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We embedded an all-hydrocarbon-based carbocation in a metallic microcavity that was tuned to resonance
with an electronic transition of the carbocation. The measured Rabi splitting was 41% of the excitation energy,
putting the system well into the ultrastrong coupling regime. Importantly, due to the intrinsic charge on the

carbocation, the polaritons that form carry a significant charge fraction (0.55 ¢;) and a large charge-to-mass
ratio (~2400 ey /my). Moreover, the ground state of the ultrastrongly coupled system is calculated to carry about
1% of one elementary charge. These unique properties of our system, together with its convenient preparation,
provide a practical platform to study charged polaritons in the ultrastrong coupling regime.

DOI: 10.1103/PhysRevResearch.4.023016

I. INTRODUCTION

Exciton-polaritons are hybrid light-matter quasiparticles
formed when the electronic excitation in “matter” is strongly
coupled to a resonant electromagnetic field. To reach the
strong coupling regime, the coupling strength (i.e., half the
Rabi splitting 7€2), which quantifies the light-matter coupling
strength, must be larger than the overall dissipation of the
system. When the coupling strength is further increased and
approaches a significant fraction (=10%) of the bare energy of
the excitation (E,), the system enters the so-called ultrastrong
coupling (USC) regime [1-3]. In this regime, not only the
excited state of the system, but also the ground state acquires
photonic and excitonic contributions [1-4]. This change is
due to the antiresonant contribution in the interaction, which
is usually ignored in standard strongly coupled systems, and
leads to a renormalization of the electromagnetic field [5-7].
Theoretical investigations show that the virtual photons in the
ground state can be released by nonadiabatic manipulation of
the coupling strength [8—16]. The new hybrid ground state
may have modified attributes including ground-state chemical
reactivity [17], ground-state electroluminescence [18], and
electrical conductivity and optoelectrical properties [19,20].

The USC regime has been reached in several systems,
including inorganic quantum well intersubband microcavi-
ties [21], superconducting circuits [22], organic molecules in
metallic microcavities [23], plasmonic nanoparticles [24], etc.
(a detailed list of systems can be found in Ref. [1]). Most
of these systems demand precise fabrication or cryogenic
conditions, which is challenging. More diverse and readily
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prepared systems are therefore needed in order to explore the
new phenomena predicted in the USC regime and to move
towards practical applications [25].

In this paper, we show how trions can be used to reach
USC in a system that only requires relatively simple prepara-
tion. Trions are excitons containing an extra hole or electron.
When trions are strongly coupled to cavity photons, the newly
formed polaritons are expected to carry a fraction of a net
charge [26,27]. Trions therefore enable direct manipulation
of the polariton behavior with external electrical or magnetic
fields. Furthermore, charged polaritons have a strong interac-
tion among each other because of Coulomb interaction and
therefore constitute a promising platform to observe nonlinear
phenomena [28].

Trions are generally unstable and can easily decompose
into an exciton and a free charge at room temperature.
Charged polaritons were therefore first achieved in inorganic
quantum wells inside a microcavity at liquid-helium temper-
atures [26,27]. It should be noted that the formation of trion
polaritons did not affect the transport of charges in these sys-
tems. This can be explained because as the polariton oscillates
between light and matter, the charge remains fixed in posi-
tion. Later trions were realized by strongly coupling trions in
electrically doped semiconducting single-walled carbon nan-
otubes to cavity photons [29]. However, the energy of trions
in both inorganic quantum wells and nanotubes lies close to
that of the neutral exciton. The formed charged polaritons are
therefore always strongly admixed with the neutral exciton,
making it challenging to study their intrinsic properties. For
molecular systems, charged polaritons were recently reported
by strongly coupling the electronic transition of hole-doped
organic semiconductors in planar microcavities [30,31]. Here,
an increase in photocurrent was observed and explained by
an increase in the yield of dissociating Coulombically bound
holes from their counterions. The coupled transition arises
from electronic excitation from the lower-lying orbitals to
the partially vacant highest occupied molecular orbital of
the hole-doped molecules. This method establishes a path
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FIG. 1. (a) Conventional doping using an electron transfer reac-
tion from a donor to an acceptor molecule. (b) Protonation using
trifluoroacetic acid (TFA) followed by water elimination leading to
the tris(10-mesitylanthr-9-yl)methyl cation (TAntM).

to achieve charged polaritons in molecules and opens the
possibility to electrically tune polariton properties in organic
semiconductors, although the doping ratio was not unity
(30 wt %) and the highest possible collective coupling
strength was therefore not achieved.

