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Cavity Catalysis by Cooperative Vibrational Strong Coupling of

Reactant and Solvent Molecules**

Jyoti Lather, Pooja Bhatt, Anoop Thomas, Thomas W. Ebbesen,* and Jino George*

Abstract: Here, we report the catalytic effect of vibrational
strong coupling (VSC) on the solvolysis of para-nitrophenyl
acetate (PNPA), which increases the reaction rate by an order
of magnitude. This is observed when the microfluidic Fabry—
Perot cavity in which the VSC is generated is tuned to the C=0
vibrational stretching mode of both the reactant and solvent
molecules. Thermodynamic experiments confirm the catalytic
nature of VSC in the system. The change in the reaction rate
follows an exponential relation with respect to the coupling
strength of the solvent, indicating a cooperative effect between
the solvent molecules and the reactant. Furthermore, the study
of the solvent kinetic isotope effect clearly shows that the
vibrational overlap of the C=O vibrational bands of the
reactant and the strongly coupled solvent molecules is critical
for the catalysis in this reaction. The combination of cooper-
ative effects and cavity catalysis confirms the potential of VSC
as a new frontier in chemistry.

Strong light-matter coupling offers a unique way to control
internal reaction coordinates by coupling molecular transi-
tions to the vacuum field (zero-point energy) of a cavity
mode.'”! VSC allows the selective coupling of a vibrational
mode,®? which is easily achieved in the liquid state in
a microfluidic Fabry—Perot (FP) cavity.'” Thomas et al.
observed the modification of the rate of a C—Si bond-
breaking process and, more recently, demonstrated changes
to the branching ratio of the products by selective VSC of
silane derivatives.*® Hiura etal. recently reported the
possibility of accelerating reactions by vibrational ultra-
strong coupling of water molecules involved in hydrolysis
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reactions.”! In both cases, reactants were directly coupled to
cavity modes and the reaction rates could be controlled by
moving the physical distance between the mirrors of a FP
cavity, that is, by tuning the coupling to a given vibrational
resonance. Recent theoretical studies confirm that potential
energy surfaces and reactivity can be modified by coupling to
the vacuum field, although the critical role of the solvent is
hard to simulate."*!

VSC conditions can be achieved by injecting a molecular
liquid into a FP cavity in which the vibrational transition
interacts with the cavity mode (Figure 1a) to generate two
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Figure 1. a) Schematic representation of vibro-polaritonic states
formed from a molecular vibrational state and a FP cavity mode.
b) Hydrolysis of PNPA in ethyl acetate (EtOAc).

new eigenstates, called vibro-polaritonic states (P + and P—).
The interaction energy (Rabi energy; 78yy) is proportional
to the transition dipole moment d and the electric field (E) of
the electromagnetic mode of the cavity:

7
hQux < 2dE x \[ny, +1;  E=\ /%

where ¢,is the vacuum permittivity, w is the vibrational
frequency, V is the mode volume of the cavity, and n,, the
number of photons involved in the coupling process. When
n,y, gOEs to zero, a residual Rabi splitting energy remains even
in the dark due to the coupling to the zero-point energy of the
cavity. Importantly, #Qyy is proportional to \/N/V ~ /C,
where N is the number and C the concentration of the coupled
molecules interacting strongly with the cavity mode.!'

In this Communication, we report the solvolysis of PNPA
catalyzed by VSC under a cooperative strong coupling effect
between the reactant and the solvent molecules. In other
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words, when the solvent and the reactant molecules have
overlapping vibrational bands, but only the solvent is at
a sufficiently high concentration to be strongly coupled to the
cavity mode, it increases the reaction rate more than one
order of magnitude at room temperature.

The FP cavities used in the present experiments were
prepared with Au mirrors sputtered onto IR-transparent BaF,
windows by following a reported procedure.’ The Au
mirrors were protected with 100 nm of sputtered SiO,. The
spacing between the mirrors used for the current study is set
to 18 um to couple the C=O stretching mode of the PNPA
molecules (Figure 2 a). Such FP cavities can hold up to 3 uL of
a reaction solution. The non-cavity experiments were carried
out in a microfluidic cell made of the same windows without
the Au mirrors (see the Supporting Information for further
details). The PNPA solvolysis!"" in this study was carried
out under mild basic conditions provided by tetrabutylam-
monium fluoride (TBAF), as schematically shown in Fig-
ure 1b. TBAF in ethyl acetate (EtOAc) normally facilitates
a base-catalysed acyl (B,.,) bond breaking mechanism (see
Supporting Information and Scheme S1). EtOAc was chosen
as the solvent because its carbonyl stretching transition
overlaps with that of the reactant PNPA (Figure 2b; red
traces). Both PNPA and TBAF solutions were prepared
separately, mixed outside and injected into the FP cavity.

