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Notations

hQr = Rabi splitting

A = Wavelength of light

ANS = Anilinonapthalenesulphonates
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FSR = Free spectral range

IR = Infrared
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Vn = Vibrational level

VSC = Vibrational Strong Coupling



Abstract

In the recent years both experimental and theoretical studies observed that chemical reaction
landscape can be sculpted preciously by selective vibrational strong coupling (VSC) of reactant
molecules. In VSC, excited vibrational state undergoes strong coupling with IR photons (cavity
modes) which leads to the formation of hybrid light-matter states known as vibro-polaritonic
state (P+ and P-). In the current project, we have studied the modification of energy levels of
a solvent sensitive probe, 8-Anilinonaphthalene-1-sulfonic acid (1,8-ANS) under VSC of the
solvent system. It has been observed that 1,8-ANS is very sensitive to solvent environment,
specifically presence of water can modify both the radiative and non-radiative decay rates of
the molecules. By changing the water composition, the electronic transition energy
(solvatochromism) of 1,8-ANS also getting modified. Here, we observed the fluorescence
behaviour of 1,8-ANS molecule are affected by VSC of O-H stretching mode of water
molecules. Concentration dependent studies show that the shift in the electronic transition
energy is completely different from the non-cavity conditions. These observations open up new
questions on the application of VSC for controlling bulk properties like solvent polarity and

also on the modification of intrinsic behaviour of associated chromophoric systems.
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Chapter 1: Introduction
1.1 Historical Background

It has been of great interest for the scientific community to achieve multifunctional
systems by modulating the chemical and the physical properties of the molecules and materials.
In chemistry, changes in the properties are mainly achieved through chemical modification.
Whereas, physical forces such as dispersion force play a crucial role in controlling the state of
a system. For e.g., London dispersion forces can change He-atom from gaseous to liquid state
at 4 K. Hence, weak interaction lay the foundation of universe by controlling matter-matter

interactions

In the same line, “Forster Resonance Energy transfer” (FRET)-weak interaction-is a classic
example of a second order dipole-dipole coupling. In 1948, Forster proposed that the energy
transfer can take place between the donor-acceptor conformers by the transition dipole-dipole
interaction through space!. If the emission spectra of the donor overlaps with the absorption
spectra of the acceptor (on resonance condition) and the distance between the donor-acceptor
conformers is small enough, the Coulomb interaction between the transition dipole moments
become significant that lead to funnelling of energy from donor to acceptor molecules. It also
depends on the relative orientation and magnitude of the transition dipole moment of the
conformers. On the other side, in exciton coupling, a first order dipole-dipole interaction occurs
between similar or dissimilar molecules that lead to reshuffling of their energy levels. At higher
concentrations, organic dye molecules can self-aggregates, which alters their molecular states
with defined Eigen states which in turn leads to either the red shift (J-aggregates) or blue shift

(H-aggregate) depending upon the symmetry of the dipoles.? (figure 1.1)
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Figure 1.1: Schematic diagram of the electronic coupling between two transition dipole

moments leading to the formation of the J- and H- aggregates with their new energy levels.

1.2 Light-matter strong coupling:

A) Theoretical background:

Similar to a dipole-dipole interaction a molecular transition dipole can also interact with a
photonic state that leads to the formation of new energy levels in the system. This process is
called as light-matter strong coupling. The strength of the light-matter interaction can be varied
from weak, strong and ultra-strong depending on the coupling strength. e.g. for the weak
coupling, the modification of the radiative decay rates of molecule in the vicinity of a metallic
surface®, otherwise called as Purcell effect*. In this sort of weak coupling only the radiative
rates get affected while the system energy levels are intact. While in the strong coupling regime
not only the radiative decay rates of the molecule are the one which get affected rather the
entire energy levels get affected which leads to the formation of new states called polaritonic
states®. The coupling is termed to be “strong” if the time scale of the energy transfer is faster

than any other decay pathway of the molecule®

Classically the light-matter strong coupling problem can be looked as two different harmonic
oscillators (i.e. with different masses, and different spring constant) coupled to each other with
an effective spring constant. The basic approximation made to study the light-matter strong
coupling is the “dipole moment approximation”, which assumes that the wavelength of the