Here, we demonstrate room-temperature stable charged
polaritons in the USC regime by strongly coupling the elec-
tronic transition of a carbocation to the optical field in a
metallic Fabry-Pérot cavity. The carbocation carries an intrin-
sic net charge without extrinsic doping and can be regarded as
a*“100% doped” system. The obtained Rabi splitting can reach
as high as ~0.50 eV, amounting to 41% of the corresponding
exciton energy (1.22 eV), which puts the system well into the
USC regime. The charge-to-mass ratio of the lower polaritonic
state is estimated to be three orders of magnitude higher than
that of an electron. More importantly, the ground state of the
system carries a net charge of 0.01 e attributed to the effect of
the USC. These unique properties of our system, together with
its simple preparation, provide a practical platform to study
charged polaritons in the USC regime.

II. PHOTOPHYSICS OF THE CARBOCATION

In conventional chemical doping [Fig. 1(a)], an electron-
transfer reaction occurs between the donor and acceptor
molecules. In our system [Fig. 1(b)], the TAntM -cation
[tris(10-mesitylanthr-9-yl)methyl cation] was obtained by a
two-step reaction: a proton transfer from trifluoroacetic acid
(TFA) followed by an H,O elimination reaction [32]. This
two-step reaction is irreversible as H,O is evaporated and
the formed carbocation is therefore more stable than charged
molecules formed by an electron-transfer reaction in the con-
ventional doping method. Moreover, the formed carbocation,
which usually is a chemically highly unstable species, is pro-
tected from nucleophilic attacks by the steric hindrance of the
three surrounding bulky mesityl-substituted anthryl groups.
These two effects result in unusually high stability for such
an exotic molecule, allowing it to be handled under ambient
conditions and solution processed into films.

The positive charge on TAntM is central to its photophysi-
cal properties. Firstly, the single-crystal x-ray structure of the
molecule shows that the central carbon forms in-plane bonds
having binding angles of 120° to the three bulky mesityl-
substituted anthracene moieties [32]. Thus the central carbon
is confirmed to be sp?> hybridized [Fig. 2(a)]. Based on the
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FIG. 2. (a) Top view of the crystal structure of TAntM showing
the 120° binding angle of the central carbon. (b) Relative charge
density map calculated by density functional theory showing atoms
with partially positive charge as green and partially negative charge
as red. (c) Absorption and emission of TAntM in TFA solution and
the absorption of a spin-coated film of TAntM.

electrostatic potential surface of the molecule calculated using
density functional theory [Fig. 2(b)], the central carbon carries
a fraction of a positive charge. In addition, other carbons
in the molecule have a fractional positive charge (although
smaller in comparison). These carbons can all be predicted
from resonance structures of the Lewis structure in Fig. 1(b).
The positive charge can therefore be considered somewhat de-
localized over a considerable part of the molecule, increasing
the chemical stability.

The characteristic feature of the absorption spectrum of
the carbocation is an intense, broad band in the near-infrared
regime [Amax = 990 nm; Fig. 2(c)], with a peak molar ab-
sorption of ~3.7 x 10* M~ cm™!. This absorption band was
assigned to the lowest-energy electronic transition (S < So),
due to its mirror-image relationship to the emission spectrum.
Emission was weak, close to the detection limit of the spec-
trofluorometer used in solution and undetectable in the solid
state. Furthermore, time-dependent density-functional-theory
calculations have previously predicted this transition to be, to
a high degree, the result of a transition from the degenerate
highest occupied molecular orbitals (HOMO and HOMO-1)
to the lowest unoccupied molecular orbital (LUMO) [32]. The
LUMO of the molecule contains the empty p orbital of the
positive central carbon, while the HOMOs were located on
the surrounding anthracene moieties.

