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Abstract: The ground-state deprotection of a simple alkynyl-
silane is studied under vibrational strong coupling to the zero-
point fluctuations, or vacuum electromagnetic field, of a reso-
nant IR microfluidic cavity. The reaction rate decreased by
a factor of up to 5.5 when the Si—C vibrational stretching
modes of the reactant were strongly coupled. The relative
change in the reaction rate under strong coupling depends on
the Rabi splitting energy. Product analysis by GC-MS con-
firmed the kinetic results. Temperature dependence shows that
the activation enthalpy and entropy change significantly,
suggesting that the transition state is modified from an
associative to a dissociative type. These findings show that
vibrational strong coupling provides a powerful approach for
modifying and controlling chemical landscapes and for under-
standing reaction mechanisms.

The direct excitation of a given vibrational mode to influence
chemical reactivity has long been a topic of interest as it could
lead to site-selective chemical reactions and enable the
elucidation of reaction mechanisms. Pimentel and co-workers
demonstrated in the 1980s that they could use infrared lasers
to influence the outcome of simple reactions, but this could
only be done at cryogenic temperatures as competing thermal
effects and relaxation processes had to be minimized.!:

An alternative approach to modifying the chemical land-
scape is to hybridize a molecular transition with the zero-
point fluctuations of the optical mode of a cavity in which the
molecules are placed, as we demonstrated for the first time in
2011.5! This involved the coupling of the electronic transition
of merocyanine and splitting the first excited state into two
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hybrid light-matter states, which significantly slowed the
photochemical reactivity and increased the yield. As we
concluded,”! a specific vibrational transition could in principle
also be coupled, which should in turn modify the reactivity of
a given bond. To confirm this prediction, we and other groups
have been studying vibrational strong coupling to infrared
cavities*®! and shown that vibrational transitions of both
solids and liquids can be split as schematically illustrated in
Figure 1a. This in turn should affect the Morse potential and,
more generally, the reactivity landscape in the ground state.
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Figure 1. a) The light-matter strong coupling between the Si—C
stretching vibrational transition and a cavity mode that results in the
Rabi splitting. b) The silane deprotection reaction of 1-phenyl-2-trime-
thylsilylacetylene used in the present study.

After all, it is well known that non-adiabatic processes play
a critical role in chemical reactivity and that at conical
intersections, for instance, the Born-Oppenheimer approx-
imation breaks down owing to strong interactions between
the electronic and vibrational manifolds."

To investigate whether ground-state chemical reactivity
can indeed be influenced by vibrational strong coupling, the
deprotection reaction of an alkynylsilane, 1-phenyl-2-trime-
thylsilylacetylene (PTA), with tetra-n-butylammonium fluo-
ride (TBAF) was chosen as a prototypical reaction (Fig-
ure 1b)." This simple system presents several practical
advantages for the demonstration of such an effect. PTA is
a pure liquid and can therefore be injected directly into
a microfluidic Fabry—Perot cavity. The reactant has relatively
few well-defined strongly absorbing vibrational modes. Fur-

Angew. Chem. Int. Ed. 2016, 55, 11462 -11466


http://dx.doi.org/10.1002/ange.201605504
http://dx.doi.org/10.1002/anie.201605504
http://dx.doi.org/10.1002/anie.201605504

GDCh
~~

thermore, the deprotection reaction occurs by pseudo-first-
order kinetics on a timescale of minutes so that it can be
monitored by FTIR spectroscopy at different time intervals.

The cavity consists of two parallel mirrors separated by
a distance on the order of 6 um that can be tuned precisely to
be in resonance with the vibrational transitions of the
reactant. The IR transmission of the cavity and reactant
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modified by the vibrational absorption spectrum of PTA
(blue curve). The cavity is tuned so that it is resonant with the
stretching transitions of the C—Si bond around 860 cm !,
a double peak corresponding to the C=C—Si and —Si(—Me);
modes.

