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ABSTRACT: Light-matter strong coupling involving ground-state molecular
vibrations is investigated for the first time in the liquid phase for a set of molecules
placed in microcavities. By tuning the cavities, one or more vibrational modes can
be coupled in parallel or in series, inducing a change in the vibrational frequencies
of the bonds. These findings are of fundamental importance to fully develop light-
matter strong coupling for applications in molecular and material sciences.

hrough the formation of hybrid light-matter states, light-

matter strong coupling offers exciting new possibilities for
molecular and material sciences'™*' by inducing significant
changes in their properties. So far this has been mainly
demonstrated by strongly coupling electronic transitions to the
confined electromagnetic field of a cavity or a plasmonic
structure. For instance, the rate of a photochemical isomer-
ization reaction and the work function and conductivity of
organic semiconductors can be modified under strong
coupling."*~'®

Strong coupling is not limited to electronic transitions.'® In
particular, the coupling of light to a vibrational transition should
be very promising for molecular science because it is potentially
a simple way to modify a given chemical bond because it
generates two new vibrational modes (strictly speaking
vibrational polaritonic states) separated by the Rabi energy,
as illustrated in Figure la. This should, in turn, soften the bond
because the vibrational frequency @, o<(f/u)"/? where y is the
reduced mass of the atoms involved and f is the bond strength.
We expect that this might modify the Morse potential of the
ground state and therefore the associated chemistry and
chemical properties. In view of the long wavelengths of
vibrational transition, the strong coupling can be achieved in
cavities with micrometer dimensions, further faciliting the
application to molecular science such as the integration into
microfluidic cells. Finally, as we detail later, light-matter strong
coupling can occur even in the dark due to the zero-point
fluctuations of the cavity, which interact with those of the
vibrational transitions.

Recently we reported the very first example of vibrational
strong coupling (VSC)' by placing a solid polymer film
between two mirrors forming a Fabry—Perot (FP) cavity tuned
to the C=0 stretching band at 1740 cm™, resulting in a Rabi
splitting of 167 cm™. For VSC to be useful to molecular
science, a number of other issues must be solved. First of all,
the molecular sample should be coupled in the liquid state to be
able to investigate various chemical processes. Second, there
may be fundamental differences between SC in the liquid and
solid states, and one might anticipate, for instance, that rapid
reorientation in solution could increase dephasing rate. Third,
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there is a fundamental question of whether strong coupling of
an ensemble of N oscillators, which boosts the Rabi splitting by

N through the formation of a collective polaritonic state,
actually perturbs the energy levels of the other states of the
molecules involved by the same quantity. It is sometimes
argued that on the scale of each molecule, the effective Rabi
splitting is the observed collective Rabi splitting divided by

N. If this was the case the effect of the strong coupling on
individual molecules would be negligible and it would be of no
interest to chemistry. Experimental evidence indicates that this
view is not correct because significant changes in chemical and
material properties are observed.'*™'®

Here we provide insight into these issues. We report, for the
first time in the liquid state, the VSC of different molecules and
functional groups and show that one can strongly couple one or
more bonds of a given molecule by placing them in flow-cell
Fabry—Perot cavities. Because vibrational modes are themselves
sometimes coupled, we looked whether VSC induces a shift in a
neighboring bond that is not directly strongly coupled.
However, with our experimental resolution and the systems
under consideration, we could not detect such shift.

Before showing the results, it is important to recall the
theoretical framework of strong coupling, as we explained
previously.”> The Rabi splitting (7€) is proportional to the
scalar product of the electromagnetic field amplitude (E—) at
the energy A of the optical resonance and the material
transition dipole moment (d—), which in the absence of
dissipation is given by

hQR=2E'dX I’lph+1=2

n

®
dx [n, +1
2e,V ph

(1)
where & is the vacuum permittivity and ., is the number of
photons involved in the coupling process. As already pointed
out, eq 1 shows that the splitting can still occur even in the
absence of real photons (nph = 0) due to interaction of the
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Figure 1. (a) Schematic illustration of the light matter coupling between one vibrational transition and a cavity mode resulting in the Rabi splitting
hQyy. (b) Ilustration of the flow-cell Fabry—Perot cavity. (c) Measured optical resonances of an empty cavity having of length 8.6 ym.

vibrational transition dipole and the cavity mode through zero-
point energy fluctuations. This residual splitting is known as the
vacuum Rabi splitting (7Qyy). All of the experiments reported
here are done in this regime. In addition, the Rabi splitting
increases as the square root of the molecular concentration, C,
because AQy x(N/V)V2 \/ C, where N is the number of
coupled molecules in the mode volume, V.