It is interesting to linger on the reason for the very low
energy transition of the molecule, considering the small size
of the aromatic network. The energy of the LUMO orbital is
as low as —5.81 eV, a value comparable to the energy of the
HOMO of many organic chromophores [32]. The reason for
this low energy should be the empty p orbital on the central
carbon, and the reason why a molecule having such a high
electron affinity can be stable at all should be the bulkiness
of the anthracene units that protects the central carbon from
nucleophilic attacks. The anthracene bulk physically protects
the p orbital of the central carbon, resulting in increased
stability kinetically, and provides an energetic penalty for the
central carbon to adopt a tetrahedral geometry resulting in in-
creased stability thermodynamically. This class of dye, having
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FIG. 3. (a) The cavity structure: 22 nm Au/270-300 nm TAntM
film/22 nm Au. (b) The absorption of a carbocation film outside
(blue dashed line) and inside the cavity (orange solid line). (c) The
angular dispersion of the transmission spectra of a carbocation cavity.
The purple solid lines are polaritonic branches obtained by fitting
with the full Hopfield Hamiltonian, and the white and orange dashed
lines are the exciton (E,) and cavity (E., ) energies, respectively. LP
and UP, lower and upper polariton, respectively.

an empty carbon p orbital, contains a positive charge on the
LUMO and may furthermore even represent a direction to-
wards closed-shell organic dyes having electronic transitions
approaching vibrational energies. In summary, the molecular
exciton formed can be regarded as a positive trion: one exciton
bound to a positive charge. When this trion is strongly coupled
to a cavity photon, the polaritons formed will therefore carry
a fraction of the net charge.

Thin films of the carbocation were readily prepared by the
spin-coating method. The envelope of absorption of the films
was retained from the one in solution [Fig. 2(c)], suggesting
that intermolecular interactions are weak. This point is im-
portant in the following discussion of the photophysics within
the strong coupling regime, since it shows that each excited
molecule can be regarded as an individual exciton. The peak
absorption coefficient & of the film is 1.05 x 10° cm~!. Based
on the absorption cross section o = 6.14 x 107! cm? derived
from the molar absorption coefficient in solution, the charge
density of the cation film is on the order of 10?! cm™3, one
order of magnitude higher than the density (10%° cm™) in
a previous report using extrinsic doping by coevaporation of
matrix and dopant molecules [30]. As the coupling strength
is proportional to the square root of the exciton density [33],
this high concentration indicates that the carbocation can be
expected to achieve a much larger coupling strength and has
the potential to reach the USC regime.

III. THE ULTRASTRONG COUPLING REGIME

To explore the (ultra)strong coupling regime, three metallic
Fabry-Pérot cavities containing a carbocation film with vari-
able thickness were fabricated (the data from one are shown
in the main text, and the data from the other two are shown
in Appendix B). The active film was readily prepared by
the spin-coating method (details in Appendix B). The cavity
structure is shown in Fig. 3(a). The active layer did not contain
any polymer matrix, which otherwise is commonly used in the

field. It therefore allowed the highest concentration possible
and thus the largest collective light-matter coupling strength
achievable using this molecule. A typical absorption spectrum
of the cavity is shown in Fig. 3(b). The single absorption
band of the bare film centered at 1.22 eV is replaced by two
polaritonic branches centered at 1.02 and 1.52 eV.

On resonance, the energy difference between the two po-
laritonic branches is about 0.5 eV, amounting to 41% of the
bare exciton energy (1.22 eV). This implies that the system is
in the USC regime. In this regime, the rotating-wave approx-
imation is not valid and the system should be treated using
the full Hopfield Hamiltonian Hy,p, where the antiresonant
and diamagnetic terms should be included (see Ref. [1] for
details).

The polaritonic energies £ are described analytically by
the eigenvalues of Hygp,, which can be obtained by solving the
quadratic equation [19]

(EZ, — E*)(E} — E?) = (hQ)’EL,,, 6))

cav

where E, and E.,, are the energies of the bare exciton and
cavity, respectively. Figure 3(c) displays the angle-resolved
transmission [transverse electric (TE) mode]. The polaritons
show an angular dispersive behavior, and a clear anticrossing
feature is observed close to the exciton energy of the carbo-
cation. By fitting the angular data to the results from the full
Hopfield Hamiltonian, the obtained Rabi splitting is 0.50 eV,
which leads to a normalized coupling strength n = hQ2/2E,
of 0.2. Thus it confirms that the system is well into the USC
regime. Notably, in the resonant case, the full treatment leads
to an asymmetric anticrossing in which the polaritonic ener-
gies follow [19,34]

n2\?
Eupjip = ,|EZ + - +

h<2 )
7 @)
due to a combined effect of the antiresonant and diamagnetic
terms. The energy of the lower polariton lies closer to the
exciton energy at resonance (E, = E,,) and becomes more
matterlike compared with the case for the strong coupling
regime [Fig. 3(c)]. This anomalous effect is proportional to
the normalized coupling strength 1 and becomes significant
in the USC regime [2].

