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ABSTRACT: The strong coupling of an IR-active molecular transition
with an optical mode of the cavity results in vibrational polaritons, which
opens a new way to control chemical reactivity via confined
electromagnetic fields of the cavity. In this study, we design a voltage-
tunable open microcavity and we show the formation of multiple
vibrational polaritons in methyl salicylate. A Rabi splitting and polariton
anticrossing behavior is observed when the cavity mode hybridizes with
the CO stretching vibration of methyl salicylate. Furthermore, the
proposed theoretical model based on coupled harmonic oscillators
reveals that the absorption of uncoupled molecules must also be
considered to model the experimental spectra properly and that simultaneous coupling of multiple molecular vibrations to the same
cavity mode has a significant influence on the transmission spectral profile.

■ INTRODUCTION
When molecules are placed within an optical microcavity, their
quantized transitions can exchange energy with the cavity
mode once the resonant condition is met.1,2 If the rate of
energy exchange is faster than the decay rates of both
constituents, the system enters the so-called strong coupling
(SC) regime.3 SC leads to the formation of hybrid light−
matter states called polaritons.4,5 Since this opens a way to
tune energy levels,6,7 SC has emerged as an intriguing platform
to actively control molecular and material properties.8−15 For
instance, strong coupling of electronic excited states with the
cavity mode has been used to modulate energy transfer,16

conductivity,17 Stokes shift,18 quantum yield of emission,19 and
work function.20 Recently, these ideas have been extended to a
novel field of vibrational strong coupling (VSC), where
chemical reactivity can be altered by the zero-point-energy
fluctuations of the optical mode of a cavity.21−23

VSC is attained when IR-active molecular vibrations
hybridize with the vacuum electric field of an IR microcavity.24

As a consequence, a vibrational transition splits into lower
(VP−) and higher (VP+) vibrational polaritons,25,26 separated
by the Rabi splitting energy (ℏΩR), which is illustrated in
Figure 1a. The splitting depends on the molecular transition
dipole moment (μ), the cavity electric field (Ecav) and the
concentration (C), ℏΩR ∝ μ·Ecav·√C.6,26 Vibrational polar-
itons have been observed from pure organic liquids,26 polymer
films,27−29 organometallic complexes dissolved in water,30 a
liquid crystal molecule,25 and different molecules simulta-
neously dissolved in solution.31 So far, VSC has been employed
to suppress32 or enhance33 the rate of chemical reactions and
even to alter reaction selectivity.34 Recently, Vergauwe et al.
showed the modification of the rate of an enzymatic hydrolysis

reaction under strong coupling involving the water vibra-
tions.35 An intriguing idea is to alter/control intramolecular
reactions to tailor the photophysics and/or excited state
reactivity of a molecule. Fascinating examples are molecules
exhibiting excited state intramolecular proton transfer, for
instance, methyl salicylate (MS)see Figure 1b for the
molecular structurewhich we selected as a model system for
our studies. It has been demonstrated for several proton/
hydrogen-transferring systems that different vibrational modes
contribute simultaneously to the tautomerization reaction
coordinate.36−38 One can therefore envision that knowing,
based on the type of experiments shown here together with the
appropriate modeling, which molecular modes couple to the
cavity modes and with what strengths, it would be possible to
find a cavity setting that would influence the reaction
coordinate more effectively than in the case of simple one-
to-one (single mode-to-mode) coupling. We believe that
coupling to multiple vibrational reaction coordinates may be
more effective in modulating the reaction than in the case of
single reaction coordinate coupling. Obviously, it is the excited
state vibration that affects the photoinduced processes. In
principle, our setup should allow looking for excited state
effects by monitoring changes caused by detuning the cavity
from the ground state coupling toward the excited state
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frequency. Thus, as a prelude to controlling photoinduced
tautomerization through VSC, we investigate here the
properties of MS in the strong coupling regime.
In most of the previous studies,26−31 VSC was typically

realized using a fixed thickness microcavity, for which the
resonant frequency is tuned by tilting the sample with respect
to the light propagation direction. However, in this work, we
made use of a voltage-tunable open Fabry−Peŕot microcavity
that can be brought into resonance with any vibrational
transition without moving and/or rotating the sample; thereby
it could be an important tool for the growing field of VSC.
Coupling of two vibrational frequencies from a single
molecular species with a cavity mode was first reported by
George et al.,26 while Menghrajani et al.39 recently
demonstrated the hybridization of three vibrational resonances
of a polymer film with the same cavity mode. Two other
papers29,40 discussed hybridized polaritons generated by
simultaneous strong coupling of the cavity mode with two or
more vibrational transitions in different organic materials. Yet
the work of Erwin et al.41 focused on the role of bulk
vibrations. They showed that the bulk molecular vibrations are
changed by interaction within the cavity, even though they are
not in dressed states. Here, we attempt to assess the
contributions from both, dressed and “dark” states by
comparing the experimental spectra with the simulations
carried out at various levels of theory. We show that multiple
vibrations from MS solution, even those seemingly off
resonant, can be simultaneously hybridized to the same cavity
mode. To examine the influence of this complex multimode
coupling behavior on the Rabi splitting, we develop a
theoretical model based on a damped harmonic oscillator.
We demonstrate that, for the proper simulation of the
experiment, the absorption of uncoupled molecular oscillators
has to be taken into account.

