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Preface

Selective vibrational excitation using lasers has introduced coherent, site-selective and mode-
selective chemistry. Here, the conversion efficiency is poor due to the availability of internal
vibrational relaxation pathways within the molecule. Selective and collective vibrational
excitation is possible by coupling a fundamental vibrational transition to a confined
electromagnetic field of a cavity. This phenomenon occurs in the absence of external photons
(external stimuli) at room temperature. It offers a unique way to activate or deactivate a
chemical bond in a ground state chemical reaction. This new research area that studies chemical
reactivity under strong light-matter coupling is known as polaritonic chemistry. Strong
coupling is typically achieved by placing molecules in an infrared micro-cavity resonator
which couples the vibrational transition to the cavity mode. Collective coupling of Avogadro
number of vibrational resonators results in large Rabi splitting energy that can affect the
potential energy landscape of the reacting molecules. According to quantum electrodynamics,
a molecular state is dressed by the confined electromagnetic field resulting in vacuum Rabi
splitting. The notion of zero-point energy is invoked here. VSC has been shown to accelerate
or retard the chemical reactivity of various organic and biomolecular reactions. Furthermore,
VSC is not only a tool to control chemical reactions but also gives insight into which vibrations

are involved in a reaction.

In the current thesis, we focus on the influence of vibrational strong coupling (VSC) that can
control chemical reactivity by site-selective/band-selective coupling of vibrational states. In
the chapter 2, for the first time, we discussed the idea of cooperative VSC between the solvent
and reactant molecules that can catalyze a chemical reaction (aka-cavity catalysis). Solvolysis
of para-nitrophenyl acetate enhances reaction rate by resonant coupling to 12C=0 stretching
mode of ethyl acetate molecules. The thermodynamics suggest that solute-solvent interaction
is modified under VSC due to the reshuffling of activation parameters. In chapter 3, the same
concept is applied to study the structure-reactivity behavior under cooperative VSC conditions.
Interestingly, resonant coupling shows a non-linear behavior in the Hammett plot suggesting a
drastic electron density variation at the C=0 active site. Various control experiments, both in
cavity and non-cavity, show the role of solvent vibrational overlap has a major influence on

chemical reactivity. Further studies suggest that the mechanism of the reaction remains the

XVI



same under strong coupling conditions. In chapter 4, we look into the behavior of
biomolecular reactions under VSC. Here, the role of water molecules in an enzymatic reaction
has been studied in cooperative VSC conditions. The catalytic efficiency has been increased
by more than seven times at the ON-resonance condition without affecting the reaction
mechanism. It indicates that competitive catalysis can be achieved by vacuum field coupling.
A general conclusion is drawn in chapter 5, that VSC can control a chemical reaction without
any external stimuli at room temperature. Our attempts here open a new and novel

spectroscopic tool to understand the nature of a chemical bond and its reactivity.
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Chapter 1: Introduction: Light-Matter Interactions

1.1 Motivation

A vacuum state does not mean a "state of nothing,” instead, it contains an oscillating
electromagnetic field with zero-point energy. It first appeared in Planck's theory of blackbody
radiation and Einstein’'s theory of molecular agitation at zero temperature (theoretically) in
1911 and 1913. In quantum field theory, the vacuum state contains the feature of energy
fluctuations even in the absence of real photons. Vacuum energy influenced the physical
properties of matter and was a hot topic of interest in the early 1950s. The question arises-
Does this field have any effect on an atom? Dirac is the first person to derive the theory applied
to the interaction of an assemble of light-quanta with an ordinary atom. The spontaneous
emission rate in his quantum theory of radiation is later called quantum electrodynamics
(QED).! Here, Dirac assumed that spontaneous emission occurs due to the availability of
infinite vacuum states in space. van der Waals force is a very familiar concept in physics and
chemistry. In 1930, Fritz London showed that the fluctuating dipole moment of two atoms or
molecules leads to the long-range interaction energy of »=¢ (r is the distance between two-
particle).2 In molecular physics, at any moment, the electron density not being uniform through
the atom (or molecule). That creates a weak dipole moment and changes quickly all along the
time. So, each inhomogeneous distribution creates an induced dipole moment that can interact
with the ones of neighbour’s atoms or molecules, and consequently, a force appears between
the molecules. In 1948, Casimir introduced a similar thought in terms of fluctuating
electromagnetic field that opens up a new array of phenomena known as the Casimir effect.?
The effect of two uncharged metallic plates placed parallel to each other in a vacuum and that
will start attracting each other is similar to the van der Waals force between the neutral
molecules. Later, it also appears that the Casimir effect can be either attractive or repulsive. It
depends on the nature of the field and geometrical features. In 1955, Lamb won the Nobel
prize for the concerning discovery of the fine structure of the hydrogen spectrum.* He probed
the interaction between the vacuum energy fluctuations and the hydrogen electron in different
orbitals. The shift in the energy levels arises from the emission and absorption of the virtual

photons and gives depth to our understanding of electromagnetic theory.®
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1.2 Light-Matter Interactions
a) Weak Interactions

Spontaneous emission is ultimately responsible for most of the light around us, and it is not the
isolated property of an atom but an atom-vacuum system. In 1946, E.M. Purcell suggested the
radiative rate constant and spontaneous emission rate of a radiating dipole can be controlled by
coupling to an electromagnetic field (Figure 1.1 b).6 An ability to enhance the spontaneous
emission rate of an emitter in a weak coupling regime would allow the fabrication of a high-

efficiency device.

(a) (b)

Q Q

M, M,

Figure 1. 1. Purcell enhancement of spontaneous emission. (a) in free space; (b) weak coupling
to a cavity mode will enhance the spontaneous rate of emission by increasing the local density
of modes (M, and M, representing mirrors).

Kuhn and co-workers were looking for a novel method of electronic energy transfer over a long
distance, like the energy transfer from the excited donor to a nearby acceptor.” If the excited
dye molecule is considered an oscillating dipole on the metal substrate, then the electric field
reflecting from the mirror surface interacts with the dipole. The mirror influences the
fluorescence emission of the organic dye deposited on the dielectric films. By varying the
thickness of the dielectric film layer, it observed that oscillation in the lifetime of the dye. Here,
the metal acts as an acceptor and absorbs at the fluorescent wavelength. In the early 1970s,
Karl H. Drexhage showed very clearly the effect of local variation in an electromagnetic field
and a fluorescent dye molecule when the molecule is placed perpendicular to the surface.®
Some groups discovered that the surface plasmons modes between the metal-dielectric

interface were responsible for energy absorption.®
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Higher energy states

Vacuum states (Zero-point energy)

Every pointin space

Figure 1. 2. Infinite vacuum states are available in space with zero-point energy.

An electromagnetic field occupies every point in space and the lowest energy state of the field
is quantized, known as vacuum (Figure 1.2); it acts as a reservoir. In the QFT theory, it
described that the properties of the vacuum are analogous to the properties of the ground state
of a quantum mechanical harmonic oscillator. The vacuum field describes an infinite number
of harmonic oscillators, and the ground state of each oscillator has its own "zero-point energy"
associated with the vacuum fluctuations. The vacuum electric field amplitude E, in a mode of
frequency w is given in equation 1.1:
hw

Eo = 1.1
0= 220 [1.1]

&o vacuum permittivity, v volume of an electromagnetic field. The coupling of an atom to each
field mode is described by the so-called Rabi frequency (2) of the vacuum- is the frequency

at which the atom and the field (a single mode of field) exchange energy.

d.E,
h

Qp = [1.2]

d transition electric dipole of the atom defines as the strength of interaction between the initial
and final state of transition. The probability of photon emission per unit of time was given by
the Fermi golden rule, which states that the rate of spontaneous emission (I") is depends upon
the density of states p(¢) of the coupled electromagnetic field. Inside the cavity, spontaneous
emission enhances because the density of the state increases compared to free space (Figure
1.3 a,b).

2T > —2
M=+ |d.Eq| p(e) [1.3]
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This irreversible process leads an atom to the ground state, and the vacuum field acts as a
reservoir. However, since 1990s, different microcavities providing photon confinement have

been developed.

b) Strong Coupling

In 1983, Haroche observed the formation of new hybrid states in the millimeter-wave regime
for the Rydberg atoms of sodium coupled to the Fabry-Perot (FP) cavity.1° This effect can be
generalized to many atoms. It is possible to couple N identical Rydberg atoms and study their
collective behavior.1* Here, N = 2,000 to 40,000 atoms are used for studying the collective
behaviour. Due to strong interaction, the dynamics of the radiative relaxation altered compared
to uncoupled system. Collective coupling creates Rabi oscillations on the time frame (Figure
1.3 ¢) of reversible energy exchange between the field and the atoms at the enhanced rate
N/N.10 A few years later, Kimble explored for the quantum dynamical processes for single
and many atoms with the high finesse optical cavity of spherical mirrors.1? Laser cooling and
other technique allowed the creation of ultracold gases, where one can achieve coherent

behavior of a macroscopic cloud of atoms.

The mode structure in a vacuum can be altered when the cavity size is comparable to the
wavelength. An excited atom confined between two parallel mirrors become infinitely long-
lived if the distance between the mirrors is less than the wavelength. The resonance interaction
between the molecular transition and confined electromagnetic field is widely known. The
interaction is strong enough by coherent energy exchange between field and molecule, which
reverses. Then the two new hybrid light-matter states are formed and separated by Rabi
splitting energy; the system enters into a strong coupling regime (Figure 1.3 ¢; 1.4). The
phenomenon leads to the formation of new polaritonic states P 4+ and P — called upper and
lower polaritons, respectively. Jaynes-Cumming two-state model defines the Rabi splitting

energy depending upon the other variables given in equation 1.4.13

AE = hig = [4g2 — (x—y)? [1.4]

AE energy difference between P + and P —; x and y decay constants of the photon and excited
state of the molecule. x is the inverse of the lifetime of a photon in the empty cavity, y is the

inverse of the lifetime of the excited state of a molecule in open space. g is the interaction
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energy between the electric component of the field and the transition dipole moment. In the

absence of any dissipation, Rabi splitting energy is written as:

hg =2gn=2d.Eg= 2d |2 x [n,, + 1 [1.5]

2ggv

hw is the resonant energy and n,, is the number of photons involved in the coupling. Strong
coupling can even be possible in the dark, which means no external source of a photon in the
cavity, known as vacuum Rabi splitting. In this condition, coupling occurs due to the molecular

transition and electromagnetic vacuum fluctuations with zero-point energy. An additional

condition for strong coupling that needs to be satisfied is 'HTV < hf2g. The central idea to

design large splitting energy can be observed by keeping the mode volume v minimum to reach
maxima of E, and transition dipole moment d high as possible. It is important to note that all
the molecules placed inside the cavity do not undergo coupling to the electromagnetic field.
The coupling of the molecule depends on the orientation of the transition dipole moment with
the electric field. The interaction is maximum when the cavity is resonant with the transition
dipole of the molecule, and the two new peaks can be seen in the absorption spectra. As

expected, this interaction becomes less pronounced as one move away from the bare molecule

"
|
’\’; g

transition energy.
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Figure 1.3.(a) Schematic illustration of the weak and strong coupling between the optical
cavity and molecular transition; (b) weak coupling results in the spontaneous emission k +
y > 2g; (c) strong coupling results in Rabi oscillationk + y < 2g.
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Conventionally to achieve strong coupling, the new hybrid states must be separated more than
the full-width half maxima (FWHM) of both molecular absorption peak and optical mode. The
coupling strength is such that the Rabi frequency is a significant fraction of the transition
frequency (~ > 10%) of the system that enters into the ultra-strong coupling regime. A large
number of molecules enhances the value of Rabi splitting (h[)R x \/E) Therefore, it contains

collective states; C is the concentration of the molecule in a mode volume (Figure 1.5). The
coupling of N molecules generates N + 1 collective states in which only two states P + and
P — are detectable. N — 1 are optically inactive states called ‘dark states’ and have an
important influence on the relaxation pathway in a strongly coupled system. Dark states cannot
be directly excited with light and therefore cannot be seen in an absorption spectrum.* After
excitation to the upper polaritonic state, relaxation happens in the dark state faster than the

emission process because of the large number of dark states explained by the Fermi golden

rule.
Hybrid
light-matter
states
Molecular Cavity
resonance pt  resonance
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Figure 1.4. Schematic diagram of between a molecular transition and a cavity resonance, in
which two hybrid light—matter states P + and P — are formed and are separated by the so-
called Rabi splitting energy hf2;. (Ebbesen et al. 2016)

An essential property of the polaritonic states is their dispersive nature inherited from the
photonic component. The molecular transition energy is constant for all angles and shows
wavelength independence. The photonic mode has dispersion and varies with the angle of
minimal at normal incidence (Eqn. 1.6). In-plane wavevector is related to the wavelength and

angle of incidence through:
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21
k= R sin @ [1.6]
Incident angle in light-matter interaction is detuned to reveal the hybrid state dispersive nature.
When the ON-resonance condition is reached, two branches of hybridization repel each other
and become equal in energy from the fundamental transition. The effect observed is known as
anti-crossing behavior. The minimum value of energy separation between two new hybrid
states determines the Rabi splitting energy (hf2z). Energy curves diverge from each other as

detuned from the cavity energy coincides with the transition energy of the molecule.
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Figure 1. 5. Collective coupling (VSC) of N oscillators with the optical mode.

All molecular (studied electronic and vibrational) transitions allowed to couple with the cavity
mode and form polaritonic states. In the early 1990s, the report on strong coupling observed
the Rabi splitting in the order of 1-10meV, especially for inorganic semiconductors at
cryogenic temperature.® In 1998, giant Rabi splitting energy was reported of the order of 100
meV for the organic excitons such as J-aggregates.'® The major advantage was the use of
organic dye molecules in an FP cavity configuration at room temperature. This splitting was
more significant in the case of thin films of cyanine dye-forming J-aggregates placed in a
microcavity formed by two-silver layers.l” The cavities based on the dielectric mirrors arise
due to the tight confinement of the field. In 2004, a single quantum dot reached a strong
coupling regime by interacting with the photonic crystal that displayed anti-crossing between
the quantum dot's first exciton band and a photonic mode.'® The concept of strong light-matter
interactions and the formation of polaritonic states are well established in the late 90s, whereas

its applications in chemistry are less explored.1®-24

1.3 Coherent Control of Chemical Reaction and Light-Matter Coupling

Manipulating the yield of a chemical reaction is at the heart of chemistry, and the concept
underlying coherent control of chemical reactions has been the goal for years. The practical

purpose of this process is to control unwanted side products in a multi-path chemical process.

8
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If the desired products are kinetically favored, it is possible to change the experimental
conditions (pressure, temperature, pH) to maximize the yield of the product. A challenge arises
if the desired product is not dynamically favored. Different approaches are used to lower the

reaction barrier, such as chemical catalyst or photocatalysis, to alter the reaction pathway.

Early development in chemical kinetics was the universal description of the rates of a chemical
reaction proposed by Svante Arrhenius (1889), but this does not provide a detailed molecular
picture of a chemical reaction. In 1931, Henry Eyring provided the potential energy surface
(PES) calculation for H+H> and described the reactant's nuclei journey to a product passing
through the transition state (TS). In 1935, Eyring, Evans and Polanyi formulated the transition
state theory. According to this, the fastest reaction is given by kT /h which is the frequency
for the passage through the TS. Later stopped-flow method was used as a technique in which
two reactants were mixed in a flow tube and observed the product at different distances. It is
one of the classical ways by knowing the speed of flow; one could translate this into time.
Later, B. Chance came with the millisecond time scale, and the stopped-flow method is still
used in biological studies. A molecular collision occurs less than a picosecond's timescale; at
that time, real-time studies were not possible. Around 1950, a technique of George porter
reached a microsecond time scale and the work shared the Nobel prize in 1967.%5 They
provided an intense burst of a coherent laser and created radicals in the sample, and used white
light for the recording of the spectra. This process allowed us to visualize the relatively stable
intermediate. Inthe 1960s, picosecond resolution made it possible to study photophysical rates
of internal conversion and novel approaches for measuring vibrational relaxation channelsin a

chemical reaction.

In 1989, D. W. Schumacher and co-workers published work on a laser-induced coupling of
the electronically excited states and softening the molecular bond.?6 Hy* molecular ion was
formed in an above-threshold ionization of H gas irradiated by intense laser light. This induced
deformation of the internuclear potential is due to the strong laser field. These experiments help
to study the energy level of H,* as a function of laser electric field strength or the component
of the field along the internuclear axis. All the molecules get dissociated at high intensities,
producing randomly oriented molecules with high energy. Therefore, higher vibrational states
become unbounded as the molecule rotates into the alignment with the polarization. Intense
field intensity is necessary to lower the energy of the crossing to permit the vibrational state

and come onto resonance with the predissociation state. At 3.5 TW /cm? the v = 6 level is no
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longer bound. As the laser intensities crosses 50 TW /cm?, most of the vibrational levels in

the manifold are unbound that result in bond breaking (Figure 1.6).
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Figure 1. 6. Floquet calculation for the H>* molecular potential deforms in the presence of
intense light with two intensities at 3.5 TW /cm? and 56 TW /cm?. (Schumacher et al. 1989)
In another set of experiments, George C. Pimental used his state-of-the-art chemical lasers to
study resonant pumping into fundamental and combination vibrational states.2”.28 It was the
study of a bimolecular reaction of CoHs+F2 show an increase in the conversion yield by
selective single-photon excitation processes. The kinetic growth of the product was studied by
selective irradiation of vibrationally states. The product absorption of CH,=CHF.HF at
1119 cm™? versus time for irradiation of two C-H stretching modes v,; and v, at 2989 cm ™!
and 3105 cm ™! respectively shown in figure 1.7 and also plot the growth curves for excitation
of combination v, + v;, at 3076 cm™! and v; + 2v, + v, at 4209 cm™! respectively. The
general feature observed is the increase in the quantum efficiency with the energy per exciting
infrared photon. The observed difference in the quantum efficiency with a factor of 250
between out-of-plane CH, wagging mode v, and combination v, + vg. Both of the vibrational
transitions involve similar vibrational motions, so it was expected that this effect is not to be
expected with mode-specific effects. More interestingly, the steep quantum yield associated
with v, + vg at 1896 cm ™1 is smaller than the v, at 2989 cm™1. It is postulated that v, + vy
mode is an out-of-plane motion that significantly distorts molecular planarity, which should
contribute considerably to the reaction coordinate. In contrast v;; mode, only in plane C-H
stretching motion that can hardly be influential in an addition reaction. Hence, it looks pretty

excited, with two different quantum yields directly showing mode specificity.

