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ABSTRACT

One of the most exciting and debated aspects of polariton chemistry is the possibility that chemical reactions can be catalyzed by vibrational
strong coupling (VSC) with confined optical modes in the absence of external illumination. Here, we report an attempt to reproduce the
enhanced rate of cyanate ion hydrolysis reported by Hiura et al. [chemRxiv:7234721 (2019)] when the collective OH stretching vibrations of
water (which is both the solvent and a reactant) are strongly coupled to a Fabry–Pérot cavity mode. Using a piezo-tunable microcavity, we
reproduce the reported vacuum Rabi splitting but fail to observe any change in the reaction rate as the cavity thickness is tuned in and out
of the strong coupling regime during a given experiment. These findings suggest that there are subtleties involved in successfully realizing
VSC-catalyzed reaction kinetics and therefore motivate a broader effort within the community to validate the claims of polariton chemistry
in the dark.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0046307

I. INTRODUCTION

The emerging field of polariton chemistry1–5 is based on the
notion that strong coupling molecular electronic or vibrational tran-
sitions to an optical microcavity mode can alter the rate or yield of
a chemical reaction. While there is growing experimental6–10 and
theoretical11–16 evidence to support such cavity modification of pho-
tochemical reactions initiated by external illumination, the most
striking observation so far is that certain reactions appear to be
altered even in the dark when their reactant,17–21 product,17 or sol-
vent19,20,22 molecules exist in the vibrational strong coupling (VSC)
regime.

These observations are puzzling at first glance since the
majority of molecules in a typical planar microcavity experiment
are thought to remain uncoupled (although recent work has shown
that dark states in the cavity do delocalize to some extent23–25) and
thus would seem to dominate the ensemble-level reaction thermody-
namics.26,27 Significant theoretical effort26–31 has consequently been
devoted to understanding the mechanism(s) underlying the many
dark reaction changes that have been reported; however, there have

been surprisingly a few published attempts to independently repro-
duce and validate the findings of the original experiments as part of
the normal scientific process.

Here, we report our attempt to reproduce the ∼ 100-fold accel-
eration of cyanate ion hydrolysis, 2H2O +OCN

−
→ CO2−

3 +NH
+

4 ,
which was reported by Hiura et al.20 when the collective OH stretch-
ing vibrations of water (which acts both as a solvent and a reactant)
are strongly coupled to a Fabry–Pérot cavity mode. Using a piezo-
tunable microcavity, we reproduce the ∼800 cm−1 vacuum Rabi
splitting achieved in Ref. 20 but do not observe any change in the
reaction rate when the cavity is tuned in and out of the VSC regime.
These results suggest that as-yet-unappreciated experimental fac-
tors may play a pivotal role in achieving VSC control over chemical
reactions in the dark.

II. EXPERIMENTAL

Potassium cyanate (KOCN, 97%) is purchased from ACROS
OrganicsTM and used as received with ultrapure water (ARISTAR

R⃝

ULTRA) purchased from VWR Chemicals BDH
R⃝. Following
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Ref. 20, we infer the progress of the hydrolysis reaction from
the change in the cyanate ion concentration over time as deter-
mined from the absorbance of its asymmetric stretching mode at
2169 cm−1. Transmission measurements are collected from micro-
cavity samples at normal incidence using a JASCO FT/IR-6600
FTIR spectrometer and from non-cavity samples via attenuated
total internal reflection (ATR) of unpolarized light at an incidence
angle of 45○ using a Ge ATR crystal on a Bruker VERTEX 70v
FTIR spectrometer with a Harrick Seagull variable angle reflection
accessory.