light is much larger compared to the molecular length scale’. Another approach is to take the



guantum mechanical perspective as the strong coupling is observed in presence of vacuum
field. Vacuum fluctuation or zero-point energy was first reported in the Planck’s second theory
of black-body radiation and Einstein’s theory of molecular agitation at room temperature in
1911 and 1913 respectively®®. Vacuum fluctuations are basically described as ground state

energy of the quantized electromagnetic field’. The strength of vacuum filed (Eo) is given by:

E = V22 (1.1)

° 2eV

where ho is the resonant energy, €, is the vacuum permittivity and v is the volume of

electromagnetic mode.

The quantum mechanical operator for the light-matter coupling is V:

—

V=—-d.E (1.2)
where E is electric field operator and d is the molecular dipole moment operator.

When a molecule emits light inside a cavity, the photon is reflected back and forth by the
mirrors and subsequently remains inside the cavity. Therefore, the probability of reabsorption
by the molecule is enhanced. If this probability is higher than the probability of photon leakage
through the mirror and the non-resonant decay rate of the molecule, then the system enters

strong coupling’.

B) Quantum description of strong coupling:

Light-matter strong coupling can be explained using cavity quantum electrodynamics
(cQED). This system basically explains the coupling of an electromagnetic mode to one of the
molecular transition modes. Here, the system is described by Jaynes-Cummings Hamiltonian®®,
which describes the system as the sum of molecule, the electric field, and the molecule-field

interaction within the rotating wave approximation
ﬁ]C = ﬁmol + ﬁcav + Hint (1.3)

The molecule-field interaction H,,,; includes g = g VN, where g is the collective coupling. So

light-matter coupling strength varies asv'N. Where N represents the number of oscillators in
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the light-matter coupling regime, so concentration of the molecule plays an important role in
enhancing the coupling strength. The Jaynes-Cummings Hamiltonian can be diagonalized by
the Hopfield-Bogoliubov method yielding the two eigenstates?. The two eigenstate are linear
combinations of light and matter states, also called polaritonic states. These are designated as

|P+> (higher in energy) and |P-> (lower in energy) eigen states.
|P* > = ale,0 > +B|g,1>
|P~>= Ble,0> —a|g,1> 1.4

where |g>, |e> represents the ground and excited states of the molecule respectively, and |0>,
|1> the photonic states and o,  are Hopfield coefficients. The energy difference between two
polaritonic states is called as the “Rabi splitting” denoted as hQr.

Hybrid
Light-Matter
States
Molecular - S Optical
States .~ iy . States
I e i)

Figure 1.2: Schematic diagram of the coupling of the molecular transition dipole moment with
the cavity mode (optical state), which leads to the formation of the “Hybrid Light-Matter
States” also known as “polaritonic states” separated by the energy difference known as Rabi

splitting (hQR).

AE = E, —E_ = hQg = V{4V — (I, - )%} (15)

where E+ and E. are the energies of the P+ and P- respectively, I'c and I'c are given by the decay
constants (I" = h/c) of the photon in the cavity and the excited state respectively and V is the
interaction energy of the electric component of the electromagnetic field in the cavity, E_ and

the transition dipole moment of the material, d*? (as described in the equation (1.2)).



If all other dissipation rates are negligible than the Rabi exchange rate (from equation (1.1),

(1.2) and (1.5)) then the equation can be simplified as:

hQg = 2V, = 2d - E. = 2d /zh—“)v XV (nyp, + 1) (1.6)

The Rabi splitting (hQr) is directly proportional to the v'N/,, =V/C. Form equation (1.6), it’s

evident that strong coupling occurs even in the dark, as hQr has still have a value if npn = 0.

The very important condition for ensuring that the system is in strong coupling is that, the
splitting (Qr) must be larger than the full width at half maximum of the bare molecule

absorption band (Awmx) and the cavity mode (Awc).

(Awx)+(Awc)

Qg > .