Another important feature of the USC regime is the ap-
pearance of a band gap of forbidden polariton energies, where
no solution to Eq. (1) will fall [19,35-37]. The forbidden fre-
quencies correspond to destructive interference between the
electromagnetic field radiated by the electronic oscillations
and the bare microcavity photon field. As shown in Fig. 4(a),
the solid lines represent the polaritonic branches obtained
from the solution of Eq. (1). A polaritonic gap E, of 130 meV
is formed between the asymptotic lines of the upper and lower
polaritonic dispersions [E, = (hQ)z/ZEx]. The relative size
of the gap (E,/E,) is proportional to n* and therefore only
becomes significant in the USC regime. It can therefore also
be regarded as a signature of the USC regime [36] and has
been observed previously [19,35-37].
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FIG. 4. (a) Polariton energy as a function of cavity energy. The
solid lines are the simulated polariton dispersion, using the param-
eters obtained from the fit of the angular dispersive transmission
spectra in Figs. 3(c), 8, and 9 with Eq. (1). The shaded region
indicates the polariton gap. The blue, red, and green dots represent
the polariton energies at k = 0 of the three studied cavities. (b) The
photon and exciton ratios in the lower polariton (upper panel) and in
the ground state (lower panel).

IV. CHARGED POLARITON AND GROUND-STATE
MODIFICATIONS

Polaritons that are composed of charged excitons are ex-
pected to carry a net electric charge that is equal to the electron
charge e times the relative fraction of the charged exciton in
the polariton mode. For example, the effective charge of the
lower polariton is

€off,LP = €olaLp,ex|s (3)

where |osz,ex|2 is the exciton fraction of the lower polariton.
This effective value represents the probability of finding an
electron bound to the polariton. The charge-to-mass ratio
e/m is a key parameter for the transport behavior of charged
species under an electrical field. The polariton effective mass
is the weighted harmonic mean of the mass of its exciton and
photon components,

2
4 lowponl” @)

Meft, LP Mex Mph

2
1 _ |aLP,ex|

where mey and my,;, are the effective exciton and cavity-photon
mass, respectively. As myp, < mex, the effective polariton
mass therefore mainly depends on the mass of the cavity
photon, which is on the order of 10~* times the bare electron
mass mg [38]. Due to this low effective mass, the charged
polaritons therefore possess a much larger charge-to-mass
ratio than typical charge carriers in organic semiconductors.
In a previous report on a charged inorganic polariton [27],
the charge-to-mass ratio of polaritons was shown to be or-
ders of magnitude larger than that of the free electron, and
the enclosed theoretical calculations indicated a significantly
higher drift velocity for the charged polaritons. Similar en-
hanced effects for charge transport were also discussed for
trion-polaritons in semiconducting carbon nanotubes (CNTs)
[29]. The resulting charge-to-mass ratio in CNTs was about

200 times higher than that of an electron or hole. In our
system, the net charge of the polariton is higher than that in
inorganic or CNT systems, since the polaritonic states have
no contribution from any neutral excitons. At zero probing
angle (kj = 0), ecrp is about 0.55 ey, and the effective
charge-to-mass ratio eefr 1p/mesr,Lp Of the charged polariton
reaches a value of ~2400 ey/mg [mes Lp is calculated from
Eq. (4)]. Moreover, the charge fraction of polaritons can be
further increased by blue-detuning the cavity. The effective
mass of electrons in organic semiconductors is generally large
due to the strong localized charge and can reach as high as
25 times that of the bare electron mass [39]. Thus it is ex-
pected that charged polaritons will have several orders of
magnitude higher charge-carrier mobility than typical charges
in organic semiconductors. However, for organic electronics,
the charge transport most often occurs in the ground state.
Therefore the formation of polaritonic states will have no
obvious effect on the charge transport. This explains why
only little attention has been devoted towards enhanced charge
transport of organic semiconductors in the strong coupling
regime [40-43].