Such a cavity of length L has a series of resonances

(Figure 2a), which are multiples of the fundamental cavity

Chemie

mode and depend on the refractive index n of the medium
inside the cavity such that the wavelength 1 is equal to
2nL/m, where m (mode order) is an integer. Correspond-

ingly, in wavenumber units,

100 V(em™) with L and

Ain um. As a consequence, another
cavity mode falls exactly on the —
C=C— stretching transition at
2160 cm™'. If the product and the
reactants have even slightly differ-
ent refractive indices, then the posi-
tions of the cavity resonances that
lie far from any vibrational absorp-
’ tion peak can be conveniently

system is shown for a broad spectral range in Figure 2a.
Figure 2b focuses on a smaller spectral window to show how
the transmission spectrum of the cavity (red curve) is
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monitored to follow the chemical
reaction as we shall see below.

Vibrational strong coupling,

is

VSC, achieved by placing
a molecular material in the con-
fined field of an optical cavity mode
that is resonant with a vibrational
transition. This splits the vibra-
tional levels into two new hybrid
states, which are separated by the
Rabi splitting 7Q,, (Figure 1a).
The magnitude of the Rabi splitting
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Figure 2. a) IR transmission spectrum of the ON resonance cavity from 7000 to 500 cm™

" immedi-

ately after injection of the reaction mixture (PTA+reagent). b) IR transmission spectrum of PTA

reflects the strength of the interac-
tion, and it is proportional to the
square root of the absorbance of the

inside (red trace) and outside (blue trace) the ON resonance cavity. c) Temporal shift of the higher-
order cavity modes of the ON resonance cavity during the reaction (0 to 16 min). d) Kinetics of the
reactions in an ON resonance cavity (red squares), outside the cavity (blue squares), and in an OFF
resonance cavity (green squares) as extracted from the temporal shifts in the higher-order cavity
modes. All measurements were carried out at [PTA]=2.53 M. See the Experimental Section for details.

peak and therefore to the concen-
tration (Figure 3a, inset) and the
molar extinction coefficient. VSC
occurs even in the dark as it is
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Figure 3. a) The decrease in the ratio of the reaction rates under VSC and outside the cavity as a function of the Rabi splitting energy. The inset
shows the linear dependence of the Rabi splitting on the square root of [PTA]. b) The reaction rate as a function of the cavity tuning for reactions
inside (red squares) and outside (blue squares) the cavity. The black solid line shows the double-peaked IR absorption spectrum associated with
the Si—C modes of PTA. The dotted lines are guides to the eye. ) GC-MS chromatograms of silane deprotection reactions carried out inside the
ON resonance cavity (red trace), in the OFF resonance cavity (green trace), and outside the cavity (blue trace). (The GC-MS data shown here
correspond to experiments carried out at higher [PTA] (3.37 M, hQ,, =114 cm™"), see the Experimental Section for details.)
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a result of interactions between the zero-point energies of the
optical and vibrational modes.""! To ensure true VSC, it is
important to confirm that the Rabi splitting is larger than the
width of the vibrational and cavity resonances. Figure 2b
shows the spectral splitting of the C—Si stretching transition
with a Rabi splitting of 98 cm ™ (for [PTA] = 2.53M), which is
larger than the FWHM of both the vibrational transition of
Si—C (39 cm™') as well as the respective cavity resonance
(30 cm™!; see the Supporting Information, Figure Sla). In
contrast, the —C=C— vibrational mode at 2160 cm ™! interacts
with another cavity resonance but it does not meet this
criterion for strong coupling.