10
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These prototypical experiments show control of molecular reactivity of CoHs upon excitation
of in-plane C-H stretching motions: vy and v;, is a mode-to-mode relaxation process of the
vibrational energy while IR photon excitation in cryogenic conditions. Thus, the general
upward trend follows the quantum efficiency, which is five orders of magnitude over a photon
range of 953 to 4209 cm™!. Each measured value is the sum of the quantum efficiency of the
mode excited and the quantum yields of all the cascading relaxation processes. The product
branching between 1,2-difluoroethane and vinyl fluoride was found to be the same for all the
vibrational transitions between 1896 and 4209 cm ™. The isotopic effect of HF/DF branching
ratio of the reaction F> with CH.CD;, trans-CHDCHD, and cis-CHDCHD was determined to
be 1:1, independent of the precursor C2H2D2 isomer and particular mode excitation in the
reaction. This result indicates that product branching occurs by af elimination of HF/DF from
the vibrationally excited, electronically ground state 1,2-difluoroethane intermediate. It is
influenced by the selection rule that undergoes the significance of the intramolecular

vibrational process and correlates with molecular symmetry. The experiments were performed
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Figure 1.7. (a) C2oH2/F2/N2~1/1/100: growth of product absorption versus time, corrected for
growth 1119.1 cm™! during spectroscopic exposure; (b) Different vibrational modes
corresponding to CoH.. (Pimentel et al. 1989)

at cryogenic temperatures as they suppressed the thermal reaction and achieved single-photon

vibrational excitation without rotational and translational excitation.
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R. Zare and co-workers (1982) proposed the stereo-dynamic control by colliding two beams
of reagents by applying an external field.2>-31 The open-shell reagent demonstrated the
reactions of electronically excited calcium atoms with various halogen-containing compounds.
The orientation and alignment of one reagent with respect to another are achieved, and the
absorption of linear polarized light controls angular momentum direction. These studies have
shown the reaction rate can be changed by less than an order of magnitude and provides a way

of probing the reaction pathways.

Strong Coupling Chemistry

1980
Femtochemistry

1970
Picochemistry

1950
Flash Photolysis

1940
Stopped Flow Method

1850
kinetics

Figure 1. 8. Evolution to study chemical reactions by different methods.

Another experiment by Crim et al. was the vibration excitation of either O-H or the O-D bonds
to enhance the H+HOD reaction selectively.® Vibrational overtone excitation experiment used
the light from a Ti: sapphire laser to excite overtones of either the O-H or the O-D stretching
vibrations in a low-pressure containing HOD, reacted the vibrationally excited molecules with
hydrogen atoms produced in a microwave discharge, and detected the OH or the OD products
by laser-induced fluorescence with ultraviolet light from a frequency-doubled dye laser. When
the O-H bond is excited, the reaction forms a more branching ratio of H,+OD, and when O-D
is excited, more ratio of HD+OH product is formed. It shows that vibrational excitation of the
O-H stretch in HOD causes at least a 220-fold excess of the OD product over the OH product.
Vibrational excitation of the O-D bond in HOD leads to at least a 200-fold preference for its
cleavage, as the presence of essentially only the OH fragment. The vibrational excitation breaks
that bond preferentially in the bimolecular reaction. O-H and O-D maintain the local nature of
excitation because of significant frequency differences and need not worry about

intramolecular vibrational relaxation (IVR). Bond-selected chemistry using light is a practical
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reality that rests on the simple concept of exciting a vibration in a molecule that becomes the
reaction coordinate in a bimolecular reaction. These studies show that the mode of internal
excitation controls the reaction outcome.

In the past years, a chemical reaction was studied by utilizing the coherent properties of laser
light to influence the motion of electrons and nuclei. Tannor and Rice utilized the time domain
and ultrashort light pulses to create a wave packet of molecular eigenstates.3® They used
ultrashort (70 — 110 fs) laser pulses for the experimental demonstration to ionize the Na>
molecule. It found that the ratio of molecular to atomic ion products oscillates with the delay
between the laser pulses with a period determined by wave packets motion. Brumer and
Shapiro put forward the frequency domain-phase control of a molecular scattering event. The
idea is to excite an atom/molecule by two coherent light sources that lead to the same upper
state from which various processes can occur, such as ionization/ dissociation. The essence of
the coherent radiation control approach is to utilize the phase and intensity properties of the
laser excitation to alter the production of the desired product is enhanced.3*37 Later, a
computational study on the photodissociation of IBr to produce I+Br and I+Br* with a high-
quality potential surface calculation was conducted to understand reaction dynamics in the
ultrafast time scale. Contour plot of Br yield as a function of the relative laser pulse and
amplitude results show that control on the product yield ranges from 25 — 95%. Gordon and
co-workers conducted experimental verification of the same system.3 The excited molecule
DI molecules were delayed either by atomization to produce DI+ or by predissociation to
produce a ground state D atom and an electrically excited | atom. Later, additional photon
absorbs and produces I+. The oscillating ion signals were offset one from the another by a
constant phase lag so that I+ to DI+ ratio can be controlled by varying the phase difference
between two laser beams.

Zewal et al. in 1992 reported using laser pulses of femtosecond duration that, it is possible to
probe the nuclear motion of the formation and breakup of the transition state (TS). The first
application of femtosecond transition state spectroscopy (FTS) was to study the dissociation of
ICN.3 Reaction trajectory leads to the TS, the potential energy window, and measurement of
the process's lifetime with femtosecond resolution opens a new era for chemical reaction
dynamic studies. Later, Dan Imre et al. calculated the influence of wave packet motion and
observed FTS transients. They described such control of chemical reaction using two sequential
coherent laser pulses. Finally, all the dissociation reaction dynamics of Nal were orchestrated,

and the resonance behavior of a bond converting from being covalent to being ionic along the
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reaction coordinate was picturized. The vertical transition from ionic to covalent surface (V, -
V/,) after absorption of the pump photon in Nal is shown in figure 1.9. As the molecule falls
apart, it encounters the level crossing of these two surfaces, and it is expected that FTS results

in the coupling of potential surfaces of these systems.

t, to
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- .
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Internuclear Separation (A)

Figure 1.9. A display of the PES involved times t, — t,, refers to the evolution of the
wavepacket as it moves along the coordinate and broadened by dispersion. (Zewail et al. 1988)
The appearance of an oscillation in FTS indicates that some Nal molecules were trapped in a

well-formed by the avoided crossing of covalent and ionic PES. The damping gave the
probability of escaping out of the well. The wave packets were highly delocalized in the space
~0.14, and the spreading of the wavepacket was minimal up to a few picoseconds. An
apparent vibrational coherence during the reaction trajectories from the reactant to the product
is observed in the experiment. By changing the probe wavelength, one can effectively study
the dynamics of the dissociative process at different positions of the reaction coordinate.
Comparing the ON and OFF resonance and tuning of the probe wavelength shows that the ON-
resonance signal shows an initial sharpen rise with a series of stair-stepped plateaus. At the
same time, the OFF-resonance displays a damped oscillation. The probe is kept at 589 nm, (it

is resonant with the sodium D-line transitions) resonance situation arises. For the OFF
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resonance probe, the wavelength in figure 10 b is not enough to eliminate the ON-resonance
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Figure 1.10. FTS results for Nal as a function of probe wavelength; (a) 575 nm (b) 580 nm
(c) 590 nm and (d) 615 nm. (Zewail et al. 1989)

Consequently, the signal does not decay at 575 nm and 615 nm. The propagation of the wave
packet generated from the pump oscillates back and forth across the well. The experimental
result shows the parameter of the dynamics, such as the time of bond breakage and the covalent-
ionic coupling magnitude. The reaction of iodine molecules with xenon atoms forms Xel by
exciting the product through the TS. Modulation in the product yield is observed as the pulse's
delay is varied. It controls a coherent femtosecond pulse that reflects the dependence on the
nuclear motion of the reactants. These studies are a beautiful demonstration of understanding
the complexity of reaction dynamics. However, few researchers argued that the molecule is too

big to see quantum coherence effects among the vibrational states.40-42

15



Chapter 1: Introduction: Light-Matter Interactions

1.4 Chemical reaction in strong coupling conditions

In the initial phase of the scientific advance, strong coupling experiments were mainly on
atomic states and later with semiconductor physics.1?-25 Study on strong light-matter coupling
on molecular states and its effect on the chemical reaction was first demonstrated by Thomas
Ebbesen group at the University of Strasbourg. The first attempt was to couple electronically
excited states of a molecule following a photoisomerization reaction.*344 A photochromic
molecule-spiropyran (SPI) undergoes photoisomerization and generates an extended
conjugation (merocyanine-MC) by UV radiation at 330 nm and as shown in figure 1.11 a.®
MC formation results in strong absorption in the visible region (560 nm) and slowly the
system reaches to a photostationary state (PSS). In order to achieve strong coupling, SPI (in a
PMMA film) was sandwiched between two Ag mirrors. A thin layer of PVA film is used to
avoid the direct contact of Ag mirrors with the photochromic molecule (Figure 11 b). The
above geometry generates an FP cavity mode around 560 nm, having an overall thickness of
130 nm (PVA/PMMA/PV A) between the mirrors. This situation results in resonance with the
forming MC molecules that resulted in the formation of hybrid states. A complete conversion
of SPI to MC gives a Rabi splitting energy of 700 meV at the ON-resonance condition.
Photoisomerization kinetics traces collected show a non-linear nature for non-cavity and cavity
systems. The rates measured for the two systems are similar in the initial times, but later the
reaction rate decreased significantly in the cavity. The Kkinetics analysis of the
photoisomerization reaction shows that the rate retarded as the hybrid light-matter states
formed. The final concentration of the species at the PSS is also modified, increasing the MC
yield by 10 %. However, there is no change observed when the cavity is designed to be OFF
resonance from the MC absorption transition and show very similar behavior as outside the
cavity. The reaction rate altered under on-resonance conditions, thus slowing down the
reaction. Strong coupling of the electronically excited state of the MC generates polaritonic
states with new energy levels. This results in reshuffling the chemical reaction landscape,

affecting the reaction rate and the quantum yield of a photoisomerization reaction.

Further, theoretical studies are done by several groups to understand the effect of strong
coupling by calculating the potential energy surface (PES) of the polaritonic states.13® First,
this concept is applied to a photoisomerization reaction that shows suppression under a strong
coupling regime.* Later, A. Rubio's group combined the idea of quantum electrodynamics and
density functional theory to study the electronic, nuclear and photonic degree of freedom of

the coupled system.*® They explained that the reaction barrier increases due to the less energy
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Figure 1.11. (a) Structure of spiropyran (SPI) and merocyanine (MC); (b) Fabry-Perot cavity
schematic diagram of the cavity (upper and bottom Ag mirror) and non-cavity (bottom Ag
mirror) also measured from the same film; (c) Transmission spectrum of the coupled system in
the cavity as a function of irradiation time at 330 nm; (d) Kinetics of the growth of the MC
absorbance measured for the bare molecules (red) and the coupled system (green). (Thomas et
al. 2016)

of lower polariton than the bare molecule. The same effects showed for the photobleaching of
J-aggregates. Further studies are available in the literature on the effect of strong coupling and
reduction in intersystem crossing etc., that can affect the photoconversion processes. Many
groups focused on theoretical and experimental studies are based on coupling the electronic
transition and its effect on excited-state reaction dynamics and the PES of the associated

system.47-52

Strong coupling is not limited to electronic transitions (Figure 1.12). This thesis focuses on
coherently coupling molecular vibrational modes of the ground state with a vacuum field that
can generate symmetrical and anti-symmetric states, as mentioned in the previous section. The
coherent nature of the single-mode cavity field drives all the coupled molecules in the same
phase. It indues coherence among the molecule vibrations and an IR photon (cavity reservoir);
therefore, macroscopic coherence is generated under vibrational strong coupling (VSC)
conditions.>*%4 Electronic strong coupling provide a Rabi splitting energy (hf2z) in the range

of 0.3-1.0 eV for organic molecules, and the same vibrational fundamental states can give
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vibrational Rabi splitting (hf2,z) in the order of ~ 20-50 meV. Rabi splitting can still occur
even in the absence of real photons due to interaction of the vibrational transition dipole and
the cavity mode through zero- point energy fluctuations. This residual splitting is known as the
vacuum Rabi splitting. Please note that there will also be an un-coupled population in the
system that can be a large population in vibrational strong coupling experiments. To prove the
idea of VSC, Ebbesen and co-workers (2015) experimentally demonstrated strong coupling
of an IR photon with a thin polymer film in an FP cavity configuration.>® Here, Polyvinyl
acetate (PVAc) was chosen that has a sharp band feature of C=0 symmetric stretching at
1740 cm™1. The relatively high frequencies of molecular vibrational transitions fixed by the
bond strength and the tiny atomic masses involved in the vibrations, lead to important features.

Such molecular modes are in their ground state, allowing coherent light—matter coupling.
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Figure 1.12. Strong coupling in electronic and vibrational transition; corresponding Rabi
splitting energy represented by hf2; and hf2, .

Under ON-resonance conditions, new vibro-polaritonic states are formed with Rabi splitting
energy of 167 cm™1. Later in the same year, they investigated VSC in the liquid phase for
various functional groups in the infrared (IR) region for the first time.>® The key idea is that
coupling molecules in the liquid state will allow us to investigate the various chemical
reactions. IR absorption spectra of three different molecules studied under VSC, one of which

is DPPA (diphenyl phosphoryl azide) isolated N=N=N stretching mode at 2169 cm ™! shows
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Rabi splitting (hf2,z) of 127 cm™1 which is larger than the FWHM of the bare molecule band
and cavity mode. The same investigated for C=N of benzonitrile and C=0 of citronellal. Liquid
phase study of VSC gives rise to a fundamental difference in the rapid orientation of the
molecule in solution and could increase a dephasing rate. So, to overcome the dephasing rate,
later reported that the VSC can be controlled or tuned by the orientation of the molecules for a
nematic liquid crystal.5* They demonstrated the coupling of the C=N stretching vibration of
the liquid crystal by applying an external voltage to relate the molecular transition dipole and
the electric field direction of the cavity. Here, a decrease in Rabi splitting energy from 57 to
39 cm™ ! to the applied voltage was observed. It shows that the molecule's orientation switches
from parallel to perpendicular to the cavity plane at the high voltage. Using in-plane polarized
light parallel with the cavity shows this effect, whereas perpendicular to the cavity shows no
change in splitting energy even when applied to high voltage. The overall goal of the
experiment is to study the strength of the molecule field coupling depending on the angle
between the molecule's transition dipole moment and electromagnetic field. This feature opens
many exciting opportunities, such as site-selective chemistry targeting a given bond in a
reaction. The electronic transitions are high in the energy that involve the delocalization of the
electron over the entire molecule. Whereas the vibrational changes are localized and splitting
energy ~ 10 % of the fundamental vibrations. So far, the concept of VSC studied on various
systems involving solids and liquid phases, including polymers, organometallic complexes,
liquid crystals, and proteins. Moreover, surface plasmon's strong coupling with the vibrational

transition was also achieved.5-69

To investigate the idea of direct coupling of a given vibrational bond to influence the reactivity
in the ground state has been a topic of interest in this field. For the first time in 2016, a
desilylation reaction was performed of a pure reactant 1-phenyl-2-trimethylsilylacetylene
(PTA) under VSC conditions.”® PTA undergoes a base-catalyzed reaction with tetra-n-
butylammonium fluoride (TBAF), in which an F ion attack on the silicon atom forms a
pentavalent intermediate. The reaction follows pseudo-first-order kinetics, and traces are
monitored by FTIR spectroscopy at different time intervals (Figure 1.13). The FP cavity
consists of two parallel mirrors separated by a distance of 6 um, and the screws on the top of
the cell are used for preciously control to achieve the ON-resonant condition with a vibrational
transition of a molecule. The reaction was monitored by tuning the cavity mode position and
coupling with the C-Si bond at 860 cm™1. The reactant and the product are different in their

refractive indices; therefore, this affect the cavity mode position and the same is used for
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determining the reaction kinetics. The value of splitting energy of 98 cm™! ensure that VSC
achieved is larger than the FWHM of both vibrational transition (Si-C) 39 ¢m™1 and respective
cavity resonance 30 cm™1. Another cavity mode falls exactly on C=C vibrational mode at

2160 cm™! but does not follow the criteria of strong coupling.
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Figure 1.13.(a) Chemical reaction- Silane deprotection of 1-phenyl-2-trimethylsilyl
acetylene in the presence of TBAF; (b) IR spectrum of PTA outside (blue trace) and inside
ON-resonance (red trace) of the cavity; (c) Under ON-resonance shift on the higher order cavity
modes; (d) Kinetic of the reaction ON-resonance (red squares), outside cavity (blue squares)
and OFF-resonance cavity (green squares). (Thomas et al. 2016)

The reaction was initiated after mixing PTA with TBAF and immediately injected into the
microfluidic IR cavity. A logarithmic plot in the shift of the higher mode position versus time
gives a straight line and compares the cavity rates under different mode positions (Figure
1.13 d). Under VSC, the reaction rate decreased by a factor of 4.5, and the detuning cavity
roughly gives the same rate as the non-cavity (Figure 1.14 a). It is interesting to note that the
Kinetic rate plot- a straight line does not deviate from its path as in the case of merocyanine-
electronic strong coupling. Rabi splitting energy hardly changes in the desilylation experiment
due to the presence of Si-C bonds in both the reactant and product molecules. Rabi splitting
depends upon the number of oscillators and is directly proportional to the square root of PTA
concentration. Further experiments are conducted by varying the Rabi splitting energy from
58 cm™! to 114 cm™?! by increasing the PTA concentration from 0.87 M to 3.37 M. The
retardation of the reaction under VSC increases with increasing coupling strength (Figure

1.14 b).
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Figure 1.14. (a) Reaction rate decreases as a function of the cavity tuning (red squares) and
outside cavity (blue squares); (b) Decrease in the ratio of the reaction rates under VSC and
outside cavity as a function of the Rabi splitting energy. (Thomas et al. 2016)

Thermodynamic parameters were extracted using the Eyring equation that allows us to
understand the activation energy of the TS.”* Reaction barrier increases under VSC as enthalpy
of activation increased from 39to 96 KJmol~* and the changed in the sign of enthalpy of
activation from —171 to 7.4 KJmol~?! as shown in figure 1.15. These suggest a modification
of the TS from associative to dissociative pathway. It demonstrates that VSC can significantly

modify chemical landscapes and opens a new way to control chemical reactions.
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Figure 1.15. Eyring plot for the reactions inside the ON-resonance cavity (red squares) and
outside the cavity (blue squares). (Thomas et al. 2016)

VSC as a function of change in concentration of PTA is analyzed, which increases the Rabi
splitting from 55 cm™! to 128 cm™1. The relative change in the reaction rate depends on the
Rabi splitting energy, which is controlled by the reactant concentration. The corresponding
enthalpy of activation doubled from 35 to 84 KJmol~! and changed its sign for the entropy of

activation from —49 to —1 KJmol~1. The difference between the total free energy change
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under VSC and non-cavity is relatively minor because the enthalpy and entropy of activation
compensate for each other. The change in the thermodynamic data is more significant than the

Rabi splitting energy which is typically on the order of thermal energy (kg T).