In the USC regime, the treatment of the system with the
full Hopfield Hamiltonian not only gives a more accurate
description of the dispersion relation but also indicates that
the ground state is a squeezed vacuum state, which contains
contributions from (virtual) photons and excitons. The ef-
fect of the photon contribution on the ground state was first
discussed by Ciuti et al. [2], who proposed the possibility
of extracting the virtual photons by modulating the coupling
strength, which is reminiscent of the dynamical Casimir ef-
fect [44]. Later, Cirio et al. showed that electroluminescence
can occur from the ground state in an ultrastrongly coupled
system [18,45].

Here, we want to emphasize the effect of the exciton con-
tribution on the polaritonic ground state. In our system, the
uncoupled ground state carries a full positive charge. In the
USC regime, the ground state will carry an additional certain
fraction of charge inherited from the exciton component. The
photon and exciton components in the lower polariton and
the ground state are shown in the upper and lower panels of
Fig. 4(b), respectively. In our red-detuned cavity, the energy
of the cavity moves closer to the exciton energy as the angle
increases and the LP becomes more excitonlike. However,
both the excitonic and photonic contributions to the ground
state decrease with increasing angle, a similar trend to that
in a previous report of an ultrastrongly coupled system by
Kéna-Cohen et al. [34]. At 0°, the exciton contribution to
the ground state of the system is about 1%. In this sense,
the ground state will carry a fractional charge of 0.01 ¢g. It
is up for discussion what the charge-to-mass ratio is for this
fractional charge, although we expect it to be quite small.
Of course, the ground state of the individual molecule is to
the largest degree unperturbed. It is worth noting that this
phenomenon only occurs when the charged polariton is in
the USC regime, in which the ground state has a contribution
from the charged excitons. Furthermore, how the fractional
charge of the ground state could be interpreted in any change
of eventual ground-state mass is open for discussion.
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V. CONCLUSION

We have demonstrated the formation of charged polaritons
in the USC regime at room temperature using a simple planar
metallic microcavity encapsulating a carbocation film. The
strategy using a transition from a lower-lying orbital to the
HOMO allowed for a very low exciton energy, resulting in the
normalized coupling strength reaching as high as 20%, putting
the system well into the USC regime. As a “100% doped”
film, the formed polaritons can contain a significant charge
fraction (0.55 e for the lower polariton) and a large charge-
to-mass ratio (~2400 ey/mg). Moreover, there is a reflection
of the excited state into the ground state in the USC regime,
allowing the ground state of the system to carry about 1% of
the elementary charge ey. It therefore implies the possibility of
enhanced ground-state charge transport of organic materials in
the USC regime through ground-state photoconductivity.
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APPENDIX A: SYNTHESIS

1. General

All starting materials were purchased from Sigma-Aldrich
and used without further purification. All moisture- and
oxygen-sensitive reactions were carried out using Schlenk
techniques in oven-dried glassware. Solvents used for

0]

n-BuLi, THF
—_—
-78°C
Br

TFA

moisture- and oxygen-sensitive reactions were dried using
an MBraun MB SPS-800 solvent purification system and, if
necessary, degassed by freeze-pump-thaw cycles and stored
over 4-A molecular sieves under argon atmosphere. Flash
chromatography was performed using a Teledyne CombiFlash
EZ Prep system and normal-phase silica. ' H nuclear magnetic
resonance (NMR) spectra were recorded on a Varian spec-
trometer at 400 MHz, J-coupling values are given in hertz,
and chemical shifts are given in parts per million using tetram-
ethylsilane, with 0.00 ppm as an internal standard.
The full synthesis scheme is shown in Fig. 5.

2. Synthesis of compound 3

2-bromomesitylene (425 mg, 2.12 mmol) was dissolved
in dry tetrahydrofuran (THF; 15 ml) and cooled at —78 °C;
then n-butyllithium (rn-BuLi; 1.6 M hexane solution, 1.3 ml,
0.62 mmol) was added dropwise to the stirring solution.
Compound 2 was prepared according to the literature pro-
cedure beforehand [32]. After stirring for 40 min at the
same temperature, a solution of compound 2 (425 mg, 0.53
mmol) in dry THF (15 ml) was added and stirred for 3.5 h
at room temperature. The reaction was monitored using
thin-layer chromatography (TLC) and finally quenched by
adding 5 ml water. The reaction mixture was extracted with
dichloromethane (2 x 50 ml) and then washed with brine
and dried over sodium sulfate. After removal of the solvent
in vacuo, the crude material was purified by column chro-
matography on silica gel using dichloromethane and hexane
as eluent to afford compound 3 (244 mg, 0.26 mmol, 53%) as
a deep orange solid. NMR spectroscopy (see Fig. 6 and values
below) values were in accordance with the literature [32].

