the intermolecular interactions and its
effect on the ground and the excited state. The other open question we address here is whether
the physical property changes, such as modification to charge-transfer equilibrium3-*2 and self-
assembly33-35 observed under collective vibrational strong coupling (VSC), 3% have some
parallels under ESC. Our experiments show that the ESC of the Q-band of the Ce6T modifies
the ground state intermolecular interactions in Ce6T thin films, leading to the modification of

its emission characteristics.

The molecule chlorin e6 trimethyl ester is a derivative of chlorophyll-a without the metal
center,3 as schematically shown in Figure 1A. Such molecules without the metalation are less
likely to form large extended structures like complete H- or J-aggregates.*®*! Strong coupling
experiments typically require an absorbance of ca. 0.2 or higher for the active material to
facilitate the effective energy exchange between the material and cavity to form the polaritonic
states.>3® The required absorption is often achieved using a high molecule concentration since
the cavity path length must be restricted to a few hundred nm. Accordingly, we prepared a film
of Ce6T (400 nm thickness) by spin-coating the solution of Ce6T and polystyrene (PS) in
toluene. The absorption spectrum of the Ce6T (16 wt % in PS) film (Figure 1A, solid curve)
retains all the spectral features and the intensity ratio of the Soret (405 nm) and Q-bands (668
nm) as in the solution (0.01 mM in toluene; Figure 1A, dotted curve). It indicates the absence
of an extended J-aggregate formation as observed in metallated Chlorin, where both the Soret

and Q-bands absorbance reduce significantly to form an intense redshifted J-aggregate
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band.*'4? Interestingly, we notice a new absorption band in the thin film, peaking at 720 nm.
The band is observable when the Ce6T amount is above one wt %, and its intensity grows
slightly with a concomitant redshift upon increasing the concentration (Figure S1 A and B),
suggesting a coupling and delocalization of the transition dipole.*® It indicates that spin coating
leads to close packing and assembly of the molecules in the films, albeit the metal center is
absent. We verified that the peak is not due to the polystyrene matrix by preparing Ce6T films
in non-aromatic poly(methyl methacrylate) (Figure S1). Thus, the absorption at 720 nm is due

to the ground-state intermolecular interaction of Ce6T in films, as observed earlier in related

systems. 4346
A) Absorption B) Emission C) Excitation
- Solution 10 lSolution [ e Solution
‘é‘ 3.0} —Thin film Ce6T Y [—"Thinfimy, 2 gl\ —Thinfim
Q25 £ 0.8f P E L
= g 2 155
g 20t < o6l =
< 154 "? é‘ 1.0 H
8 - 2 04f 2
! £ £ o5} |
02 £ 05} :
R\ .,
ool et Ay 0.0 L e 0.0t LT —
300 400 500 600 700 800 600 650 700 750 800 400 500 600 700
Wavelength (nm) Wavelength (nm) Wavelength (nm)
D e E F
) { \\ﬁ ) ------- Non-cavity —_ ) 12 — Strongly coupled
N o 0.04 :..m751r0ngly coupled ds 10— Off-resonance
ot — o 004 e w2
12> states 3 s E osl
Pt —S, g 003t s 2
1> [P >——s, E g > 06f
Iﬁmc‘ i hw, @ 0.02} - T B o4l
10>—— P So o [Fb @ |5
Cavity Electronic = 0.011L & £ 02
resonances ———___levels ' = 0.0
C 600 650 700 750 600 650 700 750 800
S~ Wavelength (nm) Wavelength (nm)

Figure 1: (A) The absorption, (B) the emission (Lex = 450 nm), and (C) the excitation (Aem =
770 nm) spectra of Ce6T molecules in toluene (dotted curve) and in thin films (solid curve).
The inset in A shows the schematic structure of Ce6T. (D) The schematic illustration of ESC
in a Fabry-Perot cavity. (E) The transmittance spectrum (red solid curve with the shaded area)
shows the ESC of Ce6T in a Fabry-Perot cavity. P+ and P denote the polaritonic states. The
black dotted curve indicates the transmission spectrum of non-cavity Ce6T. (F) The emission
(Aex = 450 nm) spectrum of Ce6T under ESC (red curve) and in an off-resonance cavity (black
curve). The Lex and Aem represent the excitation and emission wavelength, respectively.