Strong coupling of the C=O stretching mode of neat
“EtOAc to the tenth mode of the FP cavity gives a Rabi
splitting of 155 cm ™!, which is equivalent to a 4.4 % change in
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Figure 2. a) Parts of a flow-cell micro-cavity QED reactor. b) IR trans-
mission spectra of 10% EtOAc (red trace) and 0.1 M PNPA (dotted red
trace; magnified by factor 100) in hexane. Vibro-polaritonic states P+
and P— formed by coupling to the tenth cavity mode (black trace; path
length is approx. 18 um) with a TMM simulation (dotted black trace).
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the actual transition energy with P + and P— at 1840 cm ' and
1685 cm ™, respectively (Figures 2b and S2). In the reactive
mixture, the PNPA represents only 0.1 wt% of the mixture
and is thus unable to undergo strong coupling to the FP cavity
because of the low concentration.!!! One of the questions we
address here is whether VSC of “EtOAc can nevertheless
influence the reactivity of PNPA under these conditions even
though it is not a reactant.

The major product of the PNPA solvolysis is the para-
nitro phenoxide (PNP~), which has an intense absorption
peak at 407 nm. Since the transparency region of BaF,
windows extends well into the UV range (ca. 200 nm), the
progress of the reaction can be easily monitored by following
the temporal rise of the PNP~ absorption peak as shown in
Figure 3a (see also Figure S6). In other words, while the FP
cavity is set to couple the C=O vibrational band in the IR, the
influence of strong coupling on the reaction rate is being
monitored in the UV/Vis region. This condition helps to avoid
complications such as filter effects and other issues related to
the FP cavity configuration. By having a tenfold excess of
PNPA compared to TBAF (0.I1M vs. 0.01M, respectively),
a pseudo-first-order kinetics is observed. Apparent rate
constants (k,,,) were determined by linear regression (Fig-
ure 3b)."1 In the normal non-cavity, the apparent rate
constant (k,,,") is 0.2x10*s™" (Figure 3b). To prepare an
on-resonance cavity, the empty cavity is slowly tuned to the
desired path length and kept undisturbed for 30 min (see
Supporting Information). Afterwards, the reaction mixture is
injected into the cavity and the kinetic traces are recorded.
Under the on-resonance condition, that is, when the cavity is
tuned to the »C=0 stretching mode of ethylacetate
(PEtOAc), the k,,,*" increased by more than one order of
magnitude (2.5x1072s") compared to the non-cavity, as
shown in Figure 3b. k,,,*" levels off to normal values (k,,")
when the cavity is detuned from the C=O mode of “EtOAc
(the off-resonance measurements), as shown in Figure 3d.
Please note that the non-cavity and the cavity conditions are
exactly the same except for the presence of Au mirrors in the
cavity, and k,,,"™ is unaffected by small variation in the spacer
thickness (blue empty circle in the Figure 3d). Interestingly,
the increase in k,,,”" follows the envelope of the C=O
stretching mode of the “EtOAc and PNPA molecules
(FWHM; 25 cm™) which are coupled to the cavity mode
(Figure 3c¢,d). This suggests a cooperative effect between the
strongly coupled solvent and the reactant.

To confirm this cooperative effect, we have conducted
kinetic isotope effect (KIE) experiments using the “C=0
(EtOAc) and “C=0 (“EtOAc) isotopes with carbonyl
vibrational resonances at 1750 and 1706 cm ™', respectively
(Figure 3¢). Outside the cavity, the use of “EtOAc gives an
apparent rate that is one order of magnitude lower (13kapp:
2.4x10"*s7") than the corresponding “EtOAc isotope rate.
This large change in the reaction rate might be caused by
a secondary isotope effect in which the “EtOAc is coupled to
the PNPA carbonyl vibrational state, facilitating external
vibrational energy transfer in the system.” Please note that
the rate-determining step for the B, mechanism is the attack
of the nucleophile on the electron-deficient carbonyl carbon
atom.'" " Interestingly, under VSC of "EtOAc, the reaction
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Figure 3. a) Absorption spectra showing the evolution of PNP~ species
during ester hydrolysis. b) Pseudo-first-order kinetic traces measured
at 407 nm for cavity on-resonance (blue circle; 1.6x107%), cavity off-
resonance (blue hollow circle; 0.16x107?), and non-cavity (red circle;
0.18x107%) for ?EtOAc. c) Carbonyl stretching modes of pure PNPA
(ATR spectrum; black trace); FTIR spectra of ?EtOAc (blue trace) and
PEtOAc (red trace) at 10% in hexane. d) Corresponding kinetic traces
measured by tuning the cavity ('?EtOAc: blue filled circles; *EtOAc:
red filled circles) and non-cavity ("?EtOAc blue empty circles; *EtOAc
red empty circles); tenth mode of the cavity overlapping with the
carbonyl stretching mode of ?EtOAc and PNPA. The dashed curves
are guides to the eye.