Another class of reactions that was studied is Prins cyclization under VSC of the carbonyl band
of a series of aldehyde and ketone.”? Here, a nucleophilic attack (C=0) on the carbonyl carbon
of aldehyde or ketone determines the reaction rate. Under VVSC, the reaction rate decreased by
2 — 5 times depending upon the reactivity of C=Og (stretching frequency of C=0) of different
derivatives. The increase of the activation energy by VSC might suggest the effect of C=0
stretching vibration decreases the polarity of the functional group involved in the rate-
determining step. Prins cyclization has essential application in pharmaceutical chemistry.
Modification of enzymatic reactions under VSC is also studied.” The coupling of the O-Hst
band of water on the enzyme pepsin slows down the proteolytic activity. Vacuum Rabi splitting
of O-Hstr gives 700 cm™! ; 21 % of the bare transition indicates the system is in ultra-strong
coupling. The reaction constant k.,./K,, was 4.5-fold decreased after VSC, whereas there is
no effect of bending coupling. VSC of water affects the intermolecular interactions may be
through H-bonding, van der Waals interactions, and hydrophobic interaction, leading to

changes in the dynamics and enzyme-substrate interaction and the rate of the product

formation.
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Figure 1.16. (a) Major silyl cleavage pathways shown are Si-C to form 1, Si-O to form 2 for
the reaction of R with TBAF; (b) Cavity tuning as a function of reaction rate inside the cavity
(red spheres), blue dashed line represents the average rate outside the cavity. (Thomas et al.
2019)
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In another significant step, the ratio of the two competing reaction rates and the branching ratio
of the product formation was tested under VVSC conditions.” To explore this, a silane derivative
(R) was used with two different sites for silyl bond cleavage. Nucleophile attack on the Si atom
results in two products: the cleavage of the Si-C bond, and the Si-O bond. IR spectrum of the
R shows strong absorption bands corresponding to Si-C (842 cm™1), Si-O (1110 cm™1)
stretching modes and bending mode of the CH3 group bonded to Si (1250 cm™1). VSC of the
Si-C stretching band retarded the reaction rate by a factor of 3.5 compared to the outside/OFF
resonance cavity (Figure 1.16). Similarly, the coupling of Si-O retarded the rate by a factor of
2.5 times relative to the outside/OFF resonance cavity. The plot of reaction rate versus cavity
tuning confirms that vibrational modes influenced the reaction rate. It also studied that the

reaction rate can be precisely controlled by the TS under VSC representations in figure 1.17.
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Figure 1. 17. Schematic illustration of possible transition states under (A) non-cavity and (B)
VSC. (Thomas et al. 2020)

The chemical landscape is lifted towards the desired product, and VSC can be useful for

elucidating reaction mechanisms.

1.5 Applications of VSC beyond chemical reactivity

VSC can offer band-selectivity and recently utilized for electrochemical energy conversion
without light pumping. lonic conductivity is enhanced by order of magnitude by coupling the
O-Hsr band of water of an aqueous electrolyte HCIO4.7 The cavity vacuum field might become
a tool for material synthesis and molecular self-assembly. An observation of pseudo

polymorphism in the crystallization from water and zeolite imidazolate frameworks (ZIFs) was
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also studied inside the cavities after coupling of the O-Hstr band of water resulting that: ZIF-8
crystals were selectively formed while the mixture of ZIF-L and ZIF-8 formed otherwise.’®
These metal-organic frameworks are of interest for gas absorption, chemical sensing, and
catalysis applications. VSC has become a valuable tool for chemistry and material science
where no external light source induced and selected bond is involved in the mechanism. The
spontaneous Raman scattering was studied recently, and it was found that the coherent nature
of vibro-polaritonic states boosts the scattering cross-section by two to three orders of
magnitude.®® So far, the spectral properties like the selection rule and lifetime of the vibro-
polaritonic states are poorly understood. Infrared and filtered pump-probe spectroscopy reports
the exciting vibration polariton's spectroscopic features and relaxation dynamics. Jeffrey C.
Owrutsky and co-workers showed the strong coupling of the NO band of sodium nitroprusside
to a mode of FP-cavity.”” They found that the vibro-polaritonic excited state lifetime is longer
than the coherent time revealed by Rabi-oscillation decay, indicating the support of an
incoherent population. The cavity effect is also applied in the solid-state material properties
such as; charge transport, magnetism, and superconductivity.”®”® There has been extensive
work to generalize the presence of strong radiation field molecule coupling in quantum
chemistry. Theoretical studies under VSC are still not conclusive as there are many approaches
starting from non-equilibrium nature to resonance interactions. Angel Rubio and co-workers
recently developed the ab initio method, confirming that the QEDFT method is suitable for
accessing such a local polaritonic effect. Collective strong coupling paves a way to control the

local states and hence the fate of bond making or bond-breaking process.
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2.1 Cooperative VSC

In a two-level quantum emitter system, there will be negligible populations that can modify the
total energy of the system. In another way, the strong coupling of a single emitter is an arduous
task at room temperature. To achieve strong coupling at a single molecule level, the molecular
oscillator has to be very strong, and the mode volume of the cavity has to be extremely small
[Egn. 1.5 in Chapter 1]. Further, it is exciting to explore the model of the VSC in molecular
ensembles and later to large numbers collectively coupled to the cavity mode.47.80.81.132
Recently, A. Nitzan and co-workers simulated the cavity molecular dynamics forming
collective VSC.82 Asymmetric stretch of CO2 molecules coupled to the cavity mode accelerates
the hot molecule relaxation processes. This might be due to the transient excitation of the
polaritons, which facilitates intermolecular vibrational energy transfer under VSC conditions.
This idea can be further extended to understand the cooperativity and the collective behavior
of the coupled molecules. Joel and co-workers demonstrate the consequence of Bose-Einstein
condensation of polaritons on chemical reactivity.8 The model includes quasi-degenerate dark
modes that do not possess any photonic character and are likely to behave similarly to
uncoupled molecules. All dark modes degenerate at a frequency w, and shows the massive
degeneracy of dark modes, which enhance polaritonic effects by having a macroscopic
occupation of the lower polariton mode, i.e., Bose-Einstein condensation. They showed that
the vibrational polariton condensate changes in the reaction yield significantly compared with
the excitation with infrared laser sources. It is due to the additional channels with reduced
activation barriers resulting from the significant accumulation of energy in the lower polaritons
and many modes available for the energy distribution during the reaction. In particular, they
explained one could counteract the massive degeneracy of dark modes and enhance polaritonic
effects by having a macroscopic occupation of lower polariton mode. The condensate can
change the reaction yield significantly at room temperature due to the availability of additional

reactive channels that differ in energy by hQ2, /2 rather than ~hw,,.

Most experiments of molecular strong coupling are carried out in the collective regime. The
same concept was applied to the electron-phonon coupling, in which yttrium barium copper
oxide (YBCO) powder was dispersed in the various polymer.”® Strong polystyrene peaks
overlap with the phonon mode of YBCO and explore the superconductivity. The mechanism
believed is that strong vibrational bands of polystyrene resonant with the phonon mode that
acts as a mediator, leading to VSC. This observation suggests that cooperative VSC modifies

the molecular properties without external stimuli.
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Figure 2. 1. Cooperative vibration strong coupling of solute-solvent molecules with the cavity
mode forms vibro-polaritonic states separated by vacuum Rabi splitting energy represented
hQyx.

As mentioned above, cooperative coupling of a large number of molecular oscillators with an
infrared photon result in large Rabi splitting energy that can modify the chemical energy
landscapes. Cooperative VSC can be achieved in the liquid phase using specially designed
Fabry-Perot microcavities. Recent experiments suggest that VSC can modify the chemical
reaction rate and crystallization process at room temperature.848 A solute with matching
vibrational energy as solvent vibrations undergoes intermolecular energy transfer due to
vibrational overlap in the system, leading to chemical and physical modification (Figure 2.1).
For example, coupling a vibrational transition to an infrared cavity mode influences the ground
state chemical reactivity. The introduction of cooperative VSC has opened the door to further
advances in the field because chemical reactions are studied with low concentrations and in
homogeneous media. Few examples are available in literature using cooperative VSC that can
modify a ground-state chemical reaction without any external optical pumping. There are
classes of organic reactions being explored. However, the current theoretical understanding

cannot explain this experimental finding ably.

2.2 Fabry-Perot Resonator

The development of micro/nanofabrication technology and its applications came decades ago.
Micro- resonator with a high Q-factor with low internal loss is highly desirable and used for

many applications. Choosing a microcavity for a particular experiment depends on several
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factors such as ease of fabrication, less optical losses, minimum mode volume and tunability.
The practical application of VSC requires a microchannel within a few micrometers (2 —
25 pm) to study a chemical reaction. Ebbesen and co-workers have already demonstrated that
such cavities can be fabricated easily using Au mirrors on IR transparent windows for liquid
phase VSC (Figure 2.2 a).%8 Spectroscopic studies will help us to understand further how the
coupling strength is affected when a vibrational transition of a molecule is coupled with the
cavity mode.

The FP-cavity consists of two parallel gold (Au) mirrors coated onto BaF,/CaF, windows
separated by a mylar spacer shown in figure 2.2 b. The mirrors are aligned parallel to each
other so that an electromagnetic field bounces back and forth and forms standing waves. The
physical distance between the mirrors can be controlled by the top four screws in the
demountable cell (Figure 2.2 a). Fine-tuning can be done by losing or tightening the screws to
achieve the overlapping of a cavity mode with the vibrational stretching band of a molecule.
The cavity can be tuned to resonance using a flexible polymer spacer between the mirrors—
this close configuration forms a microfluidic cell that holds the liquid. Molecules with low

vapor pressure are ideal for FP-cavity experimental studies.

(b)
Inlet —» Outlet
Au mirrors | 4mm
\ 10 nm
BaF, windows ¢ ]- 6 — 25 um
=-10 nm
4mm

SiO; layer

Figure 2. 2. (a) Image and (b) sketch of a microcavity QED reactor.

When the light comes in phase after a round trip accumulation, it forms cavity mode; this
process will continue until the light leaks out of the cavity. The multiple reflections of light
between the two reflective surfaces increase the electromagnetic field density. Consider an
incident beam traveling through an FP cavity confined between two parallel mirrors; Figure
2.3 shows the path of light traveled through the cavity — the primary beam is partially reflected
and transmitted at the first mirror. The transmitted light is subsequently reflected and again
transmitted between the mirrors. Constructive interference occurs if the transmitted beams are

in phase, this corresponds to a maximum transmission peak. At the same time, the transmitted
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beams form destructive interference out of phase, resulting in a minimum in the transmission
peak. It depends upon the angle of light travel, thickness, and refractive index of the medium.

Here, r denotes the coefficient of reflection of mirrors and t is the transmission coefficient.

Figure 2. 3. Schematic representation of the paths of light travel in the Fabry-Perot resonator.
The phase difference § between two successive transmissions is given by
6= 2/1—71 2nL cos @ [2.1]

where n is the refractive index of the medium in the cavity, L is the cavity length, and 8 is the

incident angle of the light.

R denotes the reflectance and T transmittance of the mirrors and is given by,

1—R)? 1
r= 1—2(Rcos;+ RZ ~ ) [2.2]
1+ F sin? 5
Factor F is known as the coefficient of the finesse of the cavity.
F = R 2.3

Finesse factor depends upon the value of R. If the reflectance R is minimal, the value of F is
also small, and the transmission peaks are broad and indistinct. If R is close to unity, sharp

transmission and high Q-factors can be achieved.

The criteria to reach VSC is to achieve higher coupling strength compared to FWHM of the
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Figure 2.4. FWHM of the cavity mode.

cavity mode and absorption band of the molecule. The energy dissipation from the cavity can
be due to the absorption, scattering, or leakage through the imperfect mirrors. The quality factor
(Q) can be defined as the ratio of energy stored inside the cavity and the energy dissipated per
cycle. It was observed that the dissipation rate in the FP-cavity is lower as the thickness of the

cavity increases.

(‘)T
Q_

= 1o, [2.4]

w, 1S the resonant frequency and Aw, is the linewidth of the cavity mode (FWHM).

Generally, a high Q-factor cavity is achieved by the mirrors' high reflectivity so that photon is
stored in the microcavity for a longer time. Fabry-Perot cavities based on metallic mirrors can
be easily fabricated, with high reflectivity in the IR region (Rau=98 — 99 %) and a reasonable
Q-factor (~100) shown in figure 2.4. Mode volume in FP-cavity is much higher than the
distributed Bragg reflector (DBR) and plasmonic cavities. Therefore, high mode volume allows
a large number of molecules in the cavity, and large collective Rabi splitting energy can be
achieved. The resulting cavity modes are equally spaced in frequency, and the separation
between the successive cavity modes is termed the free spectral range (FSR) of the cavity can
be calculated in figure 2.5. The ON-resonance condition depends upon the cavity pathlength

(um) and refractive index (n) of the medium.

10*

The collective strong coupling of the vibrational band with the cavity mode depends upon the

concentration of the molecules. Under the resonant conditions, two distinct peaks in the
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transmission spectra suggest forming vibro-polaritonic states. The polaritonic states inherit
both the properties of the molecular state and the infrared photon. The upper and lower
polaritons FWHM is the average of both the molecular band and the cavity mode and going up
in the cavity mode numbers increases the lifetime of the polaritons and hence lowers the
dissipation in the system. Please note that strong coupling process disappears if the photon
decoherence occurs while coupling to large pathlength cavity modes. Whereas a low
dissipation rate enhances the coherence time of hybrid states, and hence it can be long-lived.

In another way, the total dissipation rate of the cavity and molecule should be slower than the
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—— Empty cavity FSR 240 cm™
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Figure 2.5. FTIR spectrum of an empty cavity with a free spectral range of 240 cm™1.

Rabi exchange process to achieve the so-called strong coupling condition. The molecule decay
rate depends upon the transition dipole moment that is viewed as oscillating in phase under
strong coupling. The cavity absorbs the energy emitted from the first molecule, and again it is
used to excite the second molecule; this process is repeated multiple times until the system
undergoes decoherence. It creates a strong interaction between the IR photon and many
molecules coupled to the photon. Consequently, new vibro-polaritonic states are formed that

can control the potential energy landscape of a chemical reaction.

2.3 a. Ester solvolysis in Fabry-Perot cavities

A Cary 5000 UV-VIS spectrophotometer was used to measure the ester solvolysis of para-

nitrophenyl acetate (PNPA) using a demountable flow cell set-up. PNPA was purchased from
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Sigma Aldrich and had a molecular weight of 181.15 kg/mol™1; melting point of 75 — 77°C.
0.1 M of PNPA undergoes a base-catalyzed reaction with tetra-butyl ammonium fluoride
(TBAF). The decomposition products of PNPA are para-nitrophenoxide ion (PNP-) and para-
nitrophenol had a UV absorption consisting of two bands shown in figure 2.6.8 One was
enhanced in alkaline solution, and the other in acidic solution. In an alkaline solution, there is
maximum absorption at 400 nm, and the absorption diminishes as the solution becomes

acidic.8’

O  TBAF/ MeOH _ O
02N©—0 —_— OZNOO +
(EtOAC) o vent OCH,3

Scheme 2. 1. Base catalyzed solvolysis of PNPA in the ethyl acetate (EtOAc).

There is also an isosbestic point at 350 nm and the estimated pK a of para-nitrophenol is 7.15.
We focus on studying the experiments at an alkaline pH (8.5) and assume that the reaction

follows a pseudo-first-order process.

A demountable flow cell with BaF> windows was purchased from Specac Ltd. UK and used
for the studies. BaF, (4mm window thickness) was coated with 10 nm Au film by
sputtering techniques and Mylar spacer of 18 um was used for the non-cavity and cavity

experiments.
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Figure 2. 6. Absorption spectra showing the evolution of PNP- at 400 nm during the progress
of the ester solvolysis.