The Ce6T molecules in toluene show a fluorescence maximum at 674 nm and a shoulder at
720 nm (Figure 1B, dotted curve, Lex = 450 nm) with the same emission lifetime (5 ns; Figure
S2), confirming their identical origin. In contrast, the emission maximum in the thin film is at
740 nm, whose intensity is four times larger than the other emission peak at 674 nm (Figure

1B, solid curve). The 674 nm emission band decays immediately upon excitation with a
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lifetime of 790 + 30 ps. In contrast, the 740 nm band forms with a mono-exponential rise time
of 200+10 ps and decays in 1.1 + 0.1 ns. We attribute the 674 nm emission to the Ce6T
monomer. Further, we conducted the excitation spectral analysis to understand the origin of
the long-lived, intense, broad, vibrationless emission band. The excitation spectrum of the thin
film Ce6T, recorded by following the emission at the tail (770 nm) of the 740 nm band (Figure
1C, solid curve), matched with the thin film absorption spectrum, suggesting that the 740 nm
band could be arising from an excimer-like state.**4” We call the 740 nm emission excimer-
like, in line with the earlier reports,*3#34% because it shows the emission characteristics of a
conventional excimer, while we cannot exclude their ground-state interactions as evidenced by
the 720 nm peak. The spin coating ensures the proximity of Ce6T molecules in the thin film,
leading to preorganization and the coupling of transition dipoles, subsequently facilitating rapid
excimer-like state formation upon photoexcitation. This observation correlates with organized

perylene- and pyrene-based molecular systems.*347-50

The photophysical characteristics exhibited by Ce6T in thin films present a unique opportunity
to probe their ground-state intermolecular interactions under ESC. In typical ESC experiments,
the J-aggregate transition dipoles are often strongly coupled with the cavity modes.®> Then, it is
not apparent how the ESC of the monomer transition will affect the excitonic interactions of
the assembled state. In this regard, the Ce6T films are distinct, as the molecules are not in a
complete H- or J-aggregate form but in a preorganized state to give an observable excitonic
coupling band at 720 nm. It allows us to strongly couple the Q-band transition and follow the

effect of ESC on the excitonic interaction and the subsequent excimer-like state emission.

To explore the role of cavity ESC on the intermolecular interaction and the emission from an
excimer-like state, we strongly coupled the intense Q-band of Ce6T (Amax = 668 nm; 1.85 eV)
by placing spin-coated Ce6T films in a Fabry-Perot cavity made of two Al mirrors of 30 nm
thickness (See scheme in Figure 1D). The concentration of the Ce6T (16 wt% in PS) and film
thickness (400 nm) were optimized to strongly couple the Q-band with the cavity resonance
(second mode). See Supporting Information for details. The appearance of two new peaks
corresponding to the polaritonic states, P+ at 642 nm (1.78 eV) and P- at 696 nm (1.93 eV), in
the transmission spectrum indicates the ESC of the Q-band (Figure 1E, red shaded curve). The
larger Rabi splitting energy (150 meV) than the width of the cavity mode (120+5 meV) and the
Q-band (60 meV) confirms the ESC.*! We also prepared off-resonance and one-mirror (half)
cavities to the Q-band by varying the cavity path length to compare with the strongly coupled
Ce6T (Figure S3).
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We then analyzed the emission properties of the strongly coupled Ce6T by exciting at 450 nm.
The Ce6T under ESC (Figure 1F red curve) shows an intense narrow monomer-like (Amax =
690 nm) and a weak excimer-like emission band (Amax = 740 nm). The monomer-like emission
band disperses with varying angles of incidence, indicating its polaritonic nature (Figure S4),
and we attribute its origin to the P- state. The slight blue shift of the P- emission compared to
the absorption has been a feature in many experiments.>° In strongly coupled systems
consisting of molecules at room temperature, the emission from the P+ state is rarely observed
due to the nonradiative decay to the lower energy levels.>>® Interestingly, the excimer-like
emission (Figure S4) showed no dispersive characteristics, indicating a non-polaritonic
nature.>*% In the off-resonance (Figure 1F, black curve), detuned, and one-mirror cavities
(Figure S3), the emission spectra resemble the one in non-cavity, confirming that the emission