■ METHODS

Methyl salicylate (99%), methylcyclohexane (99%), and
benzonitrile (BN, 99%) were purchased from Sigma-Aldrich
and used without further purification. CaF2 windows (d = 25.0
mm, 5.0 mm thickness) were purchased from Crystran Ltd.,
while mirror mounts with piezoelectric control were purchased
from Thorlabs, Inc.

Open Microcavity Preparation. 42−49 The open Fabry−
Peŕot IR microcavity used in this work consists of two Au
mirrors, prepared on circular CaF2 windows (d = 25.0 mm, 5.0
mm thickness) by a high vacuum sputtering (Leica EM MED
020). The thickness of the Au film was controlled using a
quartz crystal balance as a reference during sputtering. We used
a minimum 10 nm Au thick layer to prepare a uniform film and
to avoid metal percolation and unwanted surface enhancement
effect. The open cavity structure is realized by mounting the
Au-coated CaF2 substrates onto a piezo-actuated kinematic
mirror mount (Thorlabs, KC1-PZ/M) and positioned a set
distance away from each other using a home-built cavity
holder. The optical path length of the cavity (Lop) and the
corresponding cavity modes were adjusted by applying a
voltage on a piezoelectric element of the upper mirror holder
(Figure 1c). The whole cavity assembly was situated in the
sample compartment of a Fourier transform infrared (FTIR)
spectrometer (Bruker VERTEX 70) to perform the trans-
mission measurements. Our cavity structure enabled us to
decrease the Lop of the cavity down to 4−5 μm, with a free
spectral range (FRS) of about 1000 cm−1. Drops of methyl
salicylate in methylcyclohexane with an appropriate concen-
tration were deposited onto the edges of the CaF2 windows
with the use of a micropipet until the entire microcavity was
filled through capillary action.

Optical Measurements. All transmission spectra were
recorded with the FTIR spectrometer (Bruker VERTEX 70).

Figure 1. (a) Schematic illustration of the strong coupling effect between a vibrational transition (v = 0 → v = 1) and an optical microcavity mode
(n = 0 → n = 1). When the vibrational frequency of a molecular transition (ωm) matches the resonant frequency of a cavity mode (ωc), the two
states hybridize and split into two new states: lower (VP−) and upper (VP+) vibrational polaritons, separated by the Rabi splitting (ℏΩR). (b)
Molecular structure of benzonitrile and methyl salicylate. (c) Schematic illustration of the Fabry−Peŕot type open microcavity structure used to
couple liquid phase samples. (d) Transmission spectrum of an empty microcavity, as a function of voltage applied to a piezoelectric element of the
mirror holder.
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Spectra were measured with a resolution of 0.5 cm−1 and
averaged over 50 subsequent scans. MS solutions (0.05, 0.5, 5,
15, and 25% v/v) were prepared by dissolving MS in
methylcyclohexane. The free space transmission spectra of
neat MS and neat BN were obtained by injecting the liquid
between two uncoated CaF2 windows. Prior to vibrational
strong coupling experiments, the quality of an empty cavity
was verified by measuring its transmission spectrum. Then the
cavity was filled with a solution and a voltage applied to the
piezo element was adjusted in order to tune the cavity mode
toward the molecular mode under study.
Theoretical Description by Coupled Oscillators. In

order to theoretically describe VSC, we used up to four
coupled damped harmonic oscillators; one oscillator is used to
model the cavity mode and the other three oscillators are used
to model the three different molecular vibrations coupling to
the same cavity mode. The four equations of motion of such a
coupled oscillator system can be written as follows:50,51

γ ω κ κ κ̈ + ̇ + + + +

=

x t x t x t x t x t x t( ) ( ) ( ) ( ) ( ) ( )

0

1 1 1 1
2

1 2 2 3 3 4 4

(1)

γ ω κ̈ + ̇ + + =x t x t x t x t( ) ( ) ( ) ( ) 02 2 2 2
2

2 2 1 (2)

γ ω κ̈ + ̇ + + =x t x t x t x t( ) ( ) ( ) ( ) 03 3 3 3
2

3 3 1 (3)