Similar to Ref. 32, actively tunable microcavities are con-
structed from 25.4 mm-diameter sapphire optical windows with λ
flatness (WG31050, Thorlabs), one of which is mounted on a piezo-
controlled translation stage that enables manual movement over a
5mm range with 1 μm resolution and piezoelectric actuation over
a 20 μm range with 0.6 nm resolution. The entire setup is built on a
small breadboard that can be inserted into the FTIR sample chamber

FIG. 1. (a) Schematic of the cavity measurement setup. The cavity consists of two
sapphire windows that are coated with Ge/Au/SiO2 mirrors as shown in the lower
illustration. One of the windows is fixed, while the other is mounted on a piezo-
controlled translation stage to actively control the cavity thickness. When the cavity
is aligned, concentric Newton rings are visible (lower left inset); the extent of the
central fringe confirms a negligible (< λ/4) thickness variation across the center of
the cavity probed by the FTIR beam. Cavity catalysis experiments are conducted
by infiltrating aqueous KOCN solution between the windows via capillary action.
(b) Transmission spectrum measured for an empty (i.e., air-spaced) cavity as a
function of its thickness. (c) Transfer matrix simulation of the cavity transmittance
based on layer thicknesses and optical constants determined by ellipsometry.

as illustrated in Fig. 1(a). Gold mirrors are deposited by e-beam
evaporation with an approximate thickness of 10 nm at 0.5 Å/s on
top of a 1.5 nm-thick Ge wetting layer to minimize surface rough-
ness.33 As in Ref. 20, a ∼ 100 nm-thick layer of SiO2 is deposited (also
via e-beam evaporation) on top of the Au to avoid direct contact
between the metal and solution.

After placing the sapphire windows in their kinematic mounts,
they are interferometrically aligned in three steps to achieve the high
degree of parallelism required to actuate a few-micron-thick cav-
ity with macroscopic dimensions. First, the mirrors are coarsely set
parallel by observing the walk-off in multiple reflections of a HeNe
laser beam. Next, the same beam is expanded, and the mirror tilts

FIG. 2. (a) Absorbance spectra of a 2 mol/l aqueous KOCN solution measured
via ATR over the course of 35 h; the temperature of the solution is maintained at
20○ C over this time period. The inset provides an expanded view of the changing
OCN− peak at 2169 cm−1 and the black dashed line shows the absorbance of pure
water for reference; the small peaks with variable amplitude near 2350 cm−1 are
associated with residual CO2 in the FTIR sample chamber. (b) Time dependence
of the OCN− peak (purple circles). The purple dashed line is a fit to determine
the hydrolysis reaction rate; the dashed blue and red lines show the results from
Ref. 20 for comparison. Error bars are derived by propagating the standard
deviation of multiple independent ATR measurements at each time point.

J. Chem. Phys. 154, 191103 (2021); doi: 10.1063/5.0046307 154, 191103-2

Published under license by AIP Publishing

https://scitation.org/journal/jcp


The Journal
of Chemical Physics

COMMUNICATION scitation.org/journal/jcp

are adjusted until the transmitted interference fringes form con-
centric circles. This corresponds to the formation of Newton rings
under room light illumination, which provide a clear visual indica-
tion that the thickness variation across the central region of the cav-
ity probed by the ∼ 10mmdiameter FTIR beam is less than ∼ 150 nm
[i.e., a quarter wave in the visible region; see the inset of Fig. 1(a)].
The fringe pattern is then monitored as the cavity thickness is
decreased to the desired value, and the entire breadboard apparatus
is carefully placed into the FTIR sample chamber and purged with
dry N2.

Figure 1(b) shows the normal incidence transmission spectrum
of a typical empty (i.e., air-spaced) cavity as its thickness is varied
over the range 1.4–4.4 μm. The transmission maxima track the dis-
persion of them ≙ 1–4 Fabry–Pérot modes and are well reproduced
in the transfer matrix simulation34 shown in Fig. 1(c). The linewidth
of the experimental cavity modes is broader than the transfer matrix
simulation (the finessemeasured for a 3 μm-thick cavity is F ∼ 5) due
to the variation in cavity thickness over the FTIR beam spot, which is
evident from theNewton rings in the inset of Fig. 1(a). Cavities made
using flatter (λ/4) CaF2 optical windows with the same Au mirrors
achieve a finesse that is roughly two times higher as shown in the
supplementary material.