The reaction was initiated by mixing PTA with TBAF in
methanol and then injecting the mixture into an IR cavity that
was either tuned to (ON resonance) or detuned from (OFF
resonance) the C—Si stretching mode. The detuned case
serves as a control experiment for the kinetics in the absence
of VSC. An additional control experiment was carried out
“outside” the cavity with both mirrors replaced by dielectric
windows. The evolution of the system was followed by FTIR
spectroscopy. As indicated above, as the reactant and
products in this reaction have slightly different refractive
indices, the shifts in the cavity resonances far from any
vibrational absorption reflect the progress of the reaction as
shown in Figure 2c. A In plot of this shift versus time gives
a straight line for both the tuned and detuned cavity but the
rate constants are very different. Under VSC, the reaction
rate constant decreased by a factor of 4.5 for [PTA]=2.53m
(Figure 2d). The reaction rate was also studied as a function
of the Rabi splitting energy (see below). It was confirmed that
the detuned cavity gave roughly the same rate as a reaction
outside the cavity (Figure 2d). The small differences are due
to experimental errors. It is also important to note that the
cavity mirrors were insulated with 100 nm glass to avoid any
influence of the metal surfaces.

If the Rabi splitting varied during the reaction, one would
not expect the linear plots of Figure 2d under VSC. However,
unlike in our earlier study on the formation of merocyanine
under electronic strong coupling,” here, the Rabi splitting
hardly changes during the reaction because there are also
Si—C modes present in the product (see Figure S1b). Hence
the observed linearity probably implies that both the reac-
tants and products are shaping the chemical landscape
connecting them and strongly affect the transition state as
shown below.

The dependence of the change in the reaction rate on the
Rabi splitting was explored by varying [PTA]. As shown in
the inset in Figure 3a, the Rabi splitting energy depends on
the square root of the PTA concentration as expected. The
Rabi splitting energy was varied from 58 cm™' to 114 cm ™! by
changing [PTA] from 0.87m to 3.37M, and the reaction rate
was monitored under VSC and outside the cavity. Interest-
ingly, the ratio of the reaction rate under VSC to the rate
outside the cavity decreased with the Rabi splitting as shown
in Figure 3a. In other words, the retardation of the reaction
under VSC increases with the Rabi splitting. The reaction
does not have a linear dependence on the Rabi splitting,
which reflects the complex effect of VSC on the chemical
landscape (see below). In Figure 3b, the reaction rate is
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plotted as a function of cavity tuning relative to the C—Si band
(black curve) both for the mirrored cavity (red squares) and
outside the cavity (blue squares) with different spacings
between the dielectric windows (which give rise to a weak
spectral response defining the position of the blue squares).
The largest effect is clearly seen at resonance under VSC. The
change in reactivity was also monitored qualitatively by GC-
MS. As shown in Figure 3¢, the product/reactant peak ratios
were totally different when the reaction was stopped after
20 min, and the reaction mixture injected into the GC-MS
column, providing absolute proof that the spectrally observed
change in the reaction rate is indeed due to changes in the
chemical reactivity. The product distributions for the reac-
tions outside the cavity and in the detuned case were similar
(the small variation in the reactant peak is within the
experimental error of the present qualitative measurement)
whereas product formation was clearly retarded in the
resonant cavity.

To understand the changes in the chemical landscape
induced by VSC, the reaction rate was also measured as
a function of temperature to extract the thermodynamic
parameters associated with the transition state (Figure 4)
using the transition-state Eyring equation:

kT AH*  AS*
k=% eXP(‘ﬁ*T) M

The enthalpy AH" and entropy AS* of activation were
extracted by plotting In(k/T) as a function of 1/7 (Figure 4)
for [PTA]=2.53M and a Rabi splitting energy of 98 cm™.
AH* increased from 39 to 96 kJmol™' under VSC while AS*
increased from —171 to 7.4 J K 'mol . These two changes are
very large and significant. First of all, the reaction barrier
increases under VSC as indicated by the increasingly positive
enthalpy of activation. More importantly, the change in the
sign of the entropy suggests a change in the nature of the
transition state. This reaction typically proceeds through an
associative reaction pathway whereby the initial step is
fluorine attack on the silicon atom to form an intermediate
with pentavalent coordination.” For such reaction mecha-
nisms, AS™ is typically negative, and the activation barrier is
low, as observed for the reaction outside the cavity. In
contrast, a higher barrier (| AH" |) and a positive AS™ value
are typical of a dissociative transition state, that is, the C—Si
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-12t B Outside cavity
t 3
g
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-15¢
0.0032 0.0033 0.0034
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Figure 4. The reaction rate ([PTA]=2.53m, hQ,; =98 cm™') as a func-
tion of temperature (Eyring equation plot) for reactions inside the ON
resonance cavity (red squares) and outside the cavity (blue squares).
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bond starts breaking before the silicon center is attacked by
the fluorine. This thermodynamic analysis, which is based on
values extracted by transition-state theory, implies an adia-
batic process. The possibility that non-adiabatic processes
contribute to the reaction mechanism, and therefore to the
extracted thermodynamics values, cannot be excluded.
Indeed, the strong effect of 10% VSC Rabi splitting on the
reaction pathway is a sure sign that the vibrational and
electronic manifolds are strongly interacting. Furthermore, as
we saw that the change in the reaction rate depends on the
Rabi splitting, we expect that the thermodynamic parameters
will vary accordingly.