γ ω κ̈ + ̇ + + =x t x t x t x t( ) ( ) ( ) ( ) 04 4 4 4
2

4 4 1 (4)

with the damping constants γ1, γ2, γ3, and γ4, resonance
frequencies ω1, ω2, ω3, and ω4, and coupling constants κ2, κ3,
and κ4. Equation 1 is used to describe the cavity mode and is
coupled to eqs 2−4 via the terms proportional to κ, which
allows a coherent energy exchange between the cavity mode

x1(t) and the vibrations x2−4(t). We solved these coupled
differential equations numerically to obtain the time evolution
of the amplitudes x1−4(t), and their Fourier transforms yielded
the corresponding spectrum. Especially interesting is the time
evolution of the cavity mode x1(t), since it corresponds to the
transmission spectrum of the coupled system and can be
measured experimentally. This calculated transmission spec-
trum can be fitted to the experimental data and different
scenarios can be evaluated, which are shown in Figure 4. The
parameters used to simulate the spectra shown in Figures 3 and
4 are given in Table S2 for benzonitrile and in Tables S3 and
S4 for MS.

■ RESULTS AND DISCUSSION
The design of the piezo-based tunable Fabry−Peŕot open
microcavity is presented in Figure 1c.42−49 In a nutshell, the
cavity consists of two Au-coated CaF2 windows (see Methods).
The two mirrors are mounted into mirror holders, and the
optical path length (Lop) of the cavity is tuned by applying a
voltage to the piezoelectric stacks integrated in one of the
mirror mounts. The exemplary transmission spectra of an
empty microcavity as a function of applied voltage are shown
in Figure 1d. For each voltage increment (1 V), 5 cm−1 shift of
the resonant frequency is observed. A typical Q-factor of 70−
100 was achieved and the optical path length was varied (Lop ∼
12−30 μm) depending on the concentration of the sample,
yielding the free spectral range (FSR) in the range 200−400
cm−1. The microcavity employed in this work has the
advantage that the parallelism of the cavity mirrors can still
be controlled after assembly, along with a nearly unlimited
tuning range, and can be used for coupling of the cavity mode
with essentially any molecular vibration in the mid-infrared
region, at normal incidence. This makes our cavity setting a

Figure 2. (a) FTIR transmission spectrum of 15% v/v MS dissolved in methylcyclohexane (black curve). Transmission spectrum of a microcavity
filled with MS solution: on (red) and off (green) resonance, respectively. (b) Concentration dependence of the Rabi splitting of the CO
stretching mode of MS. Experimental and calculated data are shown in red circles and black crosses, respectively, and are obtained from the spectral
separation of the VP− and VP+. The solid red and black lines are linear fits to the experimental and theoretical data, respectively. The dotted line
indicates the transition between the weak and strong coupling regimes. The calculated results are taking into account simultaneous coupling of
three vibrations to the same cavity mode. (c, d) Dispersion plots for CO (c) and CC (d) vibrations of MS (5% v/v) coupled to a microcavity.
Dots indicate maxima of the intensity of polaritonic peaks. Solid red lines indicate resonant frequencies of the cavity and CO and CC
stretching modes, while black dashed lines indicate the cavity mode tuning, highlighting the anticrossing character of the dispersion plot.
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versatile device for VSC controlled chemical kinetics
studies.34,35

The FTIR spectrum of MS diluted in methylcyclohexane is
shown in black in Figure 2a. It exhibits an intense CO
stretching frequency at 1685 cm−1. The vibrational frequency
of free aromatic CO ester resides usually between 1735 and
1750 cm−1.52 In MS hydrogen bonding leads to a red shift of
the CO stretching frequency, which is consistent with values
reported in the literature.53,54 The bands observed at 1585 and
1616 cm−1 in the FTIR spectrum of MS arise from CC
vibrational stretching modes of the phenyl moiety.55

In order to create the vibrational polaritonic states in MS,
the cavity was tuned toward the CO vibrational band. On
resonance, two new transitions, at 1650 and 1710 cm−1, are
observed in the transmission spectrum of the coupled system
(Figure 2a, red curve). These are the signatures of the
vibrational hybrid light−matter states (VP- and VP+) in MS. In
the off-resonance case (Figure 2a, green curve) the VSC effect
is not observed, yet a minute dispersive line shape is detected
at the vibrational mode frequency. The separation between
VP+ and VP− (60 cm−1)the Rabi splittingis larger than
the line width of the cavity mode (30 cm−1) and of the
molecular resonance (16 cm−1). Since the coupling exceeds the
line widths of both resonator and molecule, the hybridization
of the cavity mode and the CO transition in MS satisfies the
criterion of the strong coupling.14