modification originates from the ESC of Q-bands.
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Figure 2: (A) The top panel shows the excitation spectrum of Ce6T under ESC (red shaded
curve; kem = 770 nm) and compares it with the transmittance spectrum under ESC (red dotted
curve). The bottom panel shows the excitation spectrum of non-cavity Ce6T (blue shaded
curve; Aem = 770 nm) compared to its absorption spectrum (blue dotted curve). (B) The
emission decay profile of Ce6T under ESC (red spheres; collected at 690 nm) and non-cavity
(blue spheres; recorded at 674 nm) upon excitation at 450 nm. (C) The emission decay profile
of Ce6T recorded at 740 nm, under ESC (red spheres) and in non-cavity (blue spheres). The
zoom of the decay profile in the inset shows the presence and absence of rise time in non-cavity
and under ESC, respectively.
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To better understand the origin of the weak excimer-like emission band under ESC, we
recorded the excitation spectrum by collecting the emission response at the red tail of the
emission band (770 nm). The excitation spectrum exhibited strong peaks at P+ (648 nm) and
P- (686 nm) positions and a weak transition at 612 nm (Figure 2A, top panel). It is surprising
that the excimer-like emission band under ESC with the non-polaritonic character originates
from the excitation of the polaritonic states. Interestingly, 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 polaritonic states can have different contributions to the
emission. The other remarkable feature of the excitation spectrum under ESC is the absence of
the excitonic coupling band at 720 nm, in contrast to the absorption and excitation spectra of
the non-cavity Ce6T (Figure 2A, blue dotted and shaded curve). The excitation spectra of the
off-resonance, detuned, and one-mirror cavities under the same experimental conditions
(Figure S5) were similar to that of non-cavity, confirming that the above observation is unique
to ESC. The absence of the 720 nm band in the excitation spectrum under ESC suggests that
the intermolecular interaction is either absent under ESC or does not contribute to the non-
dispersive emission at 740 nm, even though the molecules are preorganized in the film state.
The absence of the 720 nm peak is also not due to any instrumental limitation when measuring
the cavity, as we clearly see the weak contribution of the 612 nm band towards the 740 nm
emission, and it also rules out the possibility of a cavity filter effect. Thus, the excitation
spectral studies indicate that the weak, non-dispersive 740 nm emission under ESC differs from
the excimer-like emission of non-cavity. In other words, the 740 nm emission band under ESC

is not that of the Ce6T molecules forming excimer-like states.

Further, we analyzed the decay of the polaritonic and excimer-like emission bands under ESC.
The P- emission decays nearly three times faster (240 + 30 ps; red spheres, Figure 2B) than the
740 nm band under ESC (780 + 20 ps; red spheres, Figure 2C), and the monomer emission of
non-cavity Ce6T (790 + 30 ps; blue spheres, Figure 2B). The absence of the rise and the shorter
lifetime compared to the non-cavity excimer-like emission (1.1+ 0.1 ns; blue spheres, Figure
2C) further shows that the origin and the character of the 740 nm emission under ESC is
different from the excimer-like emission that could arise from uncoupled preorganized Ce6T
molecules. Interestingly, the decay characteristics of the 740 nm emission of the strongly
coupled Ce6T are closer to the non-cavity monomer. Once again, the emission decay of the
off-resonance, detuned, and one-mirror cavities was identical to that of non-cavity Ce6T

molecules (Figure S3). Thus, the time-resolved emission analysis shows that the ESC opens up
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an efficient ultrafast pathway for the Ce6T molecules to emit through the polaritonic state. In

contrast, the 740 nm emission under ESC originates from a monomer-like excited state.
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Figure 3: (A) The transmission spectra of the cavities show the changes in the Rabi splitting
energy as a function of the varying concentration of Ce6T (wt % of Ce6T in PS is indicated in
the figure). The violet-shaded curves are under the weak coupling regime, while the red-shaded
curves correspond to the ESC regime. Modulation of (B) the emission and (C) the excitation
spectra of Ce6T under weak coupling (violet-shaded curves) and under ESC (red-shaded
curves). The cavities were excited at 450 nm for emission measurements, and for the excitation
spectra recording, we collected the emission at 770 nm.