.7

However the splitting alone is not the criteria for describing the system is under strong
coupling, because in some instances the above (equation (1.7)) condition can be achieved in
the weak coupling regime, some reasons for achieving the comparable splitting might be
because of inhomogeneous broadening of the band!’ or due to the cavity induced
transparency*®?°. So in order to confirm the system is under strong coupling, the dispersive
nature of polaritonic states must be confirmed (as shown in figure 4). The strength of the
coupling is calculated from the ratio of the frequency (or energy) of the cavity mode to the
Rabi frequency (or energy). When this ratio exceeds to 0.1 to 0.2, the system is in so called
ultra-strong coupling (USC)”. In USC regime the energy of the coupling is significant
compared to the molecular transition leading to break down of the rotating wave approximation
and system need to be described within the framework of Dicke Hamiltonian?*?2, In USC,
various new process occurs, e.g. photon blockades?®?*, super radiance®® and ground state

modifications2®?"etc.



C) Properties of polaritonic states:

(i) As already discussed, the energy difference between the polaritonic states (P+ and P-)
known as Rabi splitting, is directly proportional to the square root of the number of oscillators
or molecule under strong coupling. The large splitting perturbs the levels of the other molecular
eigenstates that are not directly involved in in the coupling (as illustrates in figure 1.3)*2,
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Figure 1.3: Polaritonic states, dark states (DS) delocalised over many molecules M.

The N molecules generates N+1 collective state among which two are new eigen states (P+
and P-) along with N-1 available dark state (as the transition from ground state is forbidden)®2.
Moreover, it has been shown that the emission from P- is spatially coherent over micrometre
distances, resulting in interference fringes**®, or the molecules (which are separated by

micrometre distance emit in phase'?.

(ii) As the polaritonic states are hybrid light-matter states so they have some behaviour
corresponding to the light and as well as matter. So in this context, another interesting property
of the polaritonic states is that they show inherent dispersive nature (momentum-energy
relation) due its photonic contribution. For studying the dispersive nature, the energy of the
states are plotted versus the in plane momentum (k;) (as shown in (figure 1.4), the polaritonic
states formed due to the strong coupling of the O-H stretch of water). For Fabry-Perot cavity,

the formula used for plotting dispersive curve:

kil = ky = = sind (1.8)



where 6 is the angle of incidence and A is the peak wavelength. The Rabi splitting is defined
by the minimum energy gap, where the photonic and material components are isoenergetic and
contribute equally to the hybrid states. At higher ki values, the P+ have more photonic

component while P- have more material like character!?,

3900

0.014

3800

’*,: 3700 _._____,_-/
)

0.012

cm

5 3600

0.008

0.006

Wavenumb

w w
B a
o o
o o

0.004

3300

0.002

3200
0 0.2 0.4 0.6 0.8

Momentum(micron-1)

Figure 1.4: Dispersion curve of a strongly coupled Water (O-H stretch), positioned at 3500 cm”
! the straight (white) line is the non-dispersive O-H absorption peak while the other white
dispersive line is the empty cavity absorption peak. The Rabi splitting can be calculated from

the intersection of the dispersive and non-dispersive lines.

(iii) The vacuum field is not constant in the cavity, approaching 0 at the nodes and maximum
at anti-nodes. The value of Rabi splitting (hQr) is maximized if more number of molecules are
placed in the vicinity of the antinode rather than evenly spreading the molecules inside the

cavity®. As described in equation (6), the value of (hQr) is sensitive to the relative orientation

of the d and E., and as discussed in equation (8) the maximum interaction in case of a Fabry-
Perot cavity is when molecule are aligned parallel (ki) to the electric component of the
electromagnetic field, while the molecules which are aligned perpendicular (ki) does not

contribute to the effective coupling.



D) Vibrational strong coupling:

Light-matter strong coupling was explored very well in physics such as Bose-Einstein
condensation, polariton lasing etc. Whereas, less known in terms of their effect in chemical
systems. Strong coupling of molecules to the vacuum fields offers a new direction controlling
molecular properties without affecting its structural behaviour. The energy landscape of a
molecular system can be modified by strong coupling and it’s not only affect it fundamental
molecular transition but also modify the zero-point energy of the system. These modifications
are reversible in nature i.e. if the molecule is moved outside of the cavity, the molecule resumes

its original properties.