Ester solvolysis of PNPA in the mild alkaline condition of TBAF was done by mixing 0.1 M
PNPA (18mg in 1ml of EtoAc) and 0.1 M TBAF (31.5 mg in 1ml of methanol). A fresh
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solution of PNPA (reactant) was prepared each time, whereas TBAF (reagent) was prepared
and stocked. The reactant 270 ul and reagent 30 ul were mixed in the ratio of 9: 1 in a glass
vial. The reaction mixture was injected immediately into the demountable cell with the
disposable syringe (Inlet and outlet shown in figure 2.2 a, b). It is essential to remove the air
bubble during the injection. The final concentration of the PNPA and TBAF was 0.1 M and
0.01 M, respectively. Reaction rate followed with the absorption peak at 400 nm, and kinetic
data was plotted for an initial 100 seconds. Free spectral range (FSR) was measured in the
same UV-VIS spectrophotometer in which reaction kinetics were studied. FSR was calculated
in every case by taking the average cavity modes of an empty cavity and by back-calculation
to assure that it reached the resonance condition before the injection of the reaction mixture.
We were using Eqn. 2.5, the refractive index of the solvent (EtOAc) and pathlength 18 um,
FSR were estimated before and cross-checked after the completion of the reaction. Refractive
index variation of the medium is minimal as the concentration of the solvent is 100 times
larger than the reactant. After setting the empty cavity FSR, the flow cell was kept for

stabilization ~30 minutes.
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Figure 2.7. Carbonyl band of PNPA (ATR spectra; black trace) and FTIR spectra of 12EtOACc
(red trace); (a) 10% diluted 12EtOAc with hexane; overlapping of carbonyl stretching mode of
L2EtOAC and PNPA; (b) pure ?EtOAc coupled with 10th mode of the cavity; formed VP +
and VP — (blue trace) vibro-polaritonic states.

Base catalyzed ester solvolysis follows a B,.2 mechanism in which methoxy ion (‘OCHs3)
attacks the electron-deficient carbonyl C-atom and forms a tetrahedral intermediate; it is the
rate-determining step for the reaction.888% Secondly, acyl bond-breaking follows the TS,
leading to product formation (Scheme 1.1). PNP- is a better leaving group that shows a yellow

coloration to the medium. The rate of PNPA solvolysis is dependent on the stability of the TS,
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which is controlled by the surrounding solvent molecules. To achieve strong coupling, it is not
possible to directly couple the PNPA vibrational bands because of less number of oscillators/
low concentration. We have chosen a solvent with a matching frequency of carbonyl stretching
of the solute molecule (Figure 2.7 a); these vibrations (C=Os) are involved in the rate-
determining step of the reaction. Rabi splitting energy of 155 cm™1 is achieved by cooperative
coupling of both the solute (PNPA; 0.1 wt%) and solvent (EtOAc) molecules, as shown in
figure 2.7 b. The formation of vibro-polaritonic states changes actual transition energy into
upper and lower polaritonic states with VP + and VP — at 1840 cm™! and 1685 cm™?,
respectively. Rabi splitting and the polaritonic states can be easily seen by using a Bruker FT-

IR spectrophotometer.

We compared the reaction rate in the non-cavity and cavity by maintaining all the physical
conditions of the system similar, except the cavity will have two parallel mirrors. Initially, the
progress of the reaction can be easily monitored by the temporal evolution of the PNP- using a
UV-VIS spectrometer by coupling the C=Os band at the end of the reaction. FSR after the
reaction gives the information, whether it was under strong coupling conditions or not. Please

note that FP-cavity
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Figure 2. 8. Temporal evolution of PNP- in the FP-cavity with spacer 18 um using scan kinetic
mode of the spectrometer for SBW of; (a) 1 nm and (b) 5 nm.

configuration has feeble interference in the UV-VIS region that misguided us in the beginning
and that was proposed in the original article. The interference pattern usually rides over the
original absorption as the reaction proceeds (figure 2.8 a). This again gets amplified at ON-
resonance conditions due to local environmental changes such as refractive index (RI) variation
etc. Later, this was corrected by keeping the slit bandwidth (SBW) high in the instrument

(5 nm) so that the absorption line shape is intact (Figure 2.8 b), especially when we collect
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single-point kinetic experiments. Please also note that the data collected in the UV-VIS
spectrometer is a differential absorption spectrum with an overall absorption reaching only up
to 0.05 OD. One needs to be very careful in analyzing the data and the background spectra of
the spectrometer shouldn’t change during the cause of the measurement. The concentration of
the PNPA is also optimized to achieve a reasonable rate for kinetic probing and hence cannot

be increased further.

The same experiment was repeated by Wiesehan et al.; they attempted to reproduce our original
experiment of cavity catalysis.??® In the report, they achieved the same splitting energy, but the
detuning dependence of Kinetics rates is not observed. They have done all their experiment in
flow-cell conditions. The design of the cell setup consists of four gas syringes. Two syringes
contain the desired quantities of each reactant solution and the third syringe contains air and
acts as a driving piston that drives the fluid. The fourth syringe contains EtOAc to flush out the
residues. The experiments are challenging for the following reasons: 1) molecules spend less
time in the cavity, and the VSC effect is minimal. 2) Even if the measurement pauses to static
mode, some residue pressure will generate a flow condition, especially if the pathlength is
18um due to the internal pressure of the cavity configuration. We believe that the experimental
setup and kinetics measurements conditions are different from our experiment. It can be due to
solution preparations, reactant mixing ratio, and washing and drying the windows. After each
measurement, cleaning the spacer, windows, vials and tubing is very important. Our
experimental setup is different; we used static conditions for the measurement discussed in the
follow-up manuscript.13* We opened the geometry and carefully washed the windows,
demountable cell inlet-outlet and dried. It is crucial to note that the spacer should be clean and
has no residue from the previous measurement. The report shows the parallelism of the mirrors
in figure 5 (ref. 133) and the interference pattern. In our case, a sweet spot (Newton Ring) is
the center of the cavity that offers parallel mirrors. It can be achieved by equally tightening or
losing the screws. A uniform Newton ring confirms that the mirrors are perfectly parallel,
which is the first criterion for achieving strong coupling. As the UCSD team suggests, the
experimental procedure for the reproducibility test is not similar to the original work. Another
major concern is the kinetic rate calculated by averaging the absorbance area between 395 —
405 nm for each time step. Averaging the raw data is risky as the interference will be amplified
that read to serious errors in cavity data. Each measurement in the cavity is independent and
cannot be comparable or averaged out. Wiesehan et al. have done the detuning experiment

within the range of +80 ¢m™1 and found an error bar high as the move from the ON-resonance
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condition. There may be a chance of leaking the solution from the cavity as it is loose/ or in a
more tight situation. The interference pattern in the cavity misled the original change in the
absorbance of PNP- ions and the area under the curve for the rate calculation will give unclear
results. The judgment to reach ON-resonance conditions (X-axis of the tuning curve) by
Wiesehan et al. is looking into the upper and lower polaritons positions. That is different in all
our experiments; we have assumed this parameter by using FSR calculation between 7000-

5000 cm™1; a procedure to estimate the actual FSR is discussed in the previous section.

2.3 b. Corrections to the original paper

Our earlier experiments were done using SBW-1 nm by default for single-point kinetic
measurements and experiment turned out to be amplified due to the interference mode of the
cavity at 407 nm. This error occurred due to the system default setting and the temporal scan
is always done at SBW of 5 nm. This original result is published in Angew. Chem. Int. Ed.
2019, 58, 10635-10638 and has been corrected in the follow-up publications. In the original
report, final FSR was calculated using an FTIR spectrophotometer in the range of 6000 —
4000 cm™1 after probing the reaction kinetics. Each FSR data is calculated by averaging of
five higher order uncoupled modes (6000 — 4000 cm 1) and plotted versus the apparent rate
as shown in the figure 2.9. We further conducted all the experiments in an SBW-5 nm and the
interference pattern is completely smoothened, as shown in figure 2.8 b. Originally reported

figure shows an enhancement of more than one order of magnitude, as shown in figure 2.9.
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Figure 2.9. Single point kinetic rate measured (kg,,,) at407 nm with SBW of 1 nm by tuning

the cavity mode ('2EtOAc; blue filled circles) and non-cavity ('?EtOAc; blue empty circles).
The dashed curve is a guide to the eye.
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PNP- absorption is also sensitive as the absorption envelope still suffers from signal-to-noise
issues due to poor absorption of 18 um pathlength cell. Please note that the tuning experiments
are very challenging as each cavity data give slightly different conditions even if one does a
measurement within the same day using the same stock solution. Cavity Q-factor is another
uncontrollable parameter, which may vary between 70 to 100 while tuning experiments.
However, we attempted to see a general trend using the same stock solutions, pH conditions

and the temperature of the medium.

2.4 Result and Discussion

At room temperature, the reaction follows the pseudo-first-order and the apparent rate of the
non-cavity kg, = 1.1 X 1073 s~ (average of three measurements) plotted in figure 2.10 b.
Cavity experiments are done at different tuning conditions, including the ON-resonance points
and OFF-resonance data on either side of the C=Os band region. ON-resonant cavity shows
an enhancement of kg, = 2.8 X 1073 s~1 which is roughly 2.5 times, increase compared to
OFF-resonance and non-cavity apparent rates (Figure 2.10 b). In the present study of the
reproducibility test, the FSR calculation was done by the same UV-spectrophotometer, which
is different from the original paper. This method analyzes the FSR on the same area where
reaction kinetic is probed. Cary-5000 UV spectrophotometer controls the level of precision
across the whole scan. To achieve the strong coupling, we pre-calculate the estimated FSR
using the eq [2.5] before the reaction mixture is injected into the demountable cell. The reaction
mixture was injected into the cavity and run the kinetics for 5 minutes. Further, the FSR value
is calculated in the range of 7000 — 6000 cm™1; that avoids the background absorbance of O-
H overtone stretching modes nearly 5500 cm™1. That can result in a shift in the actual FSR of
the system. Since the probing area of the beam in the UV-Vis spectrometer may be different

from the actual FTIR probing area, this can in principle globally shift in the tuning plots.

Due to limited thickness availability, cavity tuning and kinetic action spectra have been done

around the vibrational envelope of the C=Os band. Please note that a Mylar spacer of 18 um
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Figure 2.10. Reaction Kinetics at 400 nm in non-cavity (black trace), OFF-resonance at
1780 cm™! (red trace), ON-resonance at 1744 cm~! (blue trace) corresponding; (a)
Absorption traces; (b) Kinetic traces follow pseudo-first-order.

is elastic and we tightened or loosened the spacer very carefully using the front screws of the
FP cavity set-up, that gives a FSR precision of 1 cm™?; that can carefully tune the 10th mode
position. Here, we tuned the cavity mode position of 1780 cm™, kg, = 1.1 X 1073571
shows the same rate as that of non-cavity. The reaction kinetics were performed for each
experiment by slowly changing the FSR of the cavity. The apparent rate calculation by varying
the cavity mode position is plotted in figure 2.11; table 2.1, and corresponding apparent rates

versus cavity tuning is shown in figure 2.12.
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Figure 2.11. The experiment was performed by tuning the cavity mode position by changing
the FSR value at 400 nm with SBW of 5 nm; (a) Abs vs. time; (b) Calculation of reaction rate;
given in table 2.1.
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Table 2.1. kapp of S.No. FSR(Cm_l) kapp(s_l)
tuning experiment (all 1 1780 1.12 x 1073
the experiments done 2 1705 1.3x1073
with the same batch of the 3 1720 1.45 x 1073
solution) 4 1742 2.1x1073
5 1744 2.72 x 1073
6 1740 1.37 x 1073
7 1715 1.43 x 1073
8 1750 2.06 x 1073
9 1701 1.91 x 1073
10 1757 1.58 x 1073
11 1769 1.56 x 1073
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Figure 2.12. Kinetic action spectra of cavity tuning experiments around the C=Os of PNPA
molecules: cavity (filled blue circles) and non-cavity (empty red circles). Dotted line is a guide
to eye.

Further, isotopic studies are conducted under the cooperative mechanism between the solvent
and the reactant molecules. Here, the solvent, ethyl acetate; 12C=0 of 12EtOAc is replaced with
13C=0 of 13EtOACc isotope. FTIR measurements suggest a shift in the carbonyl frequency from

1750 to 1706 cm™! (Figure 2.13 a). The signature of strong coupling was verified by
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measuring the FTIR spectra suggesting a similar Rabi splitting energy (150 cm™1) from the
carbonyl band of 13EtOAc with VP + and VP — at 1792 cm™! and 1642 cm™! respectively
(Figure 2.13 b). It is striking to note that for 13C=0 isotopic experiments, the non-cavity
apparent rate (kapp = 2.4x 10~*s71) is one order less than the 2EtOAc system. This
significant change indicates the secondary isotopic effect from the vibrational overlapping of
solute PNPA with solvent molecules.?© It facilitates a solvent-directed vibrational energy
transfer in the system. Whereas, in the cavity experiments, due to minimal overlap between the
reactant and the solvent molecules, the rate modification is negligible, as shown in figure 2.14.
It confirms that the VSC of 12EtOAc and PNPA is purely invoked through the cooperative

mechanism.
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Figure 2. 13. Carbonyl band of PNPA (ATR spectra; black trace) and FTIR spectra of 33EtOAC
(red trace); (a) 10% diluted 1BEtOAc with hexane; (b) Pure 3EtOAc coupled with 10th mode
of the cavity; formed VP + and VP — (blue trace).

To continue this discussion, VSC can be transferred from solvent to the solute as long as
vibrational bands overlap and IR photon cannot discriminate between the reactant and the
solvent vibrational states as the process is occurring collectively. As the cavity mode position
enters into the coupling of the C=Osr band of the reactant and the solvent molecules, the
reaction rate enhances along the vibrational band region and shows a maximum of around
1750 cm ™ and decrease as you move away from the active band (Figure 2.14 b). There must
be a more vital solute-solvent dipolar interaction that favors the presence of VSC condition and
hence after the vibrational energy transfer (VET) between the solvent and the solute molecules.
Strong coupling of the C=Os oscillators of the solvent influences the reactivity, where bond
selectivity is crucial. The coupling of the carbonyl carbon atom is essential as the same bond

determines the rate of the reaction. Lindoy et. al. developed an analytical rate theory for cavity-
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Figure 2. 14. Comparison of kinetics rate by changing the isotope of solvent from 12EtOAc to
BEtOAC. (a) Vibrational overlapping of C=Os of 12EtOACc with PNPA whereas 13EtOAC shifts
the band position; (b) Corresponding kinetic traces measured by tuning the cavity (12EtOAc:
blue filled circles; 13EtOAc: red filled circles) and non-cavity (12EtOAc: empty blue
circles; 13 EtOAc: empty red circles).

modified ground state chemical kinetics.38 They showed that the chemical reaction rate can
either be enhanced or suppressed depending on the bath friction; when bath friction is weak
chemical kinetics is enhanced as opposed to the case of strong bath friction, where chemical
Kinetics is suppressed. Further, showed that the photon frequency at which maximum
modification of chemical rate is achieved is close to the reactant well, and hence resonant rate

modification occurs. The results reveal that the cavity modification of chemical rates can
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largely be rationalized by considering how molecular vibrational states are altered by
hybridization with cavity photon states (forming so-called vibrational polaritons) to effectively
increase or decrease the interaction of the molecule with its environment. These effects emerge
from fundamental quantum light-matter interactions and cannot be fully captured with simple
classical or semiclassical descriptions of light and matter. Most theoretical work operate in the
single molecule limit and do not address collective effects in a direct manner. The origin of this

remarkable effect remains unknown.

Catalysis, as defined by IUPAC, is: “A process that increases the rate of a reaction without
affecting the overall standard Gibbs free-energy change in a reaction.” Here, the vacuum field
energy accelerates a chemical reaction rate; it is the conserved energy created and annihilated
within the system. Our idea was to test the process by looking into the thermodynamic variation
of the cavity and non-cavity conditions. Temperature-dependent studies are conducted to
extract activation parameters using the Eyring relation that connect the conventional kinetics
rates to thermodynamic parameters. All the reactions were performed using a special
temperature control jacket covering the microfluidic flow cell cavity and within the
temperature range of 20 — 30 °C. There is a limitation to experimenting with a range of
temperatures because we calculated the initial rate, which becomes very fast at higher
temperatures and posed challenges to analyzing the rate of the reaction. The temperature in the
flow cell has been equilibrated for 30 minutes. The activated parameter was calculated from

the Eyring equation under the non-cavity and ON-resonance conditions of VSC.

kgT —AH* AS*
kapp=Texp W + R [26]

The enthalpy of activation (AH*) decreases from 82.53 KJmol™ to 70.36 KJmol™1, under
VSC of 2EtOAc molecules. Another interesting finding is that the entropy of activation (AS*)
decreases significantly from —20.4 JK “*mol~! to — 58.86 JK ~1mol™1; this large decrease of
AS* Indicates that TS is more polar under VSC conditions (Figure 2.15). However, the change
on AAG7 is in the 1-2 kJ/mol range, close to the solvation energy limit in any chemical
reactions. Please note that the Y-axis of figure 2.15 is updated (SBW-5 nm) and is different
from the original paper (see footnote*). The overall activated energy is stabilized under the
cooperative VSC of solute-solvent molecules. Interestingly, the enthalpy compensates for the

entropy of activation, not affecting the reaction mechanism. Hence, ‘cavity catalysis’ is an apt
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terminology here, whereas the VSC effect occurs only by selectively tweaking a vibrational

state.
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Figure 2.15. Eyring plot for a reaction inside the cavity (blue circles) and non-cavity (red
circles).

* Y-axis of figure 3 of the ref (91) is erroneous as it only plotted the In( k) versus 1/T.

Xinyang et. al. shows that at “resonance” frequency, the cavity radiation mode induces a
dynamical-caging effect such that the molecular reaction coordinate becomes trapped in a
narrow “photonic solvent cage” near the barrier region.!®® To account the “effective change”
of the Gibbs free energy barrier A(AG™) that is equivalent to the change of x, where k is the

transmission coefficient that captures the dynamical recrossing effects, measuring the ratio

_ACF
between the reaction rate and the TST rate. By using Eyring rate equation k = kBTT exp (ﬁ )

and thusAG™* = —%ln(ZnB - k),B=1/kgT ,withk = Kk - krsr. Rewrite the above AG* =
—%ln(ZnB - K - krgr). krgp 1S @ constant at any coupling strength and cavity frequency and

is same for bare molecular case. The effective A(AG*) solely depends on the change of k.