Cavity catalysis measurements are carried out by mixing
KOCN and ultra-pure water in sterile vials that have been previously
cleaned with methanol or isopropanol and rinsed with deionized
water. We target the same 1:25 KOCN:H2O molar ratio (2 mol/l
concentration) employed by Hiura et al.20 by dissolving 1.921 g of
KOCN in 10.884 ml of water. Each solution is stirred for 5min and
then introduced inside a pre-aligned cavity by opening the sand-
wich and placing a drop in the center. We then adjust the cav-
ity length to the desired value while continuously acquiring FTIR
spectra and monitoring the Newton rings in Fig. 1(a) to ensure
parallelism.

Once the target thickness is reached (typically within 30min of
preparing the solution), we begin a time point spectral series, acquir-
ing spectra every 5min. Cavity thicknesses greater than ∼ 1 μm
are generally stable over several hours (±1.2%); however, thinner

cavities often start to drift after a few minutes and thus must be peri-
odically adjusted to maintain constant thickness based on feedback
from the mode energies in the FTIR spectra.

III. RESULTS

A. Bare reaction kinetics

Figure 2(a) shows a typical time point spectral series for the
bulk aqueous KOCN solution acquired by periodically (over the
span of ∼ 35 h) removing several drops from the sample vial and
placing them onto the surface of the ATR crystal. The crystal is
washed off between measurements, and the ATR geometry ensures
the same “path length” of the evanescent wave in each successive
measurement.

The broad absorption peak at ∼ 3300 cm−1 is due to the com-
bined symmetric and asymmetric stretching modes of water, while
the sharp peak at 2169 cm−1 marks the OCN stretching mode of
the cyanate ion. The inset highlights the decrease in the latter peak
over time, reflecting the slow disappearance of OCN− due to its
hydrolysis in solution.

Assuming a constant effective interaction length, L, for the
evanescent wave in the ATR measurement, the absorbance of the
OCN− peak (A) is directly proportional to the cyanate ion concen-
tration (C) and its decadic molar absorption coefficient (ε) via the
Beer–Lambert law, A ≙ εCL ≙ −log10(T), where T is the fraction of
light transmitted relative to the reference case with no cyanate ions
present. Since there is a large excess of water, the reaction begins with
pseudo-first order kinetics and the concentration decreases expo-
nentially over time from its starting value, C0, according to C ≙ C0

exp(−kt). Consequently, since A/A0 ≙ C/C0, a plot of ln(A/A0)
in Fig. 2(b) should yield the reaction rate constant, k, from its
slope.

Fitting the data (purple dashed line) yields k ≙ (1.3 ± 0.8)
× 10−6 s−1, which is roughly two times larger than that reported by
Hiura et al.20 but three times smaller than that reported in Ref. 35.

FIG. 3. (a) Transmission spectrum measured for a cavity filled with pure water over a thickness range of 0.4–4.4 μm. The green and purple vertical lines indicate the
thicknesses at which the cavity kinetic measurements in Fig. 4 are carried out. (b) Transfer matrix simulation of the same system. (c) Polariton dispersion extracted from the
peaks of the spectra in (a). Solid lines represent fits to the oscillator model described in the text, resulting in vacuum Rabi splittings of Ω = 800, 750, 740, and 740 cm−1 for
the m = 1–4 cavity modes, respectively.
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Differences in ambient temperature may contribute to the varia-
tion in these measurements (20 ○C here vs 25 ○C in Ref. 20 and
22 ○C in Ref. 35) but cannot fully account for it as detailed in the
supplementary material. Regardless, both control rates are clearly
distinguished from the cavity-enhanced rate (denoted by the red
dashed line) reported in Ref. 20.

B. VSC reaction kinetics

Despite its relatively broad linewidth, the strength of the collec-
tive OH stretching transition in water (peak absorption coefficient,
α ≈ 104 cm−1 at ν ≙ 3300 cm−1) readily facilitates VSC, as evident
from the transmission spectra of a pure water cavity in Fig. 3(a).
There, we observe anti-crossing behavior in the dispersion of the
m ≙ 1, 2, 3, and 4 modes when they become resonant with the
OH stretch. The transfer matrix simulation in Fig. 3(b) reproduces
these features, and Fig. 3(c) plots their dispersion based on the peak
positions extracted from Fig. 3(a).