Changing the concentration of MS in the mode volume of
the cavity leads to an increase of the observed Rabi splitting,6,26

which is shown experimentally in red circles in Figure 2b. The
solid lines are linear fits to the data. At the lowest
concentrations (0.05 and 0.5% v/v), the values of the Rabi
splitting are smaller than the bandwidth of the cavity mode.
However, when the concentration increases to 5% v/v, the
value of the splitting energy exceeds the bandwidth of the
cavity and the coupled system passes from the weak to the
strong coupling regime. The black crosses display the peak
separation calculated with a harmonic oscillator approach,
which is discussed below and in Methods. Figure 2c,d displays
the polariton anticrossing behavior as a function of the cavity
tuning. The bare CO vibration and the bare cavity mode
cross each other (marked by two red lines in Figure 2c), while
the maxima of the VP+ and VP− show avoided crossing, which
is yet another signature of the strong coupling in MS.
The theoretical description of VSC is based on coupling of

up to four damped harmonic oscillators and is described in
Methods and by Junginger et al.50 The equations of motion for
the amplitudes of the coupled harmonic oscillators are
described by differential equations, as shown in Methods.
The time evolution of the amplitudes is obtained by solving
these equations numerically. The transmission spectra were
obtained by Fourier transformation of the amplitudes. The
molecular and cavity damping constants were obtained from
the full width at half-maxima of the free space transmission
spectra of MS and the off-resonant cavity mode, respectively.
These parameters were kept constant during all simulations.
The parameters which are varied and used to fit the
experimental spectrum are the coupling constants and the
spectral position of the cavity mode. Benzonitrile (BN) was
used as a simple model compound, since it has a well-isolated
CN vibration. Figure 3a,b shows the experimental (blue
line) and simulated (red line) transmission spectra of a cavity
containing neat benzonitrile. The dashed vertical lines indicate

the three cavity resonances. The gray area illustrates the free
space transmission spectrum of a BN solution.
In Figure 3a splitting into the lower (VP−) and upper (VP+)

vibrational polaritons can be observed in the transmission
spectrum when the CN stretching mode at 2229 cm−1 is
hybridized with the cavity mode. The separation between the
VP+ and VP− peaks is 50 cm−1, which is comparable with
values reported by George et al.26 The experimental (blue line)
and simulated (red line) transmission spectra of the same
cavity are shown in Figure 3b, but in this case the cavity
resonance is detuned from the CN vibration. The
transmission spectrum is similar to an empty cavity, and only
a weak signature of coupling is observed (marked with an
arrow). We found a very good agreement between the
experimental and simulated data, which shows that the
coupled oscillator approach is suitable to model the strongly
coupled molecule−cavity hybrid system. Panels c and d of
Figure 3 show an equivalent experiment with MS in on- and
off-resonant cavities, respectively. When one of the cavity
resonances is tuned toward the CO vibrational band at 1685
cm−1, the Rabi splitting is observed in the transmission
spectrum of the coupled system (Figure 3c). Two other cavity
resonances are located at 1275 and 1465 cm−1, and the mode
splitting is more complex due to coupling of multiple
vibrations to the same cavity mode. Figure 3d shows the
cavity transmission spectrum for another cavity length, where
one cavity mode at 1323 cm−1 couples to vibrations in this
spectral range, while two cavity modes at 1533 and 1730 cm−1

are off resonant to the strongest vibrations. Nevertheless,

Figure 3. (a, b) Experimental (blue line) and simulated (red line)
cavity transmission spectra. The cavity is on resonance in (a) and off
resonance in (b) with the CN vibration of benzonitrile. A splitting
into the lower (VP−) and upper (VP+) vibrational polaritons is clearly
observable. The free space transmission spectrum is indicated by the
gray area. (c, d) Experimental (blue) and simulated (red line)
transmission spectra of methyl salicylate in an on-resonance (c) and
off-resonance cavity (d). The transmission spectrum exhibits a
complex mode coupling. The transmission spectrum of MS solution
(25% v/v) is indicated by the gray area. The dashed lines indicate the
cavity modes.
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coupling to the intense CO stretching vibration can still be
observed at 1685 cm−1 (indicated by the arrow in Figure 3d),
even though the cavity is not resonant to this vibration. Such
an off-resonant coupling is observed for various vibrations, e.g.,
at 1458 and 1616 cm−1, and is characterized by weak dispersive
line shapes in the cavity transmission spectrum.
The transmission spectrum of a cavity containing MS is