The change of free energy barrier compared to the bare molecular reaction is then A(AG™) =

AG* — AGY = —%IDK/KO. This work underscores the importance of “dynamical solvent

effect” of the cavity radiation modes and may provide a new perspective for understanding the

modification of reaction rate in polariton chemistry experiments.
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2.5 Conclusion

Ester solvolysis studies under VSC catalyzed the reaction, and the effect is very selective to
coupling the C=0g« of 12EtOAc molecules in a cooperative way.”! As evidenced from the
isotope experiments, a clear vibrational overlapping between the solute and solvent molecule
is the minimum criterion for achieving cooperative VSC. Our first prototypical experiments
suggest that cavity catalysis requires the following criteria: 1) vibrational overlap of the solute
and the solvent, 2) collective coupling behavior; which purely depends on the total number of
coupled molecules, and 3) band and site-selectivity while tuning the cavity mode positions (IR
photon energy). The above conditions indicate that VSC occurs internally, i.e., without any
external stimuli. Finally, the thermodynamic data unequivocally shows that the reaction is
catalyzed under VSC of the solvent. On the experimental side, many classes of chemical
reactions need to be investigated to extract general principles that govern under VSC. As
demonstrated here, the use of cooperative effects should greatly facilitate this task in that it
removes the requirement of a high concentration of reactants to achieve the strong-coupling

condition.
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3.1 Introduction

Solute-solvent interactions are very complicated to access spectroscopically and are even more
extensive under VSC conditions. To assess the effect of solvent on the reaction rate of a solute
via VSC, precise planning for a correct choice of solvent is very important. More than 300
solvents are known, and the qualitative rule of "like dissolving like" and quantitative data, e.g.,
boiling point, dielectric constant, and refractive index, make it hard to choose the partner for
this to synchronize dancing that results in breaking or making of a bond. One of the most
common rules for selecting a solvent is "polarity.” As discussed in the previous chapter,
cooperative VSC requires vibrational overlapping of the solute and uses moderate polarity
solvents to probe the chemical kinetics. Electrostatic solvation models are available in the
literature discussing the effect of dielectric constant and permanent dipole moment; these are
unique parameters that define solvent polarity.®2 The dielectric constant describes the ability of
a solvent to separate electrical charges and orient its dipolar molecules. At the same time,
solute-solvent interaction is more extensive and complicated: in addition to the nonspecific
coulombic, inductive, dispersive interaction, specific hydrogen bonding, electron-pair
donor/acceptor, and solvophobic interactions, etc. plays a role in controlling the reaction
environment. It is the sum of all molecular properties responsible for the solute and solvent
interactions. Organic chemistry, in the very beginning, is purely on qualitative analysis and
mechanistic investigation. There are several empirical rules, such as similar compounds react
similarly- some changes in the structure and similar changes in the reactivity of the
compounds.®3-% This chapter discusses the effect of substituents (X) in the benzene ring of a

reacting molecule under VSC conditions.

3.2 Linear Free-Energy Relationships (LFER)

In 1937, the formulation of the Hammett equation, a linear relationship involving log k (rate
constant) or logK (equilibrium constant) used as an empirical relation to correlating the
structure-property relation of several classes of molecular systems.®® Initially, the Hammett
equation's prime purpose was storing data and predicting new data. The effect of a substituent
(X) in the meta- or para- position of benzene ring upon rate or equilibrium of a reaction is

represented in scheme 3.1.
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Scheme 3. 1. Solvolysis of benzoic acid and its derivative.

The general form of these correlations can be expressed by:
logky = plogKx+c [3.1]
logky = plogKy +c¢ [3.2]

where ky and Ky are the corresponding rate or equilibrium constants of the substituent, k; and
K, represent the corresponding rate or equilibrium constants of the unsubstituted benzoate
ester. p is the slope, and c is the intercept of the straight line in equations 3.1 and 3.2. By

comparing its results:

logE = po [3.3]

Eqgn. 3.3 is known as the Hammett relation.

The substituent constant (o) - measures the polar effect of substituent relative to the hydrogen
and independent of the reaction nature. The difference between the logarithm of the ionization
constant of substituted benzoic acid and the logarithm of the ionization constant of a benzoic
acid gives the value of o constant for that substituent. With the estimated ¢ values, p values
have been obtained by the linear least-square method for a series of substituents in a particular
reaction. The reaction constant - p depends on the nature of the reaction, medium, and

temperature; it measures the susceptibility of the reaction.

In 1953, Jeffe et al. collated data for LFER and studied 371 reactions successfully.% By this
time, a number of exceptions to the uniqueness of the substituent constant had been noted. The
ionization of para-nitrobenzoic acid gave o = 0.778, but this value inapplicable to the
reactions of phenol or aniline. This comprehensive study criticized the "duality of substituent
constants.” The equation sought to correlate reactions for side chains and not apply to ortho-
substituted benzene derivatives or aliphatic compounds. In the general electrostatic theory of
reactivity - the variation has been identified with the relative charge density at the ring carbon
atom in which reacting side-chain is attached. Taft's approach was through quantitative

separation of the substituent effects into inductive and resonance contributions.®* His analysis
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involves separating polar, steric, and resonance effects in the total impact of structure upon
reactivity in ester hydrolysis. The following equation 3.4 evaluates the polar effect of a
substituent R in the ester RCO2R*:

o = [log (k/ko), — log (k/ko), |/ 2.48 [3.4]

o™ is the polar substituent constant for R. The rate constants k refer to reactions of RCO2R!as
a standard. B and A direct to the basic and acidic hydrolysis for the same R?, solvent, and

temperature. The terms have the following significance; log (k/ko), gives the sum of the
polar, steric, and resonance effects of R; log (k/k,), gives the sum of steric and resonance

effects of R; the difference provides the polar effect of the substituents. It changes the o value

and effect of the linear behavior of linear free energy relationship shown in figure 3.1.

The sigma values with substitution effect permit the identification of rho (p) as the relative
susceptibility of a particular reaction series to electronic effects. The positive value of p
indicated that electron-withdrawing substituents (EDS) accelerate the reaction and
considerable variationin TS. In contrast, the negative value of p showed that electron-donating
substituent (EDS) proceeds through the formation of a carbocation in the TS. However,
compared to the large number of reactions that give linear relations, several reactions show
deviations from linearity (figure 3.1). Sometimes, a clear deviation from Hammett plots is
observed using a different substituent constant. Another type of deviation arises when the
mechanism of the reaction changes because the presence of the measured rate constant is a
composite quantity depending on the rate and equilibrium constant of several reaction steps. In
these cases, curvature in the relationship occurs, and several types of linear and non-linear
behavior is observed. °":°8 Non-linear Hammett plots have been interpreted as a change in

reaction mechanism or rate-determining step (RDS) depending upon the shape of the curvature.

Downward curvature (Figure 3.1 a) has been ascribed to a change in the RDS from changing
EDS to EWS. Change in RDS means the formation of TS to its breakdown to products as the
substituent in the benzoyl moiety. It can also be concluded that the electronic nature of the
substituent in the benzoyl moiety does not influence the RDS. Still, the degree of bond
formation in the TS becomes more significant as the substituent changes from EDS to EWS.
In contrast, upward curvature (Figure 3.1 b) found for nucleophilic substitution reactions of
benzylic systems has been attributed to a change in the mechanism from S, 1 to S, 2, substrates

possessing an EDS proceed through an Sy 1 mechanism with a negative p value, while those
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(a) (b)
3 .
K ¥
(¢) G
(c) (d)

Figure 3. 1. Deviation of Hammett plot for the series of reactions (a) concave downward (b)
concave upward (c) Log k versus a for the reaction of benzaldehydes and n-butyl amine.%’ (d)
Log k versus o for the reaction of benzyl chlorides with thiosulfate in (1) ethanol, (2) diglyme,
and (3) acetone. 97

having an EWS proceed through an Sy 2 pathway with a positive p value. An example of such
nonlinear structure-reactivity correlations was studied the reaction of aromatic aldehydes with
n-butyl amine under acid catalyzed and neutral conditions.®” A maximum in the curve occurs
near the point for benzaldehyde. This maximum is interpreted as the point where the rate
controlling step changes from the reversible addition of amine to aldehyde, which is favored
by electron-withdrawing substituents while the subsequent dehydration step is accelerated by
electron donating substituents (Figure 3.1c¢). Concave downward plots have also been
observed in Schiff base hydrolysis, the reaction of hydrazones of diaryl ketones, methyl
ketones, and aldehydes, the rates of semicarbazone formation for benzaldehydes, the
decomposition of benzene diazonium salts, and the acid hydrolysis of substituted amides.
Deviations from linearity in the Hammett plot in which the curve tends to be concave upward
are thought to be caused by a change in mechanism or transition state brought about by differing
effects of electron donors or withdrawers on the course of the reaction. Effects of this type are
most often encountered in the reactions of alkyl and acyl halides with nucleophilic reagents. A

case illustrative of the concave upward type: the reaction of p- substituted benzyl chlorides
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with thiosulfate in solvents of different dielectric constant (Figure 3.1 d). The amount of energy
required for desolvation of the thiosulfate ion is less in the less polar solvent diglyme-water
than the more polar acetone-water. In addition, it appears that these reactions have different
amounts of carbonium ion character. The @ carbon becomes “more negative” as the TS is
formed from the p —nitro and p —chloro compounds, and “more positive” with the p-isopropyl
compounds. Although the preceding examples dealt with the effect of abrupt changes in

reaction mechanism, it is believed that for some reactions the mechanism varies continuously.

LFER relates the kinetics versus thermodynamics of a series of reactions, and the Hammett
plot describes the relation represented in figure 3.2. The logarithm of an equilibrium constant

(K) is proportional to the standard free energy:
logK = —(AG®/2.3 RT) [3.5]

and the logarithm of a rate constant (k), according to transition state theory, is proportional to

the standard free-energy of activation:

: )= o 3.6
"g(m)—‘(m) [3.6]

h is the Planck constant, T is thermodynamic temperature, R is universal gas constant and N,
is the Avogadro number. A series of reactions differing by substituting the reactant shows the

linear relationship between the change in enthalpies and entropies of activation (Eqn. 3.7).

AH? = a+ BAS? [3.7]

l

in which a and g are constants. This behavior is called the enthalpy-entropy compensation
effect.9 It can occur when AG;”is approximately constant within the series of reactions while
AH] and AS] vary significantly. The quality 8 has a temperature dimension and is defined as
the isokinetic temperature, and the corresponding behavior is called the isokinetic relationship
(IKR). At temperature S, all the reactions in the series should have the same rate. The
compensation and isokinetic effects are not necessarily synonymous, and one occurrence does

not imply the other.

The difference between compensation and isokinetic effect stems from the different statistical
criteria that are used to decide their existence. The isokinetic effect judgment is based on how

close the reaction rates are to each other at a temperature. These effects are empirical
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AGH

Reaction coordinate c
Figure 3.2. A TS diagram for single-step reactions and corresponding linear Hammett plot.

relationships generated from the statistical analysis. IKR relationship is best to test with
Arrhenius lines describing the kinetics of the reaction series is necessary (Figure 3.3a). The
significant compensation effect, especially in the solution phase, is due to the redistribution of
the energy distinguishable subspecies. It is most likely arising due to a similar physical origin.
Figure 3.3 b shows that alkaloids are all separable on the basis of their varying basicity and
exhibit a T;,, above the experimental temperature range which illustrates fact that selectivity

decreases with increase of temperature.

Theoretically, it assumes that reactant molecules distributed within the potential well into
discrete energy levels and there is energy exchange with the "heat bath.” For a chemical
reaction to occur, a reaction crosses the activation barrier that constitutes a point of no return.
This system can be expressed as balanced, where for each energy level, the change in the
particle density is described by adding molecules jumping into the level and subtracting those
that leave it. Under the condition E, >> kT , the reaction fulfilled the criteria and crossing
the activating barrier. Though it is established that the IKR relationship results from particular
energy resonance between reacting molecules and their environment, the detailed mechanism
is still not investigated.1 Linear free energy relationships (LFER) are helpful in two respects.
One is the LFER correlation of experimental data from a new reaction series with those of
known series; it is useful in explaining reaction mechanisms. On the other hand, LFERs can be
used to predict the rate and equilibrium constants produced by changes in the reactant structure
or the reaction medium. Crowell et al. showed that the rate could be more sensitive to the

different solvents, but in each case, the trend of the Hammett plot remains the same.
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Figure 3. 3. (a) Hypothetical cases for IKR occurrence for a reaction series (b) Van’t Hoff
plots of the alkaloids belonging to Dihydrosanguinarine (4), Berberine (5), Stilopine (6),
Allocryptopine (7), Sanguinarine (8), Protopine (9).

3.3. Reaction Series studied for LFER under VSC

We studied the effect of the substituent in the benzoyl group on the apparent rate and the
extracted activation parameters in an FP-cavity configuration. The transesterification of 4-
nitrophenyl benzoate esters with mild base-TBAF in methanol was carried out by varying the
substituent on the benzoate ring. The reactions were followed by monitoring the appearance of
4-nitrophenoxide at 400 nm using a Cary 5000 UV-VIS spectrophotometer. All the reactions
were assumed to undergo a pseudo-first-order condition at room temperature. Different
substitutions on para-nitrophenyl X-benzoates (X: m-CHs, p-CHs, m-OCHs, m-Cl, and p-Cl)
influence the reaction rate due to electron-withdrawing and electron-donating groups, which is
sensitive towards the moiety of the acyl carbonyl group.1° The synthesis of all the derivative
p-nitrophenyl benzoate, p-nitrophenyl m-toluate (m-CHzs), p-nitrophenyl p-toluate (p-CHz), p-
nitrophenyl m-anisate (m-OCHz), p-nitrophenyl m-chlorobenzoate (m-ClI) and p-nitrophenyl p-
chlorobenzoate (p-Cl) was done in the laboratory and characterized by IR and NMR
spectroscopy. The esters are stable at room temperature and used after recrystallization, which
confirms the system's purity. All the fresh solutions of benzoates were prepared, 0.1 M in
isopropyl acetate (IPAc) and stock solution of TBAF 0.1 M in methanol. Solvolysis was
initiated by 190 ul of benzoates with 10 ul of TBAF. The final concentration of 0.1 M of solute
and 0.05 M of reagent kept the ratio of 20: 1 and followed pseudo-first-order kinetics.
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o o
H TBAF / CH;0H H

X—Ph— C—0—Ph—NO, —_— X—Ph—C—OCH; + O—Ph—NO,
(solute)

[o}

(HyC); HC—C—OCH;
X = p-CH3;, m-CH;, m-OCH,, p-Cl, m-Cl

Scheme 3. 2. Scheme of PNPB transesterification reaction.

Strong electron-withdrawing -nitro group (o high) and electron-donating amino group (o low)
substituted derivatives is the extreme case of the reaction. From experimental point of view the
study of fast reaction in present set up is very difficult task. Because of the manual injection of
the reaction mixture in microcavities. On the other hand, slow reactions are possible to study.
This work aimed to examine the effect of X substituent in the benzoyl fragment under VSC.
The nature of the substituent X was selected in such a way that two groups are electron-
donating (m-CHs, p-CHs) with ¢ = +wve, having m-CHs (+1) and p-CHz (+1, +R). On the other
hand, two substituents are electron-withdrawing (m-Cl, p-Cl) with ¢ = —ve, having a
dominant (-1) effect. At the same time, m-OCHzs is very close to unsubstituted benzoate because
of the mild inductive effect. The nucleophilic attack on the C=0 carbon and formation of the
negatively charged tetrahedral TS is the reaction's rate-determining step (RDS).192 All the
derivatives follow a similar reaction mechanism, whereas the substituents at m- and p-position
modify the reaction rate, either by inductive (1) or/ and by resonance (+R) effects. Here,
the idea is to look at the electron density effect on the reaction rate under coupling with the
vacuum field. Electron donating substituent stabilizes the resonance structure in the ground
state and increases the activation enthalpy for the reaction. It leads to the weakening of the
reactivity for that benzoate ester. On the other hand, enhancement of the electron-withdrawing

power of the substituent is accompanied by destabilization of the ground state.

Table 3. 1. Vibrational frequency of carbonyl band (C=Os) in the given esters.

SL. No. Compound C=Osr(cmt)
1 PNPB 1744
2 m-CH3 1742
3 p-CH3 1741
4 m-OCH3 1743
5 m-Cl 1748
6 p-Cl 1741
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Therefore, the enthalpy component considerably decreases, and the reactivity increases. The
mechanism of the transesterification reactions can be characterized by an isokinetic
relationship and compensation plot. The linear regression of the Hammett plot gives the
positive value for p = +0.89, indicating that electron-withdrawing substituent accelerates the
nucleophilic attack due to an increase in the electrophilicity of the carbonyl carbon atom.
Therefore, the substitution effect in the benzoyl moiety is expected to give helpful information
about the reaction mechanism. It suggests acyl-transfer reactions occur by stepwise
mechanism, and the formation of TS is the rate-determining step and is consistent with the

mechanism involving the tetrahedral intermediate.

VSC experiments were conducted in an FP-cavity, and the mirrors were coated on BaF:
windows to observe the reaction using infrared and UV-VIS spectrophotometers. The mirrors
are prepared by coating Au of 10 nm, and a demountable flow cell configuration was used for

all the measurements. After assembling the mirrors in the flow cell, the pathlength was
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Figure 3.4. Scan kinetics for the formation of PNP- ions from PNPB and m-CHz (a, c) non-
cavity; (b, d) ON-resonance cavity.
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controlled using a mylar spacer of approximate thickness 12 um. The flatness of the mirror is
ascertained by forming a homogeneous display of Newton’s ring at the center of the cavity. In
this configuration, we achieved a Q-factor (finesse factor) of ~60, with an FWHM of 30 cm™2.
The non-cavity experiment was performed without the mirrors by keeping all other parameters
fixed. The whole spectral region was recorded using the scan kinetics method in the UV-VIS
spectrometer in the range of 350 — 500 nm. Kindly note that all the spectral measurements
were conducted in a static condition by closing both the inlet and outlet after injection of the
reacting solution. Each spectrum was collected in the 16 seconds intervals by keeping the slit
bandwidth of 5 nm. The evolution of the para-nitro phenoxide ion (PNP-) was recorded at
400 nm and the Kinetic rate of the reaction was calculated from the scan plot, as shown in
figure 3.4. Here, some reactions are faster and the corresponding time interval are shorter to
get more points for linear regression fitting. In such cases, the temporal scan won’t allow us to
obtain the initial rate for (m-Cl and p-Cl). So, we collected the single point kinetics at 400 nm
with an interval of 1 second and SBW of 5 nm; plotted in reaction rate (Figure 3.5). To geta
homogenous mixing between the reactant and TBAF, we mixed the solution thoroughly using
the same syringe before injection. This process may take roughly 40 seconds (dead time) before
we start the spectral measurements. Kinetic traces are recorded using the following first-order

equation:

Ay
In (A—O) = —kgpyt [3.8]

Apparent rate constant for unsubstituted molecule (average of three measurements at room

temperature; 298 K):

k. =105 %1073 sec™!

app
Consider at time t the remaining concentration of the reactant is 96%
A, = 0.964,

Substitute the value of k,,,,, and A, in equation 3.8:

app

<0.96A0
n

=—-1.05 x 1073 ¢
i)

In(0.96) = —1.05 x 1073 ¢
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—0.04082 = —1.05 x1073 ¢
t~ 40 sec (dead time)

The above calculation indicates that only 4 % of the reaction occurs outside the measurement
data (dead time loss). All the cavity and non-cavity show a clean first-order fitting. Ains has
obtained after 5000 seconds roughly 10 times the half-time (99.9 % conversion) and found
to be 0.037 for unsubstituted benzoate shown in figure 3.5. This value was used for all apparent

rate calculations in the subsequent experiments.
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Figure 3.5. Formation of PNP- ions during the reaction for solvolysis of PNPB (non-cavity)
kept for 5000 seconds.