Light-matter strong coupling to the excited electronic states have been well explored in the last
decade?®2%%%-76 |t has been proved that photochemistry and photophysics of the organic
materials can be drastically changed'® by electronic strong coupling their electronic
transition?®°, The kinetics of photoisomerization of spiropyran to merocyanine has been
investigated in Fabry-Perot (F-P) cavity®*2. The photoisomerization reaction rate was
observed to be decreased by 3 to 4 times. The justification for lowering reaction rate given as
the energy of the P- state is lower than that of the bare molecule excited state, so now molecule
has to undergo large transition energy barrier. The reason for such rate modification is due to
energy level modification by strong coupling and that control the photostationary state by

increasing avoided crossing in the conical intersection.

In a different attempt, Shalabney et al. showed that carbonyl vibrational band of polyvinyl
acetate thin film can be effective coupled to an IR cavity photon®. Later, George et al. showed
that vibrational strong coupling (VSC) can be achieved in molecular liquids’’. This opened up
an all set of studies to control chemical reaction by coupling to vibrational bands. The
fundamental concept is the same as electronic strong coupling, here, by VSC vibro-polaritonic
states are formed with a minimum vacuum splitting of hQr (figure 1.5). Compared to the
electronic levels which are high in energy and transition involves the electrons which are
delocalised over entire molecule while in the case of vibrational levels, they are low in energy
and transition involves the electrons which are localised. So far vibrational strong coupling
(VSC) for various molecules in both liquid and solid state have been reported, including

polymers®*34, organometallic complexes® and protein vibrational modes®. Similar to photo-



isomerization reaction control that we discussed previously, VSC can selectively control
chemical reaction rate by coupling vibrational states that involved in the bond breaking/bond
making process. Very recently, IISER Mohali group also observed catalysis effect by coupling

to vacuum electromagnetic field.

Optical States Vibro-Polaritonic Vibrational States
States \
n+3 'l
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n P- Vo
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Figure 1.5: Schematic diagram of the strong coupling of the vibrational states of the molecule

leads to the formation of “Vibro-Polaritonic” states.

Under VSC, the vibrational excited state (V1) is coupled to one of the optical mode leads to
the formation of vibro-polaritonic states. The formation of vibro-polaritonic states can be
characterized from the vibrational spectra of molecule inside the cavity (figure 1.6). The
Cyanide (-CN) stretch of bare “Benzonitrile” positioned at 2230 cm™, when molecule is placed
inside cavity, in infrared spectrum the —CN stretch of the “Benzonitrile” splits in two peaks
(lower energy peak is designated as P- while the higher wavenumber peak P+), as the V1 state
splits into two states now the transition can take place to both the states which results in two
peaks. At ON-resonance condition the energy spacing P+ and P- from the original absorption
peaks is same and they are equal in intensity (this changes with spectral shape). Here, Rabi

splitting of 48 cm™ is observed.
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Figure 1.6: a) Schematic diagram of a cavity formed by two gold mirrors, transition dipoles of
molecules shown by arrows and the molecules inside the cavity (also known as dressed
molecules). b) IR spectra of bare benzonitrile (red trace), IR spectra of ON-resonance VSC of

benzonitrile (blue trace).

As discussed above not only the energy of the excited state changes but also the energy of
ground state. This change occurs even in the dark (absence of light) because of the vacuum
field, so the chemical properties can be expected to modify by simply placing molecule inside
an F-P cavity (i.e. no electromagnetic field is applied). The shift of the ground level of coupled
system was first predicted (planar micro cavity-intersubband transition of semiconductor)®’
and later observed (LC resonator magnetically coupled to super-conducting qubit)® for
systems under ultrastrong coupling. For organic molecules, the first experimental observation
of the modification of ground state thermodynamics happened in 2013%°. The thermodynamics
of a planner cavity-molecules coupled system was studied by considering the equilibrium state
between coupled (C) and uncoupled (U) molecules. The equilibrium constant (K = [C]/[U])
which can be calculated from the fluorescence and absorption spectra. The standard Gibbs free
energy difference (AGc) between the ground states of coupled and uncoupled molecules can

be further obtained using
AGOC = _kBTan (19)
where kg and T are Boltzmann’s constant and temperature respectively.