obviously more complex than that for BN, since MS has a
richer vibrational spectrum and multiple vibrations are
spectrally close enough to couple to the same cavity mode.
In the following, we investigate this coupling behavior in detail.
Figure 4 shows the experimental (blue lines) transmission
spectra of 5% v/v (top row) and 25% v/v (bottom row)
solutions in a resonant cavity together with the corresponding
simulations (red lines). The transmission spectrum of a bare
MS solution with the same concentration is given by the gray
area.
Figure 4 compares four simulated coupling scenarios with

the experimental transmission spectra of an on-resonance
cavity. In the first case (Figure 4a,b) coupling of MS to the
cavity mode is switched off in the simulations and only
absorption of uncoupled MS molecules is considered.
Absorption needs to be taken into account, since the number
of coupled molecules in the cavity volume is much smaller than
the number of uncoupled molecules.41 This is achieved by
calculating the cavity transmission spectrum and multiplying it
with the free space MS transmission spectrum. This operation
leads to a splitting of the originally Lorentzian shaped cavity
transmission spectrum, even though there is no VSC.
However, there are various discrepancies between the
calculated spectrum and the experimental spectrum, especially

the dip at 1685 cm−1, and the intensity ratios of all peaks are
not reproduced well, leading to large mean square errors
(MSEs) of 14.8 and 28.7, respectively. Evidently, considering
only absorption of uncoupled molecules is not sufficient to
model the experimental transmission spectrum. In the second
case (Figure 4c,d) we take both absorption and VSC into
account, but different MS vibrations couple individually to the
cavity modes. Similar to Figure 4a,b, we find a splitting of the
cavity transmission spectrum into several modes, but the
intensity ratios of the modes at 1465 and 1685 cm−1 are not
fitting the experimental data. Nevertheless, the MSEs reduce to
9.4 and 18.2. The last two cases illustrate the effect when in
addition to resonant coupling of the cavity with a molecular
mode simultaneously also the closest two off-resonant
molecular vibrations are allowed to couple to the respective
cavity mode without (Figure 4e,f) and with (Figure 4g,h)
inclusion of absorption of uncoupled molecules. The agree-
ment between the experimental data and the simulation
increases when simultaneous coupling of the cavity mode with
vibrations, which are spectrally close (see Figures S2 and S3 for
assignment of the vibrations), is considered and the MSEs
decrease to 5.9 and 3.4, respectively. However, we find the best
match between the simulation and the experimental data when
simultaneous coupling and absorption are taken into account
(Figure 4g,h) with a MSE of 1.4 for both concentrations. It is
evident that absorption of uncoupled molecules needs to be
considered and that we observe simultaneous hybridization of,
at least, three MS vibrations with the same cavity mode. This
simultaneous coupling mainly influences the intensity of the
modes, while the Rabi splitting is less affected. This is in
agreement with the change of the Hopfield coefficients

Figure 4. (a, b) Experimental (blue line) cavity transmission for 5 (a) and 25% v/v (b) solutions of MS inside an on-resonant cavity. The
respective transmission spectrum of MS in free space is always indicated by the gray area. MSE indicates the mean square error and is a measure of
the fit quality. The calculated spectrum shown in red only includes the absorption of MS and no VSC is considered. In (c) and (d) the same
experimental (blue lines) transmission spectra are shown, but they are compared to simulations (red lines) taking into account the absorption of
the sample and strong coupling of the vibrations that are resonant with the respective cavity mode. (e, f) The case when, in addition to resonant
coupling of the cavity with a molecular mode, simultaneously also the closest two off-resonant molecular vibrations are allowed to couple to the
cavity mode. Finally, the simulations in (g) and (h) include absorption and simultaneous coupling of vibrations, which are spectrally close to the
cavity mode.
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reported in refs 29 and 40. Additionally, we compare this
coupled oscillator approach with the transfer matrix method,
which is shown in Figure S5. The transfer matrix method is
able to reproduce the main features of the experimental data,
but we find smaller MSEs for the coupled oscillator approach,
which additionally allows us to determine coupling and
damping constants. We compared the widths of polaritons
from the theoretical and experimental spectra, and the match is
much better for the coupled oscillators model. The polariton
peaks calculated from the coupled oscillator model differ at
most by 9/8% from the experimental data for 5/25% MS
solution, while for the transfer matrix method model the
discrepancy reaches 27/30%, respectively. Moreover, the
observed polariton bands are narrower than expected based
on the average value of the bandwidths of the cavity mode and
vibrational band. While vibrational modes are inhomoge-
neously broadened, it is the homogeneous component, which
is narrower, that contributes to the coupling and formation of
polariton peaks.56 Hence, the measured polariton peaks are
narrower than the calculated ones, where inhomogeneous
bandwidth was taken into account. Finally, we can compare the
experimental Rabi splitting with the corresponding calcu-
lations, which are shown in Figure 2b. The Rabi splitting of the
experimental spectrum, obtained from the spectral separation
between VP− and VP+ peaks, is shown in red in Figure 2b. The
black crosses in Figure 2b show the peak separation in the
calculated spectra, and there is an excellent agreement with the
experimental values.