The weak coupling of light and matter can also modulate the emission properties. For instance,
a red detuned cavity with its mode (4w = 750 nm) in resonance with the Ce6T excimer-like
band enhances the latter (Figure S3). However, the presence of the 720 nm excitonic coupling
band in the excitation spectrum of the red-detuned cavity indicates that intermolecular
interactions in the weak and strong coupling regimes are different. Since the Rabi splitting
energy varies with the square root of the number of coupled molecules,® we prepared cavities
with varying concentrations of Ce6T to investigate the role of weak and strong coupling and
monitored the photophysics. We ranged the Ce6T concentration from 1 wt % to 20 wt % while
maintaining the cavity path length. Figure 3A shows that Ce6T reaches the ESC regime (red
curves) when the concentration is > 10 wt%. The Rabi splitting energy at 10 wt % of Ce6T
(128 £ 5 meV) is larger than the cavity mode width (120 + 5 meV) and the Q-band of Ce6T
(60 meV). For other lower Ce6T concentrations (Figure 3A, violet curves), the splitting is less
than the FWHM of the cavity modes (120 £+ 5 meV) and is, therefore, in a weak coupling

regime. The plot of the Rabi splitting energy against the square root of Ce6T concentration also
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shows a distinct variation of slopes below and above 10 wt % of Ce6T, indicating a transition

from weak to strong light-matter coupling (Figure S6).

Interestingly, the monomer/polaritonic emission is more intense in weak and strong coupling
regimes, as seen in Figure 3B. 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 in the weak coupling regime.>! However, for 1 and 4 wt % Ce6T, the
monomer emission dominates the excimer even in non-cavity (Figure S7); hence, the weak
coupling has less significance. 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
emission is not just due to modifying the radiation mode density at the emission wavelength.
We observe a weak redshifted emission band in all the concentration regimes. 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 (Figure 3C, violet shaded curves), the excitation spectra consist of all the
bands as in non-cavity (Q-bands and excitonic coupling band at 720 nm), and the primary
excitation responsible for the emission at 770 nm is the 668 nm Q-band. These observations
confirm that the weak coupling interactions only enhance the emission at the monomeric region
without affecting the intermolecular excitonic interaction. Remarkably, in the ESC regime, the
primary excitation is through the polaritonic bands, and more interestingly, the 720 nm
excitonic coupling band is absent (Figure 3C, red-shaded curves). Thus, the light-matter
hybridization under ESC modifies the formation of an excimer-like state by altering the
intermolecular interaction in the preorganized state. In all the curves, the P+ intensity is higher
than that of P-, suggesting that the two polaritonic states have different contributions toward
the 740 nm emission. It also indicates that direct excitation of the two polaritonic states may

not result in identical outcomes.>*5%57.61

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 (Figure 4 A, red spheres and open circles; Rabi
splitting energy < 120 meV) and in non-cavity (Figure S8), indicative of the enhanced
intermolecular interaction with the increase in the concentration of Ce6T. In contrast, under
ESC, the lifetime of the polaritonic state (240 + 30 ps) and the 740 nm band (850 £ 70 ps)
remained nearly the same (Figure 4A and S9). The other remarkable aspect was the presence

(weak coupling) and the absence (under ESC) of rise time in the emission decay (Aem = 740
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nm), showing the distinct character of the 740 nm emission in the weak and strong light-matter

coupling regimes.
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Figure 4: (A) The emission lifetime of Ce6T under ESC as a function of Rabi splitting energy.
The lifetime of the cavity monomer-like emission (P- state under ESC) is shown in red spheres,
and that of the 740 nm band is shown in red open circles. (B) Schematic illustration of the
excimer-like exciton formed in non-cavity Ce6T films upon spin coating (top panel) and the
non-interacting exciton polaritons under ESC (bottom panel).