This demonstration that VSC can significantly modify
chemical landscapes opens many new possibilities for reaction
control and shows that VSC provides a new approach for
studying reaction mechanisms. As the molecules are ran-
domly oriented and as coupling depends on the orientation of
their transition dipole moments relative to the electromag-
netic field in the cavity, not all molecules in the cavity are
coupled at any given time (i.e., the molecules rotate much
faster than the timescale of the overall reaction). Hence the
observed changes under VSC are average values, making
these findings even more remarkable. The dependence of the
reaction rate on the collective Rabi splitting shows how the
latter controls the reaction at the level of each molecule by
changing their ground-state energy landscape. While we
found that in our case, the reaction was slowed down, it is
possible that depending on the chemical landscape, reaction
rates can also be accelerated. When the reaction leads to
multiple products, it is likely that the product ratios are
modified under VSC, providing a way to optimize the yield of
a given product. Site-selective chemical reactions are another
possibility that should be explored. Finally, chemistry under
VSC has the advantage that it works in the dark and at room
temperature.

The coupling of molecular electronic transitions to the
vacuum field has been more extensively studied">'® than
VSC and has already shown many exciting results, such as
enhanced conductivity!” and non-radiative energy trans-
fer,® lasing,”!! and condensation./”! Together with VSC, it
clearly opens many new possibilities for molecular and
materials science that should be fully explored.

Experimental Section

All compounds were purchased from Sigma—Aldrich (analytical
grade). All the spectroscopic data shown (except Figure 3a) corre-
spond to the reactions carried out by mixing PTA (0.76 mmol, 150 pL)
with TBAF (0.11 mmol, 28 mg) in methanol (3.7 mmol, 150 pL) and
injecting about 2 pL of this mixture into the liquid sample cell unit.
This particular concentration ([PTA]=2.53m) gave a high Rabi
splitting and was devoid of any miscibility problems between PTA
and TBAF solution at all temperatures under investigation. The
concentration-dependent experiments were carried out by varying
the PTA concentration from 0.87m to 3.37m at a TBAF concentration
of 0.36M ([MeOH] was varied to maintain [TBAF]). The flow cell,
compatible with temperature-controlled measurements, was pur-
chased from Specac. The Fabry-Perot cavity was obtained by
sandwiching ZnSe windows, coated with a Au (10 nm) film and
100 nm of glass to ensure chemical insulation from the metal, with
Mylar spacers (ca. 6 um). The spectra of the cavity reactions were
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acquired with a standard FTIR spectrometer (Nicolet 6700) in
transmission mode. The transmission was collected with a DTGS
(deuterated triglycine sulfate) detector with 1 cm™' resolution over
32 scans. The gas chromatograms were obtained by GC-MS analysis
on a GC System 7820A (G4320) connected to an MSDblock 5977E
(G7036A) using an Agilent high-resolution gas chromatograph. For
GC-MS measurements, the reaction was followed spectroscopically
for 20 min before the reaction mixture was immediately injected into
the GC-MS column. At [PTA]=3.37wm, roughly 2 pL. of the sample
were transferred to the GC-MS by washing (and diluting it) in 1.5 mL
isopropanol.
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