■ CONCLUSIONS

In summary, the open Fabry−Peŕot microcavity used in this
work is an appropriate tool for the emerging fields where
vibrational strong coupling plays a central role, as it can be
fine-tuned to any molecular vibration. We found that, in
addition to resonant coupling of a molecular vibration to a
cavity mode, also coupling of the closest off-resonance
molecular vibrations has to be taken into account for a good
reproduction of the experimental spectra. This is an important
observation, as it suggests that coupling, and therefore energy
transfer, occurs even for molecular modes that are off-resonant
but close to a cavity resonance. We showed that the complex
coupling pattern between multiple molecular transitions with a
single cavity mode is well captured by the coupled harmonic
oscillator model. The best correspondence between the theory
and experiment is found when the effects of absorption of
uncoupled molecules and simultaneous coupling of close off-
resonant modes are taken into account.
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(22) Keńa-Cohen, S.; Yuen-Zhou, J. Polariton Chemistry: Action in
the Dark. ACS Cent. Sci. 2019, 5, 386−388.
(23) Campos-Gonzalez-Angulo, J.; Ribeiro, R. F.; Yuen-Zhou, J.
Resonant Catalysis of Thermally Activated Chemical Reactions with
Vibrational Polaritons. Nat. Commun. 2019, 10, 4685.
(24) Ribeiro, R. F.; Martínez-Martínez, L. A.; Du, M.; Campos-
Gonzalez-Angulo, J.; Yuen-Zhou, J. Polariton Chemistry: Controlling
Molecular Dynamics with Optical Cavities. Chem. Sci. 2018, 9, 6325−
6339.
(25) Hertzog, M.; Rudquist, P.; Hutchison, J. A.; George, J.;
Ebbesen, T. W.; Börjesson, K. Voltage-Controlled Switching of Strong