Figure 1b illustrates the IR flow-cell Fabry—Perot cavity, in
which the experiments were undertaken. The windows are
composed of ZnSe coated with 10 nm of Au. An example of the
transmission spectrum showing the various optical, or Fabry—
Perot, modes are given in Figure lc, typical for a cavity path
length of 8.6 um and Q factor of 63. The decreasing peak
intensities at short wavenumbers are due to the evolution of the
dielectric constants of the Au mirrors in this spectral region.

The IR absorption spectra (black curves) of three different
molecules are shown in Figure 2, together with those under
VSC (red curves). The first example is that of diphenyl
phosphoryl azide (DPPA), which displays a number of sharp
vibrational absorption peaks (Figure 2a). Of particular interest
is the strong and isolated N=N=N stretching mode at 2169
cm™. The cavity was made to have one of its resonances be
isoenergetic with this peak, resulting in the formation of two
new hybrid modes on either side of the original frequency. The
vacuum Rabi splitting is found to be 127 ecm™" , which is larger
than both the full width at half-maximum (fwhm) of the FP
cavity mode (43 cm™) and the vibrational band (39 cm™),
thereby satisfying the criteria for strong coupling. In addition, as
will be shown later, such new vibrational polaritonic bands are
dispersive due to the optical component of the hybrid state.

Figure 2b shows the results obtained for a benzonitrile
solution, which has several vibrational peaks (black curve), and
the cavity was adjusted so that more than one mode is strongly
coupled, as can be seen in the red spectrum. The cyanide group
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(CN) has a stretching frequency at 2229 cm™, which is split
into two new peaks at 2260 and 2206 cm™), in other words with
a Rabi splitting of 54 cm™. The smaller splitting as compared
with DPPA is probably due to both the lower absorption and
the smaller fwhm of the bare vibrational mode. Interestingly, at
~1500 cm™, the two aromatic C=C modes are close to each
other and are coupled to the same optical mode, revealing a
double splitting that will be discussed again later. Similarly the
two C—C stretching bands at 758 and 687 cm™' are
simultaneously coupled to the bare cavity mode at 733 cm™.
The vibrational spectrum of citronellal is shown in Figure 2c.
The Rabi splitting of the C=0 stretch at 1726 cm™' is 80
cm™, A very similar molecule, hexanal (not shown), has a C=
O Rabi splitting of 105 cm™". Table 1 below summarizes our
VSC findings for the different functional groups of the neat
molecular liquids investigated. Before commenting on this
Table, it is important to show the dispersion of the VSC. All of
the strongly coupled vibrational bands are dispersive, as
expected. Figure 3a illustrates this behavior for benzonitrile
around two cavity modes that are involved in VSC: one that
splits the CN stretching mode and the other involving the two
aromatic C=C vibrations in a multiple splitting. Figure 3a
shows how the spectra evolve with angle, and Figure 3b shows
the corresponding dispersion curves derived from the peak
positions (dots) of the transmission spectra. The experimental
points are superimposed on the simulated curves calculated
from the transfer-matrix approach, showing excellent agree-
ment. The clear dispersion of the modes shows the light-matter
hybrid nature of the new states generated under strong
coupling. The double splitting involving the two C=C
aromatic stretching modes is reminiscent of the coupling of
two closely spaced electronic transitions to the same optical
mode observed when two different molecules are located inside
the same cavity."® Upon increasing incidence angle, the cavity
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Figure 2. IR absorption spectra of three different molecules (black
curves in absorption) and their transmission spectra under strong
coupling with the Fabry—Perot cavity modes (red curves in
transmission): (a) diphenyl phosphoryl azide (DPPA), (b) benzoni-
trile, and (c) citronellal.

Transmission (%)

A : feamstd) ! A‘h‘
2325 2250 2175 1550 150 1450 1400
Wavenumber (cm'1)

..
2250..... -

Wavenumber (cm)

15 20 25 10 15 20 25
Angle (0) Angle (6)

Figure 3. (a) Transmission spectra for different incidence angles (0—
20°) of two cavity modes coupled with the CN and C=C stretching
bands of benzonitrile. (b,c) Dispersion color plots for CN and C=C
stretching bands, respectively. The cavity mode around 2200 cm™
(normal incidence) moves in the dispersion curve and is strongly
coupled to the CN stretch at 2230 cm™ (14° incidence angle). The
cavity mode cal. 1470 cm™ (as shown in panel c) is doubly coupled to
the two C=C stretching modes at normal incidence and selectively
split the C=C (1) mode at 1491 cm™" with higher angle of incidence.
The dashed black line represents the dispersion of the calculated
uncoupled cavity modes, and the dashed red line is the fixed vibration
frequencies of interacting bands.