All the solutions of benzoate ester derivatives were prepared in IPAc solvent and VSC
experiments were conducted by coupling 7t mode of the cavity with C=0 stretching band at
1739 cm™! of the solute-solvent system. Coupling of the C=Osr was observed using FTIR
spectrophotometer and gives a Rabi splitting energy of 136 cm™ with VP + and VP — at
1814 cm™ and 1678 cm ™1, respectively. All the derivatives of the benzoate esters used in the

experiment have matching C=0 stretching bands with respect to the solvent molecules.
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Figure 3. 6. FTIR spectra of neat IPAc solvent (green trace), p-CHz in chloroform (red trace)
and cavity ON-resonance 7th mode coupling with C=Os band of solute and solvent molecules
show the formation of vibro-polaritonic (VP + and VP —) states.

It allows the system to enter the cooperative VSC condition (Figure 3.6). There is a limitation
that direct coupling of the solute won’t reach the strong coupling regime. Hence, the solute-
solvent coupling is the only option to satisfy the above criteria. Please note that the solute

concentration is 100 times lower than the solvent concentration.

3.4 Result and Discussion

Initially, we optimized the condition for kinetic trace measurement with unsubstituted
derivative and the reaction rate calculated for PNPB in the non-cavity condition is: kg, =
1.05 x 1073 sec™1. The experiment after ON-resonance coupling of the C=Os band of solute
and the solvent molecules in the cavity is: k,p,, = 1.55 X 1073 sec™. The reaction rate
changed by approximately 1.5 times under the ON-resonance condition. Similarly, the kinetic
experiments were performed for all the derivatives under similar experimental conditions and

the reaction rates are plotted in figure 3.7 (kinetic action spectrum). It has been found that in

non-cavity plotting logZ—X versus o gives a straight line, as it follows the linear free energy
H
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relationship. Here, we have taken the o values from the reported literature, and p is the slope
of the linear regression fitting parameter. The value of p of PNPB-based transesterification in
IPAC is + 0.89. This value may change with the reaction condition and solvent medium. As in
the previous studies, the FSR calculation was done in a similar manner discussed in the section
2.4. Here, again the FSR calculation of the FP-cavity was done in the UV-Vis
spectrophotometer. During the FSR calculation the scanning error in wavelength is
+1 nm (at 700 nm); that can give a propagation error for wavelength to wavenumber
conversion. We always check the FSR after the reaction kinetics and make sure about the

consistency in each measurement.

Interestingly, the experiment performed for all the derivatives in the cavity under ON-

resonance conditions and the k change from 1.5 to 6 times for different substituents

app
obtained from the linear fitting of the plot in figure 3.7; the values are given in table 3.2. For
different substituents moving from electron-donating to electron-withdrawing changes the rate
enhancement. The line shape of the kinetics versus wavenumber (Figure 3.8) of the different
derivatives changes because the position of the C=0 stretching band of the reaction center
varies from one derivative to another. The apparent rate calculated by moving the cavity mode
position from ON to OFF-resonance condition follows the line shape of the C=0Os band. More
clearly, the rate enhancement follows the vibrational envelope of both the solute and solvent
molecules indicated in figure 3.8. These are the clear indication of a cooperative mechanism
under VSC conditions. Also, note that the non-cavity pathlength can be assessed by observing
shallow interference in the flow cell (Air-BaF. interface), and the changes in the pathlength
within this range won’t affect the apparent rate of the reaction. Another critical point is that the
solution must be homogeneous so that the light beam of the UV-VIS spectrophotometer can
pass through the homogeneous medium of the cavity/non-cavity to obtain clean Kinetic traces.

It will also help better analyze FSR and compare the tuning experiments.
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Figure 3. 7. Reaction rate plot for non-cavity and ON-resonance cavity (a) p-Cl, (b) m-CHs,
(c) p- CHs, (d) PNPB, (e) m-OCHzs, (f) m-Cl.
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Figure 3. 8. Tuning of the 7" mode position moved slowly from 1680 cm™! t0 1780 cm™1 in
each experiment, and the corresponding k,,, was plotted with the IR transmission spectra of
the C=Os band of solute (red trace) and solvent molecules (green trace). An increase in kg,
was observed (blue squares) at the ON-resonance conditions for (a) p-Cl, (b) p- CHs, and (c)
m-CHa derivatives [blue dotted curve is guiding to eye].

Table 3.2. k,,, of cavity and non-cavity experiment as plotted in the figure 3.9.

SL.No.  Compound Non-cavity Kapp (1) Cavity Kapp (s1)
1 PNPB 1.05x 103 1.55x 103
2 m-CHs 7.73 x 104 2.58 x 10
3 p-CHz3 5.54 x 104 3.50x 103
4 m-OCHjs 1.19x 103 1.86 x 103
5 m-Cl 1.63 x 103 7.26 x 10
6 p-ClI 1.49 x 103 7.50x 103
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Interestingly, experiments conducted in the cavity condition and their corresponding plot of

log:—;‘ vs. o shows the breaking of the linear free energy relationship (Figure 3.9). For the

cavity, the value of o is kept constant as that of non-cavity and k;, value is taken from the ON-
resonance condition of the unsubstituted benzoate (PNPB) derivative. Recently, Bhattacharyya
et. al. also demonstrated that electrode can polarize the molecules in a similar way of the
electronic structure effect as reflected in the Hammett equation.’3” The equivalence of a
polarizing electric field at the electrochemical interface and a functional group at the para-

position shows a shift in electronic charge density. Here, all the conditions were the same as
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Figure 3.9. Hammett plot for a series of ester solvolysis (p-CHs, m-CH3z, m-OCHs, p-Cl, and
m-Cl) in non-cavity (red squares) and ON-resonance cavity conditions (blue squares).

in the non-cavity experiment except the VSC effect. Substituents with o = —ve show a
negative value of p, whereas substituents with ¢ = 4+wve show a positive value of p at the ON-
resonance condition. It can be suggested that substituents are having a different density of
electron-donating and withdrawing groups get perturbed under VSC. Here, C=0 oscillators
coupled with the electromagnetic field modify the electron density in its surroundings. The
substitution effect reshuffle under VSC of solute-solvent coupling as compared to non-cavity.
At the same time, the electric field may affect the o value, which is challenging to evaluate for
this experiment. Literature reports suggest that deviation in the Hammett plot is probably due
to a change in the mechanism of the reaction- concave upward or change in the rate-

determining step- concave downward.%’
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To understand the effect of cooperative VSC, we studied kinetics by choosing a different
solvent. Unlike IPAc, acetonitrile is transparent around ~1750 ¢cm™! and can be used as a
control to study the effect of vibrational overlap. The reaction rate was observed using 0.1 M

of p-nitrophenyl p-toluate dissolved in acetonitrile and performed in cavity and non-cavity
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Figure 3.10. IR spectrum of acetonitrile (green trace), solute p-CHs (red trace), and the
calculated reaction rate k,,,, for detuning experiment of cavity (dark black circles) and non-

cavity (empty black circles).

conditions. The tuning experiment suggests that reaction rate was not affected even if the 7t
mode crosses the C=Osr of the solute molecules as shown in figure 3.10. The solute
concentration is very low, so coupling strength is very small or negligible. We do not observe
any change in the reaction rate under such conditions. These control experiments also rule out
the possibility of local thermal effect (heating) due to an infrared cavity mode. i.e., the presence

of an infrared cavity mode is not a criterion for rate enhancement.
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Figure 3.11. Concentration dependence experiment by mixing anisole and IPAc in different
ratios and the corresponding reaction rate p-CHs for non-cavity (red squares) and ON-
resonance cavity (blue squares).
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Similarly, we looked into the rate enhancement effect by changing the coupling strength of the
available oscillators of C=0Os. It can be possible by mixing the active solvent with another
solvent with similar polarity. We have chosen anisole for that purpose and fixed the 0.1 M of
p-nitrophenyl p-toluate. Different batches of solutions were prepared by mixing anisole in IPAc
ranging from 33 % to 100 %. The reaction under VSC increases with the Rabi splitting.
Changing the concentration of the C=0 oscillators (IPAc) shows a non-linear behavior in the

reaction rate; it reflects the complex effect of VSC on the chemical landscape.

In contrast, the coupling strength varies linearly with respect to the square root of
concentration. This experiment observation provides further evidence on the VSC effect on
chemical reaction rate and excludes the role of thermal effect in controlling the chemical
reactions. Similar behavior was observed in C-Si bond-breaking experiments studied reactions
under VSC.7%"1 The non-linear behavior indicates the complex role of reaction dynamics under
coupling conditions. It needs high-level theoretical intervention to fully understand the role of

vibrational relaxation pathways in the system.

The following question can be asked to understand the role of cooperative VSC in chemical
reactions. Can VSC change the reaction mechanism or the rate-determining step? The idea of
an isokinetic relationship was tested for the same system; it gives insight into the reaction
mechanism and hence the variation of LFER and the Hammett equation. Activated parameters
were extracted for some of the derivatives by temperature-dependent studies.1% In the first
case, the Eyring equation plotted for unsubstituted (PNPB) in cavity and non-cavity is shown
in figure 3.12 d. The change of enthalpy and entropy from non-cavity to cavity is given in
Table 3.3. It indicates that PNPB enthalpy of activation decreases from 71.3 kJmol~! to
28.7 kJmol™! and the entropy of activation also decreases from —19.2 kJK ~*mol™?! to
—59 kJK "'mol™L.

The results show a similar trend to the previously reported PNPA ester solvolysis process. The
same has been calculated for electron-donating substituent (p-CHs) in figure 3.12 a, in which
enthalpy of activation increases from 79.2 kJmol~! to 139.3 kJmol~! and the entropy of
activation also increases from —13.2 kJK "'mol™! to —52.2 kJK "'mol™1. The significant
change in the activation parameters suggests that the change in free energy of activation from
the cavity to non-cavity is —5.23 kJmol~1. The complete reshuffling of the enthalpy and

entropy component of the activation parameters is drastic for a ground state VVSC process. This
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observation can be similar to solvent-triggered chemical reaction control in some of the

reactions reported in the literature.
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Figure 3.12. Temperature dependence experiment for non-cavity and cavity;(a) p-CHs, (b) p-
Cl, (c) m-OCHzs, (d) PNPB.

Table 3. 3. Thermodynamic parameter extracted from the linear regression fit of figure 3.12.

SL Name s AHine  TASinc AHtc TASk (KIK- AAGicne
No. (kJmol1)  (kJK'mol?) (kJmol1) mol?) (kJmol1)
1 p-CHs -0.17  79.2 -13.2 139.3 52.2 -5.2
2 p-ClI 0.23 53.5 -34.9 148.7 63.8 -3.2
3 m-OCHs  0.12 835 -6.1 62.0 -26.8 -0.9
4 PNPB 0 71.3 -19.2 28.7 -59.0 -2.8
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Figure 3.13. (a) Thermodynamic relation between the free energy of activation versus ¢ for
the cavity (blue circles) and non-cavity (red squares); (b) Enthalpy-entropy compensation plot
for cavity versus non-cavity experiments is listed in table 3.3.

It is also very interesting to note that the electron-withdrawing substituent p-Cl follows a
similar trend as that of p-CHz under VSC conditions. In the case of m-OCHjs, the activation
parameter shows the least variation as expected from the kinetic data. The thermodynamic data
indicates that the cavity reshuffles the enthalpy-entropy distribution in the system. Under
cavity, AG* decreases for both electron-donating and withdrawing substitutes, and the system

is eventually becoming entropy-driven.

Thermodynamic comparison is crucial for the cavity and non-cavity to understand the
compensation effect of activation parameters in the TS. Plotting AAHZ_ . against AASZ_ ¢
gives a straight line shown in figure 3.13 b. There is an excellent linear correlation between
enthalpy and entropy changes which demonstrates the example of the compensation effect.%°
The free energy of activation does not change as entropy compensates for the enthalpy of
activation. However, plotting the change in free energy AAGZ_ . versus temperature at which
a common intersection point describes the kinetics of a series of chemical reactions. It indicates

that the reaction rates can be close at the isokinetic temperature.

The kinetic and thermodynamic experiment shows that VSC plays a crucial role in controlling
chemical reactions. The deviation of the structure-reactivity relationship under VSC may have
a different origin. The electron density flow between the substituent and the reaction center
through sigma and pi bonds and electron donating-withdrawing plays a critical role in VSC.
The VSC of the solute-solvent C=Os band favor/disfavor the electron density flow through
the sigma and pi-bond. p-CHs shows +R and +I effect, reaction rates faster than m-CHs is
having +1 effect. On the other hand, p-Cl and m-Cl have both +R and -I effect but -1 dominate
and get amplified under VSC. It is important to note that TAAS?_ . > AAH}_ . ; for p-CHa
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and p-Cl indicates an entropy-driven process triggered through cooperative VSC. Solute-
solvent interaction is a complex phenomenon and challenging to understand under VSC. It
requires more theoretical explanation with experimental work. Many factors can control the
reaction, including- the intramolecular vibrational relaxation process within the solute

molecules, self-dipolar interactions and solute-solvent vibrational energy transfer processes,
etC.104*108

3.5 Conclusion

The above experiments demonstrate breaking the linear free-energy relationship by cooperative
VSC of the solute and solvent molecules.1%® Thermodynamics suggests that the mechanism
might remain the same under cavity catalysis conditions. The rate enhancement varies from
one substitute to another, and non-linear behavior is due to internal vibrational relaxation
between the substituent and the reaction center. The compensation plot suggests that energy
density reshuffles the TS under cavity coupling. There is no information about the substituent
constant (sigma) values in cavity and non-cavity conditions. There may be a change in
resonance stabilization in the ground state under VSC, which may depend on the substituents.
It can be the prime reason for the non-linear behavior of LFER. Here, cooperative VSC boosts
a chemical conversion process. All the above evidence supports the selective coupling of

vibrational states that can precisely control the reactivity of a chemical bond.
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4.1 Introduction

Light-matter strong coupling can be utilized to slow down or speed up chemical reactions by
selectively coupling the responsible vibrational states. Previous chapters deal with small
molecule reactions and the ground state reactivity modification by VSC. The modification of
properties is not limited to small molecular systems; a large biomolecule can also thrive under
selective VSC conditions. It has already been demonstrated that protein vibrations can be
coupled to an IR photon in an FP-cavity configuration.>® Effects of VVSC can be studied for the

enzyme since the absorption bands lie in the mid-infrared region.110.111

Infrared spectroscopy is one of the oldest techniques to study the secondary structure of
polypeptides. It showed that the "amide 1" band observed nearly 1650 — 1660 cm™? for a-
helical conformation and 1630 — 1640 cm™! for - stands. Protein amide bands are usually
termed amide 1-VIIl and amide A and B bands and are mainly used to assign the configuration
of biomolecules. Enzyme catalysis is generally involved in a complex multi-step process and
is mainly explained through a lock and key mechanism.12 However, it has been observed that
a small amount of enzyme can accelerate a chemical reaction, sometimes up to an order of
magnitude. The correct orientation of the substrate can reduce the entropy of activation. The
charge distribution at the active site and geometry of the binding site reduces the enthalpy for
the enzyme-catalyzed reaction. Ariel Warshel et al. developed the idea of the electrostatic effect
on enzyme activation by both ground state and TS stabilization processes.'3 Significant
electrostatic contribution mainly originates from the preorganized polar environment of the
enzyme active sites.!1* Energy-based consideration motivates us to couple the enzyme in the

vacuum field.