Light − Matter Interactions Using Liquid Crystals. Chem. - Eur. J.
2017, 23, 18166−18170.
(26) George, J.; Shalabney, A.; Hutchison, J. A.; Genet, C.; Ebbesen,
T. W. Liquid-Phase Vibrational Strong Coupling. J. Phys. Chem. Lett.
2015, 6, 1027−1031.
(27) Shalabney, A.; George, J.; Hutchison, J.; Pupillo, G.; Genet, C.;
Ebbesen, T. W. Coherent Coupling of Molecular Resonators with a
Microcavity Mode. Nat. Commun. 2015, 6, 5981.
(28) Ahn, W.; Vurgaftman, I.; Dunkelberger, A. D.; Owrutsky, C.;
Simpkins, B. S. Vibrational Strong Coupling Controlled by Spacial
Distribution of Molecules within the Optical Cavity. ACS Photonics
2018, 5, 158−166.
(29) Muallem, M.; Palatnik, A.; Nessim, G. D.; Tischler, Y. R. Strong
Light-Matter Coupling and Hybridization of Molecular Vibrations in
a Low-Loss Infrared Microcavity. J. Phys. Chem. Lett. 2016, 7, 2002−
2008.
(30) Casey, S. R.; Sparks, J. R. Vibrational Strong Coupling of
Organometallic Complexes. J. Phys. Chem. C 2016, 120, 28138−
28143.
(31) Crum, V. F.; Casey, S. R.; Sparks, J. R. Photon-Mediated
Hybridization of Molecular Vibrational States. Phys. Chem. Chem.
Phys. 2018, 20, 850−857.
(32) Thomas, A.; George, J.; Shalabney, A.; Dryzhakov, M.; Varma,
S. J.; Moran, J.; Chervy, T.; Zhong, X.; Devaux, E.; Genet, C.;
Hutchison, J. A.; Ebbesen, T. W. Ground-State Chemical Reactivity
under Vibrational Coupling to the Vacuum Electromagnetic Field.
Angew. Chem., Int. Ed. 2016, 55, 11462−11466.
(33) Lather, J.; Bhatt, P.; Thomas, A.; Ebbesen, T. W.; George, J.
Cavity Catalysis by Cooperative Vibrational Strong Coupling of
Reactant and Solvent Molecules. Angew. Chem., Int. Ed. 2019, 58,
10635−10638.
(34) Thomas, A.; Lethuillier-Karl, L.; Nagarajan, K.; Vergauwe, R.
M. A.; George, J.; Chervy, T.; Shalabney, A.; Devaux, E.; Genet, C.;
Moran, J.; Ebbesen, T. W. Tilting a Ground-State Reactivity
Landscape by Vibrational Strong Coupling. Science 2019, 363, 615−
619.
(35) Vergauwe, R. M. A.; Thomas, A.; Nagarajan, K.; Shalabney, A.;
George, J.; Chervy, T.; Seidel, M.; Devaux, E.; Torbeev, V.; Ebbesen,
T. W. Modification of Enzyme Activity by Vibrational Strong
Coupling of Water. Angew. Chem., Int. Ed. 2019, 58, 15324−15328.
(36) Frontiera, R. R.; Fang, C.; Dasgupta, J.; Mathies, R. A. Probing
Structural Evolution Along Multidimensional Reaction Coordinates
with Femtosecond Stimulated Raman Spectroscopy. Phys. Chem.
Chem. Phys. 2012, 14, 405−414.
(37) Kijak, M.; Nosenko, Y.; Singh, A.; Thummel, R. P.; Waluk, J.
Mode-Selective Excited-State Proton Transfer in 2-(2′-Pyridyl)-
Pyrrole Isolated in a Supersonic Jet. J. Am. Chem. Soc. 2007, 129,
2738−2739.
(38) Waluk, J. Spectroscopy and Tautomerization Studies of
Porphycenes. Chem. Rev. 2017, 117, 2447−2480.
(39) Menghrajani, K. S.; Fernandez, H. A.; Nash, G. R.; Barnes, W.
L. Hybridization of Multiple Vibrational Modes via Strong Coupling
Using Confined Light Fields. Adv. Opt. Mater. 2019, 7, 1900403.
(40) Imran, I.; Nicolai, G. E.; Stavinski, N. D.; Sparks, J. R. Tuning
Vibrational Strong Coupling with Co-Resonators. ACS Photonics
2019, 6, 2405−2412.
(41) Erwin, J. D.; Smotzer, M.; Coe, J. V. Effect of Strongly Coupled
Vibration-Cavity Polaritons on the Bulk Vibrational States within a
Wavelength-Scale Cavity. J. Phys. Chem. B 2019, 123, 1302−1306.
(42) Chizhik, A.; Schleifenbaum, F.; Gutbrod, R.; Chizhik, A.;
Khoptyar, D.; Meixner, A. J.; Enderlein, J. Tuning the Fluorescence
Emission Spectra of a Single Molecule with a Variable Optical
Subwavelength Metal Microcavity. Phys. Rev. Lett. 2009, 102, 073002.
(43) Mochalov, K. E.; Vaskan, I. S.; Dovzhenko, D. S.; Rakovich, Y.
P.; Nabiev, I. A Versatile Tunable Microcavity for Investigation of
Light-Matter Interaction. Rev. Sci. Instrum. 2018, 89, 053105.
(44) Bar̈, S.; Chizhik, A.; Gutbrod, R.; Schleifenbaum, F.; Chizhik,
A.; Meixner, A. J. Microcavities: Tailoring the Optical Properties of
Single Quantum Emitters. Anal. Bioanal. Chem. 2010, 396, 3−14.

The Journal of Physical Chemistry B pubs.acs.org/JPCB Article

https://dx.doi.org/10.1021/acs.jpcb.0c03815
J. Phys. Chem. B 2020, 124, 5709−5716