Since an excimer formation is associated with a rise time,*’ it is clear that the emission at 740
nm in the weakly coupled samples arises from the excimer-like states. Therefore, it is
reasonable to say that the excitonic coupling band (720 nm) in the absorption and excitation
spectra of non-cavity is a signature of the ground-state intermolecular interactions in the
preorganized Ce6T films that facilitate the excimer-like state formation (Figure 4B, top panel).
Then, the absence of both the excitonic coupling band in the excitation spectrum and the rise
time at 740 nm under ESC reveals that the hybrid-light matter states suppress the transition
dipole interactions between Ce6T even in the concentrated thin film state, preventing the
excimer-like state formation as schematically shown in the bottom panel of Figure 4B. In
fluorescence quenching experiments, an invariant lifetime of the fluorophore typically suggests
a static quenching, in which the quencher forms a ground-state complex with the fluorophore.®
Drawing parallels, the hybrid light-matter states under ESC modify the properties of
preorganized Ce6T like a ground-state complex formation. On the other hand, the cavity-matter
interaction in the weak coupling regime could be regarded as parallel to dynamic quenching,
where the fluorophore interacts with the quencher in the excited state, decreasing the emission
lifetime.5® Therefore, the non-variant emission decay under ESC suggests that ESC modifies
the ground state before light excitation. Such modifications to the ground-state intermolecular

interaction may also result in Free energy changes, as observed earlier.?’
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Our experiments reveal remarkable features of strongly coupled Ce6T: (i) the modification of
emission characteristics, (ii) the absence of the 720 nm excitonic coupling band in the
excitation spectrum, and (iii) the invariant emission lifetime. We show that although both weak
and strong coupling changes the emission characteristics, the underlying mechanism of action
is distinctly different. The enhanced polaritonic emission under ESC is not just due to the
Purcell factor but is related to modifying the ground state intermolecular interaction under ESC.
The collective strong coupling of the Ce6T Q-band and cavity modes suppresses the ground-
state excitonic interaction of Ce6T molecules. It leads to the subsequent quenching of an
excimer-like state, which otherwise exists in the preorganized thin film. 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 existing intermolecular interaction
factors. Our observation aligns with recent theoretical studies?®%* that show that the
competition between short-range intermolecular forces and photonic correlation under
collective strong coupling induces local changes to the transition density and polarizability of
the solvation shell. Although VSC has been shown to modify the solvent polarity,®® dispersion
forces,? and self-assembly, 33353486 gurs is the first experiment, to our knowledge, to show that
ESC can change the ground-state intermolecular interactions. Thus, we argue that the mode of

action under collective vibrational or electronic strong coupling can be similar.

The nature of the 740 nm emission band under ESC is even more intriguing. The absence of
rise time indicates that it is not an uncoupled molecule emitting from the excimer-like state.
However, the non-dispersive character of the emission suggests that the emission does not arise
from the polaritonic states.*® It can be thought that the 740 nm emission is emerging from an
energy state below the P- in accordance with the 720 nm excitonic coupling band in absorption.
Then, there can be a cascade of population transfer from P+ to P- and subsequently to the
lower-lying emissive state. However, the excitation spectrum under ESC conspicuously shows
that the 740 nm emission is mainly due to the excitation of the polaritonic states, and the 720
nm band is absent. Therefore, the 740 nm emission under ESC could originate from the dark
states.3® Spectroscopically, the dark state levels should be between the polaritonic energy
levels. However, Scholes et al. show that entropy reordering can change the free energies of
polaritonic states, placing the dark state below the P+ and P- in terms of free energy, allowing
the population to transfer to the dark state, from which it can emit.*® This scenario correlates
well with the non-dispersive character of the 740 nm emission, the absence of rise time, the

excitation spectrum, and the lifetime studies under ESC. Thus, adopting Scholes et al.,*, the
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740 nm emission band under ESC corresponds to the emission of dark states, which gets

populated through the polaritonic states.

Our experiment under ESC, together with other VSC studies,*-3>¢>-7 points to the possibility
that collective light-matter strong coupling can alter the weak intermolecular interaction forces.
Such modifications to the inter- or intramolecular interactions can indeed cause changes to the
molecular organization®-* and alignment of magnetic spin,®® change the metal to insulator

transitions,* and may open up new conducting pathways.** 3
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