mode moves to higher energies, reaching the resonance point
with the C=C (1) around 15°. At this point, the upper two
hybrid modes will mainly have the properties of the pure cavity
mode and the C=C (1) vibrational band, while the lowest C=

Table 1. Vibrational Rabi Splittings for Various Molecular Liquids

compound conc. (M) band assignment band position (cm™) extinction by integrated absorption (10° cm™ M™") hQyr (cm™)
DPPA 465 (N=N=N) 2169 12.62 127
benzonitrile 9.7 (C=N) 2229 1.14 54
aro. (C=C) (1) 1491 0.66 224
aro. (C=C) (2) 1447 0.60 26
citronellal 5.54 (c=0) 1726 5.46 80
(c=0C) (1) 1456 3.58 607
(C=C) (2) 1379 2.16 524
hexanal 8.14 (C=0) 1727 7.74 105

“Calculated values after removing the effects of neighboring bands in the simulation.
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C (2) band is very weakly coupled to the cavity mode, as can be
seen from the weakly dispersive lowest branch at this region.

Table 1 shows the Rabi splitting observed for various bands
in different molecules together with pertinent information. To
assess the correlation between the splitting for each of the
vibrational bands and their physical properties, we calculated
the integrated absorption coefficients of the different bonds
versus the splitting observed in the experiments. One can
clearly see that the splitting scales with the integrated extinction
coefficient, emphasizing the effect of the transition dipole
moment on the interaction strength, as is pointed to in eq 1. To
evaluate the intrinsic splitting for the bands that were involved
in multiple splitting, we calculated the splitting by removing the
effects of close neighbor bands via simulation using the best fit
parameters of the cavity.

In principle fundamental vibrational modes have resonances
that are independent of each other. In reality, they can also
couple if they meet a number of criteria such as sharing of
symmetry and a common atom and having similar
frequencies.42 Therefore, one could expect that the Rabi
splitting of one vibration would affect other modes if they are
already interacting. To be able to detect such a feature, both the
strongly coupled bond and the adjacent bond in interaction
must be detectable at the cavity frequencies. Citronellal
presents the correct experimental conditions for the aldehyde
(CHO) group, where the C—H and C=O0 stretching modes
are sharing a common atom. The C—H is isolated and weak at
2715 cm™" (Figure 2c, black curve); however, no noticeable
shift could be detected within our experimental resolution, as
shown in Figure 4. This is probably due to the big frequency

difference between the two modes, ~1000 cm™.
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Figure 4. Measured (red) and calculated (blue) transmission spectra
for pure citronellal solution inside the cavity. The inset shows 3D
structure of the aldehyde functional group. The measured (black) and
calculated (green) transmission spectra of the bare citronellal solution
showing the bands of interest.

We have shown here for the first time that liquid-phase VSC
can be easily achieved for a variety of functional groups in the
IR as long as the absorption of the peaks are sufficiently strong
to overcome the dephasing time associated with the
components undergoing strong coupling. One or more
vibrational modes of a molecule can be coupled simultaneously.
While a vibrational frequency shift of a neighboring bond to
that undergoing strong coupling could not be observed under
our conditions, the collective mechanical oscillations of a large
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number of bonds of an ensemble of molecules nevertheless
opens interesting perspectives with both fundamental and
practical consequences. For molecular and material science, it
confirms other studies that strong coupling can be used to
change their properties in a significant and unique way by the
perturbation of the energy levels of each molecule, the
formation of the collective extended hybrid light-matter states
involving many molecules, and the introduction of a dispersive
quality to properties. These features combined with the
possibility to do this in solution, as shown here, open many
exciting possibilities such as the site-selective chemistry by
softening a given bond targeted for reaction.

B METHODS

All of the compounds used for the studies were purchased from
Sigma-Aldrich (analytical grade). The liquid sample cell unit
was purchased from Specac, and to obtain a Fabry—Perot
cavity, we coated ZnSe windows with Au (10 nm) film,
sandwiched by Mylar spacers. The spectra of the cavity were
acquired by standard FTIR (Fourier transform infrared)
spectrometer (Nicolet 6700) in transmission mode. The
transmission was collected by DTGS (deuterated triglycine
sulfate) detector with 0.5 cm™ resolution and 32 scans. The
dispersion curves were acquired by changing the incidence
angle outside the cavity in the range 0—20° by steps of 2°,
where the divergence at the waist of the beam is <2°, as
estimated from the theoretical fit. The vibrational bands of the
species studied in this work were modeled using the Lorentz—
Lorenz model for multiple damped oscillators, and the metallic
mirrors optical properties were modeled using the Drude—
Lorenz model. The theoretical fit of the experimental
measurements was performed using the standard propagation
matrices approach for light in homogeneous and isotropic
stratified media.*'
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