As discussed above, VSC can modify the vibrational landscape which in turn leads to
modification of chemical properties. The main concept of the current project is to look in the
effect of VSC on controlling the electronic structure as well as the influence of solvent systems
that can control the photophysical properties of a solvent sensitive probe.
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Chapter 2: Experimental results

2.1 Experimental methods to achieve vibrational strong coupling (VSC)

regime:

As discussed previously, an essential condition for a system to undergo (VSC) is that, the
reversible exchange of energy, between the bond dipole (molecule) and an electromagnetic
mode of a cavity. This exchange process must be faster than any other energy dissipation
process in the system. The very important condition for reversible exchange of energy is the
energy of the electromagnetic mode has to be ON-resonance with that of the molecular
transition (electronic or vibrational) energy. F-P cavities with two parallel mirrors placed

roughly 6 to 12 um form an IR cavity (fig 2.1), which can be used for the proposed studies.

Au Coated
windows

Spacer (~um)

Figure 2.1: Schematic diagram of an F-P cavity, barium fluoride (BaF2) substrates are coated

with gold (Au) mirror separated by a Mylar spacer of 2 to 12 um length.
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The F-P cavity consist of the two barium fluoride (BaF.) windows coated with gold (Au)
mirrors place parallel to each other so that light can bounce back and forth between the mirrors
forming a standing wave pattern. At resonance condition the cavity length, Lcay is equal to the
integral multiple of intra-cavity wavelengths.

Leay = m(2) (2.1)

where m, A and n are integer number, wavelength of light and the refractive index of the
medium inside the cavity. The energy dissipation from the cavity (from absorption, scattering

or leakage through the imperfect mirrors) is characterized by the quality factor (Q-factor)’:

Q=+ (2.2)

Aw,

where or and Awc are the resonant frequency and the linewidth (FWHM) of the cavity mode

respectively. To achieve strong coupling the Q factor of the cavity must be high.

For studying the strong coupling as discussed earlier, mirrors are usually made on IR
transparent substrate, (transparency varies for the transition to be coupled like glass, quartz,
CaF,, ZnSe etc. in the infrared). Then the active layer is dispersed on the mirror by various
process either by sputtering or spin-coating. Organic molecules (chromophore) are commonly
dispersed into an inert matrix (e.g. polymer) and then spin coated to form a film’. Then this
layer is sputtered with a top Au mirror to achieve an F-P cavity configuration. Thus the

thickness of the active layer determines the length of the F — P cavity.

All the experiment performed in the current thesis, the active medium is a molecular liquid.
For VSC the cavity length are in the order of um and the other advantage of having liquid is
that the effective cavity length can adjust preciously by moving the top mirror in a “micro-
fluidic cell” configuration (figure 2.2). Solution can be injected into the microfluidic cavity

and further spectroscopy can done either in static or in flow conditions.

12



Figure 2.2: Picture of a microfluidic cavity used for VSC. The length of the cavity formed is

in the range of 6 — 12 um.

Transmission IR spectrum of an F-P cavity is shown in figure 2.3. The cavity mode formed
are well separated and uniformly placed. As the cavity act as a harmonic oscillator, the optical
modes are separated equally, as evident in the IR spectrum. The energy difference between the

optical modes is known as “Free spectral range (FSR)” and it’s calculated from equation (12)

10,000
2nl

FSR =

(2.3)

where n is the refractive index of the medium and L is the length of the cavity. The FSR is not
only the energy difference in the optical modes but also it is the energy of the first optical
mode. Once the active layer is injected into the cavity the n changes as that of medium, but
with the microfluidic cell there is a liberty of varying the length of cavity so as to couple a
band of interest. One can pre-set and ON-Resonance condition by knowing the FSR, an integral

multiple of FSR will have exactly matching energy to the molecular transition energy.
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Figure 2.3: IR spectra of empty cavity with FSR = 350.877 cm™™.