The dispersion is fit with a coupled oscillator model based
on the complex frequency of the mth cavity mode, ν̃m ≙ νm
− iγm, where γm is the linewidth and νm ≙ m/(2nd) is the real-
valued resonance frequency set by the cavity thickness, d, and
background refractive index, n. The interaction with a vibrational
mode of complex frequency, ν̃v ≙ νv − iγv, is described by a 2 × 2
Hamiltonian,36

Ĥ ≙

⎡⎢⎢⎢⎢⎣
ν̃m V

V ν̃v

⎤⎥⎥⎥⎥⎦, (1)

in terms of the coupling strength, V . The eigenfrequencies of
the coupled system are ν̃± ≙ (ν̃m + ν̃v)/2 ±√V2

+ (ν̃v − ν̃m)2/4, and
thus, the Rabi splitting between the upper and lower polari-
ton branches is Ω ≙ 2

√
V2
− (γv − γm)2/4 at zero detuning when

νm ≙ νv. We note that this model assumes a Lorentzian absorber
but remains a reasonable description for many organic microcavi-
ties with inhomogeneously broadened absorption lines like the OH
stretch in Fig. 2(a).36–38

Fitting the data in Fig. 3(c), we obtain Rabi splittings that range
from Ω ≙ 800 ± 20 cm−1 for the m ≙ 1 mode to Ω ≙ 740 ± 20 cm−1

for the m ≙ 4 mode. In all cases, the splitting exceeds the uncou-
pled linewidths of the system (γv ∼ 400 cm−1 with γm ∼ 550 cm−1

and γm ∼ 150 cm−1 for the m ≙ 1 and m ≙ 4 modes, respectively)
and is a substantial fraction of the bare transition frequency (Ω/2νv
≙ 0.12 > 0.10), placing this system squarely in the vibrational ultra-
strong coupling regime.39 These results are in good agreement with
Ref. 20.

The dispersion is similar when the cavity is filled with KOCN
solution as shown in Fig. 4(a). However, upon setting the cav-
ity length to d ≙ 2.02 μm (zero detuning with the OH stretch)
and carrying out a time point series on the OCN− peak, we
observe no difference from either the ATR reference or the rate
in the same cavity upon detuning it to d ≙ 2.56 μm after the
first hour [see Fig. 4(b)]. Indeed, on the timescale of this exper-
iment, no change in the OCN− absorbance peak is detectable.
These results are representative of multiple measurement attempts
made on different days for run times of 1–3 h using sap-
phire, CaF2, and ZnSe cavities; see the supplementary material for
details.

FIG. 4. (a) Time point transmission spectra acquired over the course of 2 h for
a cavity filled with 2 mol/l aqueous KOCN solution. The cavity thickness is held
at d = 2.02 μm (zero detuning for the m = 2 cavity mode, purple curves) for the
first hour and is then increased to d = 2.56 μm (maximum detuning for the m = 2
cavity mode, green curves) during the second hour. The gray dashed line marks
the OH stretching vibration at 3300 cm−1. (b) Time point variation of the OCN−

absorbance peak as the cavity thickness is adjusted from zero detuning for m = 2
in the first hour [A, purple spectra in (a)] of the experiment to maximum detuning for
m = 2 [B, green spectra in (a)] in the second hour. The black, blue, and red dashed
lines indicate the ATR reference rate from Fig. 2(b), the non-cavity reference rate
from Ref. 20, and the cavity VSC rate from Ref. 20, respectively. The inset shows
the apparent absorbance, A = −log10(T), of the OCN− peak, which is the basis
for the concentration ratio axis of the main plot.

IV. DISCUSSION

Although the time interval of the cavity experiment is not long
enough to capture any change in OCN− absorbance at its natural
hydrolysis rate established in Fig. 2(b), achieving the 100-fold VSC
rate enhancement reported by Hiura et al.20 should have produced
a clearly resolvable change per the dashed red line in Fig. 4(b). We
emphasize that the main point of comparison is not with the ATR
reference from Fig. 2 but between the on- and off-resonance data
collected in the same cavity during the same experiment in Fig. 4
(datasets A and B, respectively). Statistically, the likelihood of there
being any difference in the slope between these datasets is less than
60%; the chance of a ten-fold difference (as observed for different
cavity conditions in Ref. 20) is less than one in a million.