rates are not modified. Kinetic action spectra measured as
a function of cavity tuning (Figure 3d) show no change in the
rate for the “EtOAc solvent system relative to the rate
outside the cavity, in contrast to "“EtOAc. This is a confirma-
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tion that the VSC of “EtOAc is acting cooperatively and
perturbing the internal reaction coordinate of PNPA, affect-
ing its bond-dissociation energy, which is in agreement with
recent theoretical predictions®®"! and will be discussed below.

To clarify how VSC is affecting the reaction barrier and
whether it is truly catalyzing the reaction, the temperature
dependence of the reaction rate was analyzed to extract the
thermodynamic activation parameters. As immediately ap-
parent from the slopes in Figure 4a, the activation energy
drops under VSC. The enthalpy of activation (AH™) calcu-
lated from the Eyring equation decreases substantially from
53.2 kImol ™! to 7.9 kJmol ' (Figure 4a and the Supporting
Information), indicating that the transition state (TS) is far
lower in energy under VSC of “EtOAc molecules. Another
very interesting finding is that the entropy of activation (AS™)
also decreases significantly from —70.9JKmol™' to
—206.2 JKmol ™!, partially offsetting the change in AH".
This large decrease in AS™ indicates that the TS is far more
polar under VSC and thereby structuring the solvent cage
which also decreases AH*. In other words, the solvent—solute
interactions are much stronger under VSC, thereby favoring
the B,,, mechanism by stabilizing the intermediates.

Next, we looked into the reaction-rate variation with
respect to the cooperative coupling strength of the “EtOAc
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Figure 4. a) Eyring plot for reaction inside the cavity (blue circles) and
non-cavity (cell; red circles); b) Apparent rate constant as a function of
Rabi splitting under VSC of "?EtOAc. Dotted lines are the correspond-
ing linear fitting.
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molecules. To do this, we fixed the concentration of PNPA
(0.1m) while varying the "?EtOAc concentration in a mixed
anisole/”EtOAc solution. We chose anisole as a co-solvent
because the relative solvent-polarity difference is only 0.03
compared to EtOAc and the rate is essentially the same in
anisole and "*EtOAc in the absence of VSC (Figure S3; the
“EtOAc-to-reactant ratio is close to 1000, we therefore
assume that the vibrational bath is still preserved at lower
concentrations of “EtOAc). An exponential rise in the
reaction rate is observed upon increasing the concentration
of “EtOAc under strong coupling conditions, that is, with
Rabi splitting (Figure 4b). Such an exponential dependence
has also been observed for both a decelerating desilylation
reaction and for an accelerating hydrolysis reaction.[” This
probably points to a more general feature by which the
activation energy varies linearly with the Rabi splitting,
whichever direction the barrier is moving under VSC.

In conclusion, the thermodynamic data unequivocally
shows that the reaction is catalyzed under VSC of the solvent.
The large decrease in the entropy of activation indicates that
the electron-density distribution is strongly modified in the
TS under VSC, resulting in a more polar activated complex.
The solvent-concentration dependence and the kinetic iso-
tope effect demonstrate that VSC can be transferred from the
solvent to the solute as long as their vibrational resonances
overlap. The spectral overlap itself is not enough to transfer
VSC from the solvent to the reactant. Clearly, the solute—
solvent interactions must be strong, for example, dipolar
coupling, to induce the transfer, as has been recently shown in
a theoretical study of ensemble-induced strong coupling
effects on single quantum objects.”!! Other theoretical studies
have considered chemical reactivity under VSC in the gas
phase and confirm that the reactivity should be modified."**!
In view of the important role of solvation in the TS, further
theoretical studies taking into account solvation effects under
VSC would be very helpful. On the experimental side, many
more classes of reactions need to be studied in order to extract
general principles that govern reactions under VSC. The use
of cooperative effects as demonstrated here should greatly
facilitate this task, since it removes the requirement of a high
concentration of reactants to achieve the strong-coupling
condition. Action spectra under VSC can be used as
a spectroscopic tool to help elucidate which vibrations play
a role in the reaction path. These findings should have a large
impact on controlling and understanding chemical reactivity
through VSC.
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