Thus by vibrational strong coupling it’s possible to modify the chemical reactivity of molecule
by strongly coupling the band responsible for the reaction to proceed. In order to explore more
aspects of the VSC some experiments have been carried out to understand and modulate system

accordingly.
2.2 Solvent sensitive Probes

Several studies on various chromophoric systems has revealed that the chemical equilibria,
rates-kinetics of chemical reactions, position of spectral band are observed to be dependent on
solvent medium®. The very first report on solvent dependence was reported by Berthelot and
Pean de Saint-Gilles in 1862 where they have discussed their studies on esterification of acetic
acid with ethanol, it was observed that the esterification is disturbed and decelerated on
addition of neutral solvents not belonging to the reaction®.

These difference in intermolecular interactions are broadly classified in two categories:

(1) Specific interactions = These include electron donor-acceptor activity (between
electron-pair donor (EPD) and electron-pair acceptor (EPA)), solvophobic, H-
bonding interactions (between H-bond donor (HBD) and H-bond acceptor (HBA))

(i) Non-Specific interactions = These includes purely electrostatic interaction arising

from Columbic interactions between charged ions and dipolar molecules (ion-ion,
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ion-dipole, dipole-dipole) and polarisation interactions which depends on the
solvent and solute intrinsic parameters such as dipole moment (), dielectric
constant () and refractive index of the medium®>2,

To take all these terms into consideration “Reichardt” proposed term “polarity” for “Overall
solvent capability”, this doesn’t include the solvent-solute interactions which leads to
permanent change in chemical structure of the molecules. Many compounds shows significant
shift in the UV-Vis band on changing solvent, this phenomenon is known as
“Solvatochromism”. Solvatochromism can be of two types.

a) Positive Solvatochromism: This is shown by the molecules those have less polar
ground state compared to more polar excited state. On increasing solvent polarity,
excited state stabilizes more as compared to ground state because of the more polar
excited state. This leads to decrease in the transition energy, increase in absorption
maxima (Amax) ON increasing solvent polarity (fig 2.4).

b) Negative Solvatochromism: This is observed among the molecules having more polar
ground state compared to that of the less polar excited state. On increasing solvent
polarity, the ground state stabilizes more compared to excited state which leads to

increase in transition energy and decrease in absorption maxima (Amax) ON increasing

solvent polarity.

a) b)
e "“~—— Excited State
& &
3 3
w - AE=hv
Ground State
Solvent Polarity Solvent Polarity
He = Hg Hg = He

Figure 2.4: Schematic diagram of a) Positive solvatochromism and b) Negative

Solvatochromism.
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2.3 Fluorescence of 1,8-ANS

Anilinonapthalenesulphonates (ANS) molecules are of great interest particularly for their
biological applications. The very first report of the ANS was in 1954 by Weber and Laurence®’,
in which they have discovered the fluorescent behaviour of 1,8-ANS and its derivative 2,6-
ANS (fig 2.5), depending on the solvent composition, in particular solvent polarity. They have
observed the fluorescence of these two probes decreases drastically in water while it is highly
fluorescent when combined with albumin, dissolved in nonpolar organic solvents or isolated
in solid form®8. This environment-sensitive fluorescence of 1,8-ANS attracted many who
interested in biological problems, the ANS derivatives were used to measure the binding

capacity of serum albumin®, to evaluate “polarity” of protein and enzyme binding sites®*-%2,

00 [
HO-S" HN

Figure 2.5: Structure of 1,8-ANS

There had been extensive photophysical studies on various ANS derivatives, but these does
not explain the solvent sensitive behaviour®®. In 1982 Edward. M. Kosower have projected a
“two fluorescent state” theory for this solvent sensitive behaviour>®, in which they have studied
the fluorescent behaviour of 2,6-ANS (derivative of 1,8-ANS) Two correlation lines are
observed when fluorescence energies of different substituents of 2,6-ANS are plotted versus
the E130 (corresponding to polarity) energies as shown in figure 2.6 (a). Two correlation lines
can’t be formed from one excited state, it was concluded that there are two fluorescence state
(excited) of ANS which giving rise to different correlation. This was further confirmed by

plotting fluorescence quantum yield (¢F) versus the solvent polarity energies (E1(30)) (fig 2.6

(b)) .
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Figure 2.6: a) Plot of Er (fluorescence energy) V/S the solvent polarity (Et (30)) for 2,6-ANS.