Values of the 'H NMR [400 MHz, deuterated chloro-
form (CDClj)] spectra were as follows: § 9.07 (dd, 2H,
aromatic proton), 8.5d (dd, 2H, aromatic proton), 7.51-7.48

FIG. 5. Synthesis scheme. Here, r.t., room temperature.
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FIG. 6. '"H NMR spectra of the alcohol precursor used in the synthesis. See the text for extracted values.

(m, 2H, aromatic proton), 7.36—7.29 (m, 4H, aromatic proton),
7.27 (m, 4H, aromatic proton), 7.09—-6.98 (m, 10H, aromatic
proton), 6.90-6.60 (t + br, J = 7.6 Hz for t, 4H, aromatic
proton), 6.42 (t, J = 8.4 Hz, 2H, aromatic proton), 2.62 (s,
1H, OH), 2.44 (s, 6H), 2.28 (s, 3H), 1.73 (s, 6H), 1.57 (s, 6H).

3. Synthesis of tris(10-mesitylanthr-9-yl)methyl cation (4)

Compound 3 (30 mg) obtained in the previous step was
dissolved in 1 ml trifluoroacetic acid (TFA), and the solution
was stirred for 2 min. The solution turned deep red in color,
and the yield was quantitative, as evidenced by NMR spec-
troscopy (see Fig. 7), using TFA-d as the solvent.

Values of the '"H NMR (400 MHz, TFA-d) spectra were
as follows: § 8.28 (d, J = 9.2 Hz, 6H), 7.65 (d, / = 8.8 Hz,
6H), 7.28 (t,J = 7.4 Hz, 6H), 7.18 (s, 6H), 7.12 (m, 6H), 2.44
(s, 9H), 1.89 (s, 18H).

APPENDIX B: CAVITY FABRICATION AND
CHARACTERIZATION

Three dye-filled Fabry-Pérot cavities were manufactured.
Au mirrors of the Fabry-Pérot cavities were fabricated by
vacuum sputtering deposition (HEX, Korvus Technologies).
A semitransparent Au (~22 nm) film was sputtered on top

of a precleaned glass substrate as the bottom mirror. Com-
pound 3 (3.85 mg) was dissolved in trifluoroacetic acid
(100 wl) to form the TAntM cation solution before spin-
coating (1500 rpm) the film on the Au-covered substrates.
The thickness of the film was measured by a calibrated
KLA-Tencor Alpha-Step D-100 profilometer. The thicknesses
of the TAntM film in the three cavities were 270, 290, and
300 nm. A top Au mirror (~22 nm) was sputtered on the film
to complete the cavity. Steady-state absorption spectra were
measured using a standard spectrophotometer (Lambda 950,
PerkinElmer). The angle-resolved transmission spectra were
measured using the same spectrophotometer equipped with a
rotatable sample holder. The results from these measurements
are shown in Fig. 3(c) in the main text for the first cavity,
while the results for the second and third cavities are shown
in Figs. 8 and 9, respectively.

APPENDIX C: QUANTUM-MECHANICAL
CALCULATIONS

The Mulliken atomic charges were calculated using density
functional theory using the GAUSSIAN 16 program package
[46]. A ground-state energy calculation was performed us-
ing the geometry of the published crystal structure [32], the
functional m06, and the basis set 6-311G+.
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FIG. 8. The angular dispersion of the transmission spectra of
a second carbocation cavity. The purple solid lines are polaritonic
branches obtained by fitting with the full Hopfield Hamiltonian,
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cavity (E.,y) energies, respectively. At k = 0, the cavity energy is
1.07 eV, the detuning is —0.15 eV, and the fitted relative coupling
strength is 20%.
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FIG. 9. The angular dispersion of the transmission spectra of
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