One of the very first reports by Vergauwe et al. on the coupling of the biomolecules with the
amide | band and y-COO— (an asymmetric stretching band) of poly-L-glutamic acid (PLGA);
amide | of bovine serum albumin. Later, the same group studied the activity of protease pepsin
under the VSC of water molecules. Water plays an essential role in deciding the conformation
of enzymes or any macromolecular protein systems due to the possibility of extended H-
bonding. The effects of VSC on the liquid-water environment can slow down the proteolytic
activity of the coupled system. The aspartic acid residues in the active site activate a water

molecule as a
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PEPSIN

Scheme 4. 1. Mechanism of peptide bond cleavage in the active site of pepsin. (Vergauwe et
al. 2019)

nucleophile for the attack on the carbonyl carbon of the amide bond (Scheme 4.1). They
strongly coupled the water molecules having two prominent absorption peaks in the IR region,
O-H stretching absorption band centered around 3367 cm™! and the bending mode at
1642 cm™1. Water plays the dual role of reactant as well as a medium of solvent in this
enzymatic reaction. Time-stamped fluorescence spectra between 500 to 596 nm were
sequentially collected one after another (Tcycle = 30 s) under excitation with 485 nm light
until the reaction was finished (Figure 4.1 a). The vacuum Rabi splitting of the ON-resonance
cavity is 703 cm™1; about 21% of the bare transition energy, representing the system, is under
ultra-strong coupling. Based on the product concentration time traces, the initial rate of product
formation was determined for each cavity (OFF-ON resonance) by the initial slope of each
time trace with linear regression shown in figure 4.1 b. An approximately 4.5-fold decrease in
the second-order rate constant (k..:/Ky) was observed when coupling the O—H stretching
vibration, whereas no effect was detected for the strong coupling of the bending vibration of
water. Overall, the tuning experiment response to the strong coupling of the O-H stretching
band on the proteolytic activity of pepsin (Figure 4.1 c¢). The modification of an enzymatic
hydrolysis reaction under a strong coupling of the water vibrations presents an entirely novel

method for biological molecules.
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Figure 4. 1. Pepsin enzymatic activity under VSC of the water stretching mode. (a) Emission
spectra between 500- 596 nm were collected under excitation with 485 nm light for the
pepsin hydrolytic activity towards substrate in a Fabry—Perot cavity; (b) kinetic traces for on-
and off-resonance to the water stretching vibration; (c) Detuning plot for 6th order mode, 7th
order mode and 10th order mode coupled. Blue dashed curve: water absorption coefficient.
Black line: average measured initial reaction velocity of reactions measured in a non-cavity.
(Vergauwe et al. 2019)

4.2 Selection of Enzyme: a —Chymotrypsin

a —Chymotrpsin (a¢ — CT) is a digestive enzyme with a molecular weight of 24800 Da. Itis a
catalyst used for the cleavage of peptide bonds and amide bonds. Furthermore, it catalysis the
hydrolysis of all derivatives of esters. « — CT catalyzed hydrolyses of specific ester and amide
substrates indicated more than one pH dependency. However, in the general case, it provides a
change in the rate-determining step upon varying the pH conditions. It is shown that the kinetics
of the hydrolysis of PNPA catalyzed by a — CT can be fully described by a mechanism
involving three distinct steps. The first step, which involves the rapid adsorption of the
substrate on the enzyme- is too fast to be measured. The second step is the acylation of the
enzyme and the liberation of p- nitrophenol. The third step involves the release of acetate and

reactivation of the enzyme (Scheme 4.2). It was observed that @« — CT catalyzes the hydrolysis
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of PNPA, giving a considerable effort to study the kinetics of the reaction.115-118 Here, the
Kinetic studies of the product formed can be characterized using spectrophotometric methods.
Like other enzyme catalysts, « — CT hold higher regio- and stereoselectivity toward enzyme-
substrate complex. a« — CT is a § —protein which resembles a random coil conformation, as
characterized by circular dichroism (CD) studies.11®120 The crystal structure consists of
antiparallel pleated sheets that are highly distorted and form short irregular strands. The
stability of the enzyme was studied by different concentrations of the organic solvents (ethanol,
1,4-dioxane and acetonitrile), and CD measurements observed the characteristic change in the
secondary structure.2! Even at a higher concentration of organic solvents, the enzyme catalytic

activity and stability are maintained.

Enzymes are highly complex and extremely sensitive that undergo reversible or irreversible
conformation changes under external stress. It is recognized that enzymes are biological
systems and are active in their native conformation. Therefore, the solvent that can stabilize
the structure or enhance the activity is highly desirable. Buffer medium has a significant role
in maintaining the native conformation of the enzyme and hence protects its activity in a range
of pH. UV-Visible spectra of @ — CT in aqueous solution exhibit two absorption peaks at
200 — 220 nm and 260 — 300 nm, respectively, as shown in figure 4.2. The first peak in the
lower wavelength reflects T — m* transition, and it is the backbone framework of the protein.
This peak shifts towards a higher wavelength and is less intense as the concentration of buffer
increases. It is probably an increase in the polarity of the solvent and an increase in the buffer
concentration that induced the shielding of the peptide group from the aqueous environment.

The second peak shows n — m* transition corresponds to the aromatic amino acids.
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Figure 4. 2. UV-Visible spectra of « — CT in TRIS buffer at different concentrations 0.05 M
(black line), 0.5 M (red line), 0.1 M (blue line) at pH 8.0 and temperature 25°C.
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a — CT is a monomeric enzyme that exhibits no allosteric effects. It is a member of serine
proteases because of their common catalytic mechanism in which serine is the reactive part for
enzyme activity. The three catalytically critical residues of @ — CT form a hydrogen-bonded
circuit called a catalytic triad. This triad is made from residues: His-57, Ser-195, and Asp-102
is hydrogen bonded with each other and is common in all serine protease active sites.! The
hydrophobic binding pocket surface is not inert or non-polar but contains sufficient polarity to
provide weak polar interactions with the solvent. The catalytic effect is also explained by low
barrier hydrogen bonding (LBHB), which allows the hydrogen to be equally shared between
the closely matched pK, (gaseous phase).113 Frey et al. (2000) showed the participation of
LBHB in the mechanism of a — CT and introduced the role of Asp-102 and His-57 in
catalysis.’!* It suggests that in the TS, LBHB increases the basicity of His-57, thereby
facilitating the abstraction of a proton from the Ser-195. This process stabilizes the tetrahedral
intermediate in the acylation step. These results were characterized by NMR spectroscopy in
which deuterium isotope effects shifted to 17 ppm from 18 ppm with a broad downfield signal
for the proton bridging of His-57 and Ser-195.122 However, Warshel et al. disagree with the
LBHR because, for a polar liquid, the hydrogen bond will be polarized to attain large solvation
energy, making the LBHB unfavorable.

a — CT catalyzes the hydrolysis of esters was studied in the 1960s, and the observed
hydrolysis of acyl-enzyme is the rate-determining step.123124 It has one "active site" per
molecule, and the saturation phenomenon catalyzes the reactions. A plot of reaction rate versus
substrate concentration is shown in figure 4.6. Linear behavior is observed at low
concentration, but at high concentration, the rate becomes independent of the substrate
concentration.'? There must be a requirement that enzymes bind with the substrate before the

catalytic reaction occurs.

KM kz
E + S = ES — E + P

Scheme 4. 2. Stepwise mechanism of a — CT involving three distinct steps.

It can be defined by E as the enzyme (a — CT), and S is the substrate, Ky, is the dissociation
constant of binding and k., is the catalytic rate constant. When the initial concentration of the

substrate is much greater than the enzyme concentration, the initial reaction rate (v,) is defined

by the equation 4.1:
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_ ka[E]o[Slo

Vo = 4[8]0 T K, [4.1]

Eqgn. 4.1 is known as Michaelis-Menten kinetics and v,,.x = k,[E], is representing the
maximum rate when an enzyme E exists entirely in the form of ES. The equation becomes

linear by taking the reciprocal of that can be written as:

11 Ky s
Vo " KG[Els T Ko[Elo[STy [+2]

Equation 4.2 is described by the Lineweaver-Burk plot. Plotting 1/v, Vs. 1/[S],, the ordinate
intercept is 1/k,[E], and the slope of the straight line is Ky /k,[E],, thus evaluating the value
of K. The slope is increased in the presence of competitive inhibition, but the intercept does
not change. In the case of non-competitive inhibition, the intercept also rises. It measures the
value of k, /Ky known as the catalytic efficiency of an enzyme. k, it is the turnover number,
which describes how many substrate molecules are transformed into products per unit of time.
The Ky, value gives us a description of the substrate's affinity to the enzyme's active site.
Putting these two together to obtain the ratio allows a way to test the enzyme's effectiveness
on that particular substrate. The greater the ratio, the higher the rate of catalysis is; conversely,
the lower the ratio, the slower the catalysis. A comparison of specificity constants can also be
used to measure an enzyme's preference for different substrates (i.e., substrate specificity). The
higher the specificity constant, the more the enzyme "prefers" that substrate. However, a
complete analysis requires to evaluate of potential inhibition events, allosteric effects, binding

effects, and time-dependent inhibition.112

4.3 Type of inhibition

In competitive inhibition, an inhibitor resembles the substrate that binds to the active site and
prevents the substrate from further binding. The substrate and inhibitor compete for the same
active site. It raises the apparent value of Ky, for its substrate with no change in the v, value.
It can be overcome by adding more substrate to increase the chance of the enzyme-substrate
binding process. A competitive inhibitor can be reversible or irreversible and bind with the
allosteric site in the enzyme. A non-competitive inhibitor binds equally to both free enzyme
and enzyme-substrate complex simultaneously. However, the substrate-enzyme-inhibitor

complex cannot form the product; it can only back convert into an enzyme-substrate or
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enzyme-inhibitor complex. It differs from a competitive inhibition- the binding of the inhibitor
does not prevent the binding of the substrate and vice-versa. The inhibitor binds with the
enzyme's allosteric site and prevents the reaction from occurring. This type of inhibitor changes
the binding affinity of the catalyst for the substrate and reduces the rate of the chemical
reaction. In terms of the Lineweaver-Burk plot; a non-competitive inhibitor reduced the v,,.x«
and Ky, remain unchanged. Another kind of inhibitor formed after forming an enzyme-
substrate complex is known as an uncompetitive inhibitor. It cannot be reversed by increasing
the concentration of the substrate. The Lineweaver-Burk plot shows parallel lines rather than
intersecting at any point. The formation of complex enzyme-substrate-inhibitor reduces the
Vmax Maximum enzyme activity since it takes a longer time to convert into the product and

also decreases the value of Ky.

1/v,
1/v,
1/v,

T /

1/sl, 1/[s], 1/sl,

Figure 4.3. Modes of inhibition (a) Competitive inhibition; (b) Non-competitive inhibition;
(c) Uncompetitive inhibition.

4. 4 Experiment methods to study the kinetic parameter of &« — CT under VSC:
4. 4.1 Solution preparation

PNPA and a — CT from bovine pancreas type-1l were used for the hydrolysis studies of
macromolecule in FP-cavity. All the chemicals, including tris(hydroxymethyl)aminomethane
(TRIS), polymethyl methacrylate (PMMA), dimethoxy ethane (DME), toluene, and deuterium
oxide (D20) were purchased from Sigma-Aldrich.

The rate of hydrolysis of PNPA by a — CT has been determined by measuring the appearance
of p-nitro phenoxide ion (PNP-) at 400 nm. 0.1 M stock solution of PNPA prepared in DME.
The substrate concentration was 100 times higher than the enzyme concentration, following

first-order kinetics. There is always a considerable substrate concentration range for the
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enzymatic reactions; otherwise, another mechanism starts to play a role. At higher
concentrations, the reaction rate can be considered substrate-independent. At the same time,
enzyme a — CT was prepared in the aqueous solution of biological buffer TRIS at pH 8.6 and
temperature 25°C. An increase in buffer concentration increases the activity of an enzyme.126
We optimized the TRIS concentration of 0.05 M, and to maintain the pH, we mixed the equal
ratio of TRIS-acid and TRIS-base. 110 mg of TRIS-acid and 218 mg dissolved separately in
50 ml of distilled water, stored at 8°C, and further used as a stock solution to prepare the
enzyme solution. Mixing of TRIS-acid and TRIS-base in 1:1 resulted in a 0.05M
concentration of the final buffer solution. « — CT —12.5 g dissolved in 10 ml of TRIS buffer
solution and kept overnight before starting the reaction. The final concentration of « — CT was
E, =5 x 107°M;the same E, is for all the set of experiments. Enzyme activity normally get
affected by aging, so we normally make sure collect one set of cavity and non-cavity data on
the same day for precise comparison. Before starting the experiment, PNPA and « — CT were
kept in the water bath for 30 minutes to stabilize the solution temperature. Experiments were
carried out by varying the PNPA concentration and keeping the constant value of E, pH, and

temperature.

All the Kinetic experiments were performed in the pathlength of 25 um demountable
microfluidic flow cell. BaF, windows are dip-coated with 2 % PMMA (2g of PMMA in 98 g
toluene) solution to avoid any enzyme inhibition from the surface of the windows. If the BaF>
windows are not coated with PMMA, there shall be a complete deviation for the enzyme first-
order Kkinetic rates. After that, BaF, passivates with the dilute solution of enzyme 1077 M
solution and washed with distilled water 2 — 3 times before each measurement. PMMA
coating and passivation are done on cavity and non-cavity conditions, allowing us to compare

the reaction rate properly.

4. 4.2 Cavity preparation and reaction study

Here, the idea is to couple the O-Hs band of water that overlap with the O-Hst and N-Hstr band
of amide A of @ — CT at3325 cm™1. At the same time, the O-H, bending band of water overlap
with the amide | of @ — CT at 1637 cm™1. The coupling strength achieved is approximately
700 cm ™! by cooperative coupling of water and enzyme molecules. We could achieve this by

using a spacer of 6 wm that gave an empty cavity FSR of ~630 cm ™. Coupling of the 7t mode
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of the 6 um cavity with the O-Hsr band of water molecules and taking into account the
refractive index of the medium — vibro polaritonic states are formed with VP + and VP — at

3720 cm™! and 3003 cm ™1, respectively as shown in figure 4.4.

However, all the Kinetic experiment was performed using 25 um mylar spacer so that the signal
of PNP- is readily detectable at 400 nm; this also avoids the interference issues related to the
cavity structure. Substrate concentration is also optimized within a range of 0.2 to 2 mM,
beyond that, the reaction rate is not accessible for standard kinetic measurements. Itis also seen
that cavity modes are highly dissipative near the absorption region of the PNP- ions. The strong
absorption band of O-Hs; shows an FWHM of 410 cm ™! that can couple to more than two FP-
cavity modes. Further, the empty cavity FSR is 204 cm™?! having 22nd and 23rd modes
coupled simultaneously to the O-Hs band (Figure 4.4). At the same time, 11th mode is also

coupled to the O-Hy bending band of water molecules. Here, we achieved a cooperative
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Figure 4.4. ATR absorption spectra (red and blue arrow) of water (O-Hs; red trace), a — CT
(blue trace) , and transmission spectrum corresponds to black arrow shows the formation of

VP + and VP — with mylar spacer 6 um coupling of 7t mode of the cavity (black trace) with
O'Hstr bOﬂd

VSC condition between the solute and solvent molecules by forming vibro-polaritonic states.
Detuning the cavity is difficult because of using the large thickness spacer and inhomogeneous
broad-spectrum range of the O-Hs band of water molecules.
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In chymotrypsin, the triad consists of Ser 195, His 57, and Asp 102. Spectroscopic evidence
indicates that a strong hydrogen bond (a low-barrier hydrogen bond or LBHB) links His 57
and Asp 102in the protonated state of the catalytic triad. The formation of LBHB between His
57 and Asp 102 in the course of catalysis should increase the reactivity of His 57 as a general
base. This proposes a new mechanism in which the formation of this LBHB facilitates
nucleophilic attack by the -OH group of Ser 195 on the acyl carbonyl group of substrates. C=0
of PNPA is to be close to the OH group of Ser 195, with His 57 fixed in the right position to
abstract the OH proton. The Asp 102 residue is to hold the imidazole ring of His57 in position
through hydrogen bonding so that the substrate (PNPA) is constrained to react with Ser 195
and cannot acylate the more reactive His 57.114 Two concerted proton transfers are postulated
to take place in the transition state to form the tetrahedral addition intermediate. NMR data on
the carbon-bonded protons of the catalytic histidine in chymotrypsin supported the
conventional general acylation mechanism. These conclusions are supported by the chemical
shift of this proton, the deuterium isotope effect on the chemical shift, and the properties of
hydrogen-bonded model compounds in solvents.122 The enzyme consists of nearly 250 amino
acid residues with some 400 exchangeable sites, that make the system more exposed to the

surroundings.

The reaction follows the charge relay mechanism in which the activated Ser-195 attack on the
electron-deficient carbonyl carbon of PNPA forms an enzyme-PNPA complex (Scheme 4.3).
The release of PNP- ions, and then detects using UV-VIS spectroscopy. The reaction was
initiated by fixing the mixing of @ — CT in the volume of 1000 ul from the stock solution of
5 x 107°M and varying the PNPA volume from 2 — 10 ul from the stock solution of 0.1 M.
Mixing both systems has a negligible effect on the enzyme concentration (E,). This procedure
allowed us to get PNPA concentration in the range of 0.4 — 2.0 mM and the system is in the
pre-steady condition (E, < S,). The non-linear absorption due to FP-cavity was ruled out by
plotting Beer's law and calculating the absorption coefficient of PNP- ions for cavity and non-
cavity. Ain values for the different concentrations of PNPA indicate the complete reaction
conversion into PNP- ions and give absorption coefficient (e,.) in non-cavity was
1.7 X 10* mol~L cm™1. Under VSC, Beer's law is followed as obtained in the linear fitting
and extracts the s, was 1.6 x 10* mol~1L cm~*(Figure 4.5). These values match with the

literature absorption coefficient of PNP- ions.116
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Scheme 4. 3. Charge-Relay mechanism for ester hydrolysis of PNPA using a — CT.

(a)

Abs/ pathlength (cm™)

30 F

N
o
T

=
o
T

® Non-cavity _25pm |
——=17715mol™ L cm™

N N N N N N N
0.0008 0.0010 0.0012 0.0014 0.0016 0.0018 0.0020
Conc (M)

L

Abs/ pathlength (cm™)

w
o

n
o
T

B cavity_25pum
&=16330 mol™ L cm™

0 1 1 1 1 1 1 1
0.0004 0.0006 0.0008 0.0010 0.0012 0.0014 0.0016

Conc (M)

Figure 4. 5. Beer law plot- follow linear relation in the (a) non-cavity (b) cavity; by varying
the PNPA concentration 0.4 —2.0mM and keeping enzyme concentration fixed E, =
5 x 107°M for a pathlength of 25 um.

4.5 Result and Discussion

Michaelis-Menten equation (Eqn. 4.1) was used to understand the substrate and enzyme

interaction’'s nature and extract the turnover number (TON) and catalytic efficiency. Under
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steady-state approximation, v, is proportional to S, and the non-cavity experiments are
recorded between 0.4 to 2.0 mM concentration range. Experimentally obtained apparent rate

versus substrate concentration is given in figure 4.6:

T T b T T
n
0.060 | i
0.055 | -
© 0.050 | . -
o
>
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0.0005 0.0010 0.0015 0.0020
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Figure 4.6. Michaelis-Menten plot for non-cavity keeping fixed concentration of enzyme
5 x 107°M and varying the substrate concentration 0.4 — 2.0 mM.