5715

https://dx.doi.org/10.1088/1367-2630/aa9fd0
https://dx.doi.org/10.1088/1367-2630/aa9fd0
https://dx.doi.org/10.1039/C7NR06917K
https://dx.doi.org/10.1039/C7NR06917K
https://dx.doi.org/10.1088/1367-2630/17/8/081001
https://dx.doi.org/10.1515/nanoph-2018-0067
https://dx.doi.org/10.1515/nanoph-2018-0067
https://dx.doi.org/10.1021/acsphotonics.7b00674
https://dx.doi.org/10.1021/acsphotonics.7b00674
https://dx.doi.org/10.1515/nanoph-2017-0059
https://dx.doi.org/10.1515/nanoph-2017-0059
https://dx.doi.org/10.1002/qute.201800001
https://dx.doi.org/10.1002/qute.201800001
https://dx.doi.org/10.1002/qute.201800001
https://dx.doi.org/10.1021/acsphotonics.7b00650
https://dx.doi.org/10.1021/acsphotonics.7b00650
https://dx.doi.org/10.1021/acs.accounts.6b00295
https://dx.doi.org/10.1021/acs.accounts.6b00295
https://dx.doi.org/10.1088/0034-4885/78/1/013901
https://dx.doi.org/10.1088/0034-4885/78/1/013901
https://dx.doi.org/10.1021/acs.nanolett.7b01956
https://dx.doi.org/10.1021/acs.nanolett.7b01956
https://dx.doi.org/10.1002/anie.201600428
https://dx.doi.org/10.1002/anie.201600428
https://dx.doi.org/10.1038/nmat4392
https://dx.doi.org/10.1038/nmat4392
https://dx.doi.org/10.1002/adom.201600941
https://dx.doi.org/10.1002/adom.201600941
https://dx.doi.org/10.1021/jz5004439
https://dx.doi.org/10.1021/jz5004439
https://dx.doi.org/10.1002/adma.201203682
https://dx.doi.org/10.1002/adma.201203682
https://dx.doi.org/10.1073/pnas.1900795116
https://dx.doi.org/10.1073/pnas.1900795116
https://dx.doi.org/10.1021/acscentsci.9b00219
https://dx.doi.org/10.1021/acscentsci.9b00219
https://dx.doi.org/10.1038/s41467-019-12636-1
https://dx.doi.org/10.1038/s41467-019-12636-1
https://dx.doi.org/10.1039/C8SC01043A
https://dx.doi.org/10.1039/C8SC01043A
https://dx.doi.org/10.1002/chem.201705461
https://dx.doi.org/10.1002/chem.201705461
https://dx.doi.org/10.1021/acs.jpclett.5b00204
https://dx.doi.org/10.1038/ncomms6981
https://dx.doi.org/10.1038/ncomms6981
https://dx.doi.org/10.1021/acsphotonics.7b00583
https://dx.doi.org/10.1021/acsphotonics.7b00583
https://dx.doi.org/10.1021/acs.jpclett.6b00617
https://dx.doi.org/10.1021/acs.jpclett.6b00617
https://dx.doi.org/10.1021/acs.jpclett.6b00617
https://dx.doi.org/10.1021/acs.jpcc.6b10493
https://dx.doi.org/10.1021/acs.jpcc.6b10493
https://dx.doi.org/10.1039/C7CP04418F
https://dx.doi.org/10.1039/C7CP04418F
https://dx.doi.org/10.1002/anie.201605504
https://dx.doi.org/10.1002/anie.201605504
https://dx.doi.org/10.1002/anie.201905407
https://dx.doi.org/10.1002/anie.201905407
https://dx.doi.org/10.1126/science.aau7742
https://dx.doi.org/10.1126/science.aau7742
https://dx.doi.org/10.1002/anie.201908876
https://dx.doi.org/10.1002/anie.201908876
https://dx.doi.org/10.1039/C1CP22767J
https://dx.doi.org/10.1039/C1CP22767J
https://dx.doi.org/10.1039/C1CP22767J
https://dx.doi.org/10.1021/ja068109f
https://dx.doi.org/10.1021/ja068109f
https://dx.doi.org/10.1021/acs.chemrev.6b00328
https://dx.doi.org/10.1021/acs.chemrev.6b00328
https://dx.doi.org/10.1002/adom.201900403
https://dx.doi.org/10.1002/adom.201900403
https://dx.doi.org/10.1021/acsphotonics.9b01040
https://dx.doi.org/10.1021/acsphotonics.9b01040
https://dx.doi.org/10.1021/acs.jpcb.8b09913
https://dx.doi.org/10.1021/acs.jpcb.8b09913
https://dx.doi.org/10.1021/acs.jpcb.8b09913
https://dx.doi.org/10.1103/PhysRevLett.102.073002
https://dx.doi.org/10.1103/PhysRevLett.102.073002
https://dx.doi.org/10.1103/PhysRevLett.102.073002
https://dx.doi.org/10.1063/1.5021055
https://dx.doi.org/10.1063/1.5021055
https://dx.doi.org/10.1007/s00216-009-3227-5
https://dx.doi.org/10.1007/s00216-009-3227-5
pubs.acs.org/JPCB?ref=pdf
https://dx.doi.org/10.1021/acs.jpcb.0c03815?ref=pdf


(45) Dolan, P. R.; Adekanye, S.; Trichet, A. A. P.; Johnson, S.;
Flatten, L. C.; Chen, Y. C.; Weng, L.; Hunger, D.; Chang, H. C.;
Castelletto, S.; Smith, J. M. Robust, Tunable, and High Purity
Triggered Single Photon Source at Room Temperature Using a
Nitrogen-Vacancy Defect in Diamond in an Open Microcavity. Opt.
Express 2018, 26, 7056−7065.
(46) Kern, A. M.; Zhang, D.; Brecht, M.; Chizhik, A. I.; Failla, A. V.;
Wackenhut, F.; Meixner, A. J. Enhanced Single-Molecule Spectros-
copy in Highly Confined Optical Fields: From λ/2-Fabry-Peŕot
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