J. Chem. Phys. 154, 191103 (2021); doi: 10.1063/5.0046307 154, 191103-4

Published under license by AIP Publishing

https://scitation.org/journal/jcp
https://www.scitation.org/doi/suppl/10.1063/5.0046307
https://www.scitation.org/doi/suppl/10.1063/5.0046307


The Journal
of Chemical Physics

COMMUNICATION scitation.org/journal/jcp

The reason for the disagreement between our observations
here and those in Ref. 20 is unclear, given that the cavities nom-
inally share the same Au/SiO2 mirror composition. The primary
difference between the two setups is that the cavities in Ref. 20 are
sealed with a Teflon spacer between the mirrors, whereas we use
open cavities to permit piezoelectric actuation. While our approach
admittedly leaves open the possibility that OCN− ions from the
detuned edge region of the cavities (per the Newton rings in Fig. 1)
could diffuse in toward the middle and skew a genuine cavity
enhancement in the hydrolysis rate, the timescale associated with
such diffusion (t ∼ l2D/D ∼ 10 h to diffuse lD ∼ 1 cm with a diffu-
sion coefficient of ∼ 10−5 cm2 s−1)40 makes this explanation seem
unlikely.

One general point of note, however, is that inferring the
reaction rate from the change in absorbance in a reactant or a
product inside vs outside of a cavity can be misleading to begin
with. This point follows from the transmittance of a Fabry–Pérot
cavity:41

T f p ≙
(1 − R)2Tint(1 − RTint)2 + 4RTint sin (ϕ)2 , (2)

where R is the mirror reflectance, 2ϕ is the round trip phase (includ-
ing that of the mirrors), and Tint ≙ 10

−A is the single pass internal
transmittance we desire to measure. If the reaction rate is calculated
directly from the cavity transmission in the samemanner as the non-
cavity case [i.e., from the slope of ln(log10(Tfp)/log10(T0,fp))] as it is
in Fig. 4(b) and Ref. 20, the apparent rate, k′, differs from the actual
rate, k, according to

k
′

≈ k[ A0(1 + 2R cos(2ϕ)T0,int)
A0 − 2R cos(2ϕ)T0,int − 2 log10(1 − R)]. (3)

For a typical mirror reflectance, R ∼ 0.8, and starting OCN−

absorbance, A0 ∼ 0.5, the apparent rate ranges between 2× and
10× lower than the actual rate depending on the cavity phase.
This happens because, as the absorbance changes, it also alters
the optical field distribution in the cavity, which causes the actual
amount of light absorbed (and reflected) to change at a different
rate.

Notably, Eq. (3) only predicts an apparent rate lower than the
actual rate and thus cannot explain the enhancement reported by
Hiura et al.,20 although we note a slow drift in the uncoupled cavity
mode (k3) during their experiment, which suggests that the cavity
phase may be varying over time. These and other potential pitfalls
that arise when trying to infer changes in the concentration based
on absorption inside a cavity underscore the need for alternative,
non-optical measures of VSC reaction progress. We note that the
ATR measurement used to determine our own reference rate in
this work is not immune from the type of problem underlying
Eq. (3) (i.e., changing absorbancemodifies the evanescent field decay
length); however, the error in this case is much smaller, with a <5%
difference between k and k′ expected from transfer matrix modeling.

V. CONCLUSION

In summary, we have attempted and failed to reproduce the
VSC-enhanced hydrolysis rate of cyanate ions reported in Ref. 20.

This result does not necessarily refute the findings of that work, as
there could be as-yet-unappreciated subtleties that determine when
VSC-modified kinetics can be observed, particularly in light of the
many other studies that have provided compelling evidence for
polariton chemistry in the dark.17–19,21,22 Our work does, however,
argue for a broader effort within the community to independently
reproduce more of these claims since they continue to be the source
of much enthusiasm and speculation in the field.

SUPPLEMENTARY MATERIAL

See the supplementary material for the VSC kinetic experi-
ments repeated using CaF2 and ZnSe cavities and additional ATR
control measurements of the bare OCN− hydrolysis rate for different
temperatures and solution concentrations.
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