Cavity experiments were carried out with Au mirrors on BaF, windows in the same pathlength
of the spacer. Initially, the reaction rate was studied for one of the low concentrations of
substrate [S], = 0.5 mM and kept the enzyme concentration constant. It was found that the
initial rate boosts up to 3 times by tuning the cavity mode at 3386 cm™? shown in figure 4.7.
Here, UV-Vis spectrophotometer is used for the calculation of FSR. The control experiment
changed one of the mirrors with the bare substrate known as half-cavity. This experiment
proved the effect of VSC and ruled out any other weak interactions that are likely to happen
due to the presence of Au mirrors. For example, the Au mirror can provide a near field and
evanescent field close to the mirror vicinity, which may affect the reaction process. However,
half-cavity experiments did not show any rate enhancement, suggesting that the requirement
of FP cavity mode is one of the necessary criteria for VSC, thereby affecting the reactivity of
the enzyme molecules. Inhomogeneously broad O-Hsr won’t allow us to do a tuning
experiment. It is seen that initial Kkinetic traces for the half-cavity and non-cavity have
negligible change (Figure 4.9). Please also note that all the experiments had been done with
the same procedure of passivating with PMMA, dilute enzyme solution, and washing with

distilled water. The above experiments confirm that the rate is not affected by half-cavity, and
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the reaction was only controlled by resonance coupling of the cavity mode (Figure 4.9). In the

next step, we optimized the same experiment in the cavity by varying the substrate

concentration from [S], = 0.4 — 2.0 mM. It has been clearly observed from the reaction rate

as the concentration increases, the system follows zero-order kinetics.
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Figure 4.7. Temporal evolution of PNP- ions during the hydrolysis with a —CT
(5 x 1075M) with PNPA 0.5 mM for (a,b) non-cavity and cavity with 25 um, (c,d) are the
corresponding rate plot.
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Figure 4.8. Lineweaver-Burk plot for the hydrolysis of PNPA (0.4 — 2.0 mM) using a —
CT (5 x 1075M), non-cavity (red trace), and cavity (blue trace).

Table 4. 1. Hydrolysis of PNPA by a — CT (5 x 107°M) keeping pH = 8.5and T = 22°C.

H>O (Non-cavity)
H>0 (cavity)
D0 (Non-cavity)

D20 (cavity)

0.4-2.0

0.4-2.0

0.4-1.6

0.4-1.6

83

0.068+0.001

0.059+ 0.002

0.051+ 0.003

0.050+ 0.003

248.75+ 13.68

1740.031£1564.11

240.96+ 56.62

273.97+ 48.31
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Figure 4.9. Comparison of half-cavity (black trace), ON-resonance (blue trace), and non-
cavity (red trace) with a PNPA concentration of 0.4 mM.

Analysis of the Lineweaver-Burk plot for non-cavity and cavity gives a straight line, as shown
in figure 4.8. Plotting of 1/v, Vs. 1/[S],, help us to calculate the TON of 0.068 and
0.060 min~1 for the cavity and non-cavity, respectively. At the same time, catalytic efficiency
(Keat) increased by ~ 7 times (changes from 1740 to 249 M~tmin™?) for the cavity to non-
cavity (Figure 4.8). In the case of a cavity, we cannot reach the same resonance condition, so
the given data is the average of 3 sets of experiments. The change in catalytic efficiency without
affecting the TON is interpreted as competitive catalysis under VSC conditions. It is reported
in the literature that hydrogen bonding plays a vital role in the charge-relay mechanism, where
water has a significant impact on controlling the TS of the activated complex.1?” The isotopic
change of the buffer solvent from H20 to DO was investigated to understand the effect of VSC
on the mechanism of the enzyme-substrate complex. Now, the enzyme prepared in the
deuterated solvent having the same concentration [5 x 10~°M]. The coupling of O-Ds band
of DO with the 15-17t mode of the cavity gave the coupling strength of 522 ¢cm™1 shown in
figure 4.10. Initially, for the lowest concentration of the substrate, 0.4 mM was used to study
the reaction kinetics, and for this condition, the reaction rate decreased by a factor of 1.3 times
in non-cavity compared to H>O solvent system. Very interestingly, the cavity did not show any
change in the reaction rate by coupling the O-Ds band of D,O at 2550 cm™2. In the non-cavity
and cavity experiment, D>O decreases the TON by 1.3 times as compared to H>O, as

represented in figure 4.13.
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Figure 4.10. FT-IR spectra of D20 in red traces and FP cavity mode splitting into VP +
and VP — in black traces with 25 um spacer.

The literature reported that the primary kinetic isotopic effect changes the reaction rate by
2.4 times.1?* The secondary effect comes into play due to the solvent also, and that gives rise
to a change in the kinetic rate by a factor up to 1 — 1.5 times. We observed that changing H>O
to DO does not affect the charge relay mechanism or proton-transfer event. Evidence for this
mechanism includes the downfield chemical shift of the proton bridging His 57 and Asp 102
in the transition state. Deuterium isotope effects in this range are characteristic of LBHBs, and
this observation provides further support for the assignment of the proton bridging His 57 and

Asp 102 in transition-state analog complexes as an LBHB.

To understand the role of isotope exchange in @ — CT, high-resolution mass spectroscopy
(HRMS) has been done in different solvents (H20 and D20). @ — CT (1 nM) was injected into
the mass spectrometer. Data were acquired in the ESI (negative biased) mode and plotted
according to the m/z ratio of the molecular fragments formed during the ionization of the
enzyme. We follow a simple analogy to compare the molecular mass of the fragments formed
from H20 and D20: Actual peak position of one of the unknown enzyme fragments (in H2O):
m/z = 2537.22 (M)* (Figure 4.11). Its secondary peak: m/z = 2539.22 (M+2H)?* : The
difference between the primary and secondary peak is 2. i.e., the effective charge z= 2 (Please
note that [M]* to [M+2H]?* gives z=2; [M]* to [M+3H]3* gives z=3; [M]* to [M+4H]** gives
z=4 etc.); that implies the above fragment give a molecular weight of 2537.22/2 = 1268.61 for

the enzyme in H20. Similarly, the enzyme in D20 gives a molecular weight of 1268.85 atomic
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units. i.e., the difference in molecular weight for this particular fragment is 1268.85 - 1268.61
= 0.24. We know that the actual molecular weight is 25 kDa. Extrapolating the molecular
fragment weight to 25 kDa (20 x 0.24) gives a difference of roughly 5 atomic units (Figure
4.11).

These are the rough estimate of the relative molecular mass variation from H20 to D20.
Absolute mass calculation and identifying the fragments is a tedious process that requires
proper sequencing and molecular simulation-based fragmental analysis. It is beyond the scope
of the work. HRMS studies indicate that the isotope exchange is very slow as observed in the
aging studies of @ — CT in D20O. At the same time, we took the CD for @« — CT in both the
solvents H>O and D20 (Figure 4.12). The experiment was to utilize far-UV CD measurements
to study the changes in the secondary structures of a« — CT. We found no significant change or
alternation in the spectrum for « — CT in both the solvents and the stability remains the same.

The characteristic § —conformation of the « — CT do not change with the isotopic solvents.
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Figure 4.11. () High-resolution mass spectra of a — CT in H2O (black trace), DO (red trace)
at zero time; (b) is the corresponding zoomed spectra indicating the fractional change in the
m/z value, and (c) Aging experiment of @« — CT in D20.

To get a clear picture of the VSC of water molecules, we looked into the dispersion behavior
of polaritonic states formed from the coupling of the O-Hsy band. For clear evidence, we used
6 um pathlength of the cavity and injected water (H20) into it. The setup was placed on a
goniometer and calibrated to normal incidence using a red laser, the FTIR's reference line. The

angle of incidence changes from 0 to 8 degrees with slow graduation of an angle of 2°
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variation (figure 4.14 a). Experimental results clearly show the dispersive behavior of the
vibro-polaritonic states. Transfer matrix simulations produce the same features and show the

Rabi splitting energy of ~ 700 cm™1 (figure 4.14 b).

T T T T
ok 4
st —HO -

T — Do
-10 |- -

>

<

E sf -

[a)

O 20 -
25 | 4
-30 | -
.35 1 1 1 1

200 250 300 350

wavelength (nm) ——

Figure 4.12. Circular dichroism spectra of o-CT in a buffer solution of H2O (black trace),
D20 (red trace).
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Figure 4.13. Lineweaver-Burk plot for the hydrolysis of PNPA in DO for the non-cavity
(black squares) and a cavity (violet circles) by coupling to the O-Ds band and its comparison
with the O-Hs band of water coupling.
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Figure 4. 14. (a) Experimental cavity dispersion of vibro-polaritonic states formed by coupling
O-Hstr mode of water molecules in 6 um spacer; (b) Dispersive curve of Vibro-polaritonic
states by using TMM simulation.

As mentioned in the previous chapters, coupling strength is directly proportional to the square
root of the number of oscillators involved. We tested this effect by studying the reaction rate
by varying the coupling strength of the medium. The apparent rate increases as one moves from
D20 to H2O water molecules. It also indicates that the solvent has a role (secondary Kinetic
isotopic effect) that doesn’t affect the enzyme reaction mechanism but may be involved through
the solvation shell of the enzyme molecules.113128 Please note that we only varied the solvent
concentration of H20 by mixing it with DO and the substrate and enzyme were kept intact for
a better comparison. Under VSC condition (ON-resonance at 3386 cm™1) the apparent rate

changes non-linearly, as shown in figure 4.15.

L] L] L] L] L] L]
0.08 | -
cavity ®

0.07 | -

~0.06 | , -

(min”
[
~

<0.05 | 7’ i

\
\
[}

- () - ¢
0.04 | o -~ e _.—*- ¢ |
-~ __--- Non-cavity
[ L
0.03 | 4
L L L L L L
0 10 20 30 40 50 60
[H,O] (M)

Figure 4.15. The enzymatic reaction with a fixed concentration of PNPA (0.4 mM) and a —
CT (5 x 1075M) by changing the concentration of H.O: D,O molecules in the non-cavity
(red dot) and cavity (blue dot). (Dotted lines are guides to the eye)
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Similar non-linear behavior is reported in other polaritonic chemistry experiments, and this
effect's origin is still unknown to us. However, we believe that the self-interaction of the dipole
is dominant once the system enters into ultra-strong coupling conditions, which may drive a
quadratic behavior in the rate enhancement. A similar observation was observed

spectroscopically in similar coupling conditions.

4.6 Conclusion

VSC shows a change in the rate of a reaction in enzymatic reaction by selective coupling of
water molecules. Ser-195 is the active binding site having O-Hs, which is strongly coupled,
forming active catalytic triad formation. This finding of cooperative coupling of water and
enzyme molecules can improve catalytic efficiency. The same technique can also be used to
elucidate the complex enzymatic reaction mechanism as we did in understanding the relay
mechanism and its effect on H-bonding. Here, the VSC of O-Hs either controls the charge
relay mechanism, thereby boosting the proton transfer process. The O-Ds gives the
comparable splitting energy, whereas its influence on reaction rate is negligible under strong
coupling due to poor overlap of the vibrational envelope of the enzyme and the solvent system.
These experiments show the versatility of the selective bond coupling and cooperative VSC to

control and study the chemical and physical properties at the molecular level.
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Chapter 5

Conclusion and
Outlook

For decades, selective bond breaking and bond making was a dream until lasers became a
common tool for molecular spectroscopists.?6-42 Vibrational mode control of reactions is a topic
that has fascinated chemists using selective excitation of a vibrational state. The simplest idea
is to excite an electronic ground state that maps onto the reaction coordinate; reaction dynamics
can be probed by giving energy below the ionization threshold. A multiphoton vibrational
excitation provides high energy (usually tera-Watt), produces the change in the electronic
excitation probability, and opens several different fragmentation channels (figure 5.1 A4). In
comparison, vibrational excitation dumps multiple quanta of energy to a selective band for
achieving high efficiency of the desired products (figure 5.1B). However, rapid intramolecular
randomization of the energy seems to be a major obstacle to realizing mode-specific reactivity
using laser sources. Cryogenic matrices offer a unique environment for a single photon
vibrational excitation in the absence of rotational or translational degrees of freedom.2"28 Such
selective excitation of vibrational states help us understand a particular mode's role in reaction
dynamics. These provide information about the conformation of TS and the orientation of
reactants towards the path of a reaction. Later, pulsed lasers were used to probe the nuclear
motion of the transition state in the femtosecond timescale.*? The above experiments realized

the resonance behavior in reaction coordinates during bond conversion from covalent to ionic.

The journey of the evolution of coherent chemistry in the 1990s used external stimuli and
cryogenic temperatures. Strong light-matter interaction and its application control may be an
unconventional alternative because it can exist even without external photons.10-2443-85136 |t
does not require any illumination by intense external fields to influence a chemical reaction
(figure 5.1 C). The last decade witnessed a surge in the use of strong coupling to modify

photophysical properties like emission quantum yields, intersystem crossing, and lifetimes by
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Figure 5.1. (A, B) Laser control experiments used (A) Non-resonance pumping; (B)
Resonance pumping; (C) Resonance coupling using optical cavities in ground state.

coupling the first electronic excited states. The first demonstration of modified chemistry was
done by electronic strong coupling of a photochromic molecule in a solid polymer matrix.*3
This proof of principle experiments suggests that reactivity could be modified under strong
coupling, which came as a surprise and generated much interest among spectroscopists to
couple vibrational states. Later, solution-based vibrational strong coupling was introduced that
nurtured the study of homogeneous chemical reactions by selective coupling a vibrational
transition.32 In the first report, a chemical reaction under VSC of a pure reactant has been
achieved; it states that band-selective coupling has a remarkable potential to modify its
reactivity.’® The high probability of the molecular vibration modes existing in the ground state
can be characterized by Boltzmann distribution. The experimental difficulty facing VSC is that
most homogeneous reactions occur in dilute conditions, and VSC needs a very high
concentration. We have made a different approach to coupling the solvent vibrations; both
match vibrational energy and simultaneously couple the reactant and solvent molecules to the
infrared photon. Another advantage is that the solvent does not consume during the reaction,
and the overall splitting energy is preserved. The vibro-polaritonic states formed from the
collective coupling-generally known as cooperative VSC of the reactant and solvent molecules

can amplify the solute-solvent interactions.

The development of polaritonic chemistry and the effect of cooperative VSC open a new tool
to control the ground state chemical reaction and hence gives a new approach to understanding
the mechanism of the process. In our first demonstration of cavity catalysis, the reaction rate
was enhanced by three times as compared to the outside cavity. Surprisingly, the large

modification of the activation energies came as a surprise which is larger in quantity than the

92



Chapter 5: Conclusion and Outlook

collective Rabi splitting observed in the system. One can precisely tune the interaction and the
rate by moving the position of the cavity mode. ON-resonance to OFF-resonance experiments

is the best control to understand the role of strong coupling on chemical reaction rates.

Similarly, we used isotopic experiments to prove the cooperativity in VSC and assess the role
of the vibrational state involved in the reaction mechanism.132 Change in the activation of free
energy under cooperative VSC helped us to look into the structure-reactivity relationship. A
study of different derivatives under VSC shows a non-linear behavior in the free-energy of
activation (Hammett equation). Thermodynamics studies suggest that the mechanism of the
reaction remains the same. The free energy of activation decreased by 2-5 klJ/mol, indicating a
clear role of VSC in catalyzing the reaction.1 This concept of cavity catalysis targets the
vibrational bands that are selectively involved in the rate-determining process of a reaction.
However, LFER elucidates that the energy density reshuffles the TS under cavity conditions.
Cooperative VSC is not limited to organic reactions but has huge potential to change the
catalytic efficiency of enzymatic reactions.13! The reaction shows that it behaves competitively
along with enzyme activation where the number of conversions into product per unit time is

not changing. The interaction between solute and solvent is still unclear under VVSC conditions.

So far, few reactions have been reported in the literature under VSC. The approach of VSC
cannot be applied for the fast reactions in the present setup. However, the conformation change
of an enzyme binding with the substrate involves rapid adsorption, which is too fast to be
measured. VSC can be a valuable tool for studying the conformation change of large
macromolecules such as proteins and enzymes. It has already been reported that VSC can be
enhanced and tuned by controlling the orientation of molecules.®* To achieve strong coupling,
the molecule's transition dipole moment must be exactly parallel to the electromagnetic field.
As a future endeavor, the VSC effect on the reaction rate can be studied by varying the external
voltage that orient the molecule with the confined electromagnetic field. These studies will
contribute to the fundamental understanding of the role of the vacuum field in chemical
reactions. The first experimental observation of cavity catalysis and the effect of VSC on
selective chemical reactions through many questions and open possibilities to explore further

experimentally and theoretically.
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Conference presentations

A talk “Controlling Chemical Reaction Rate by Coupling to Vacuum Field” in a live
focus session of “Chemistry in a New Light - Altering Reactivity and Selectivity with
Optical Cavities” in the annual conference “NWO CHAINS 2021, The Netherlands”
on 8 December 2021.

Atalk “Controlling Chemical Reactions by Cooperative Vibrational Strong Coupling”
at the “11™ Asian Photochemistry Conference” (APC 2021), held on Oct 31-Nov 4,
2021.

A poster “Controlling Enzymatic Reactions by Vibrational Strong Coupling of Water”
in the 17" conference on “Spectroscopy and Dynamics of Molecules and Clusters
(SDMC-2020) organized by BITS Pilani, Pilani campus and IIT Jodhpur” held 20 to
234 February 2020.

A poster “Controlling Enzymatic Reactions by Vibrational Strong Coupling of Water”
in “I%t CRIKC Chemistry Symposium” from 2m-31d November 2019, co-organized by
IISER Mohali.

A poster “Cavity Catalysis by Co-operative Vibrational Strong Coupling of Reactant
and Solvent Molecules” in 25t CRSI National Symposium in chemistry July 19-21,
2019, organized by IIT Kanpur.

A poster “Controlling Chemical Reaction Rates via Vibro-polaritonic States” in
RAOBC, organized by IISER Mohali in association with the Royal Society of
Chemistry during March 22-24, 20109.

A poster “Accelerating Chemical Reaction Rate by Vibrational Strong Coupling of
Solvent Molecules” in FCS 2018; organized by JNU, IIT Delhi, and co-organized by

TIFR Mumbai, Fluorescence Society.
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