E(30) KCAL/MOLE

b) Plot of ¢r (fluorescence quantum vyield) V/S the solvent polarity (Et(30)) for 2,6-ANS.

Figures are taken from ref. 64

It was observed that the Er varies modestly with the non-polar solvent, this happen through a
locally excited state (labelled as S1np). For high polarity Er varies drastically (having slope of
0.65) due the decay rates are happening through a charge transfer (Fig 2.7 (labelled as Si)).
Second evidence for the for the two decay channels of 1,8-ANS in glycerol correspond to
S1,np emission in spite of high polarity of solvent®®. The high viscosity of glycerol inhibits the
formation of charge-transfer state. Other viscous and rigid media permits emission only from
S1np State.

SO S L.np S lct

]

th, np hVF. ct

Figure 2.7: Schematic diagram of the fluorescence channels of ANS from two excited state.
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From pure ethanol to pure water the kr (radiative rate constant) decreases (by a factor of 3)
while knr (non-radiative decay) increases by a factor of 75%. The fluorescence quantum yield
of 1,8-ANS decreases by a factor of 100 on going from ethanol to water when E1(30) changes
only from 52 to 63, the same result is obtained on going from pure dioxane to pure water as
Et(30) changes from 36 to 63°7,

¢F 05 ® - IN DIOXANE
\ A - IN ETHANOL
044\
0.3
0.2
01
R e ——
0 50 100%
H,0

Figure 2.8: Fluorescence quantum yield of 1,8-ANS in various composition of Dioxane-Water
mixture and Ethanol-Water. Taken from ref. 66 & 67.

2.4 VVSC of 1,8-ANS in water-dioxane mixture:

In the previous section, we discussed that 1,8-ANS has different radiative and non-
radiative decay rates from the two excited states. Our main goal in the current project is to
understand the effect of VSC on modifying the decay processes.. Here, we have tried VSC of
the O-H stretch of water (~3500 cm™) that could in principle modulate the radiative and non-
radiative decay rates of 1,8-ANS as water is playing an important role in controlling the non-
radiative decay rates of ANS in Dioxane-water mixture. Another interesting feature of 1,8-
ANS is that the availability of an O-H stretch mode (~3200 cm™) (fig 2.9) near to water O-H
stretch, this gives a chance of other secondary effect to control the decay kinetics due to
external vibrational relaxation (EVR) through these vibrational modes (fig 2.10). Dioxane and
water has same boiling point, whereas the solvation energies are completely different. The

concentration of 1,8-ANS was maintained ~ 7.16 mM in all the further measurements.
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Figure 2.9: FTIR spectrum of 1,8-ANS (recorded in KBr pellet).

ANS in (20% Water + 80% Dioxane)

%Transmittance

O-H stretch

T T T T T T
3500 3000 2500 2000 1500 1000

Wavenumber (cm”)

Figure 2.10: FTIR spectrum of 1,8-ANS in 20%Water + 80%Dioxane.

For VSC, the O-H stretching mode of the water was strongly coupled to the 7" mode of an F—
P cavity. Here, F-P cavity was formed by sputtering ~10 nm gold layer on barium fluoride
(BaF») substrates, and cavity length was maintained by using a Mylar spacer of ~ 7 um. In
order to examine the fluorescence behaviour of 1,8-ANS in dioxane-water mixtures under
vibrational strong coupling, various dioxane-water composition was taken and fluorescence
data were recorded (table 2.1). The alterations in the fluorescence behaviour of 1,8-ANS

observed in each case is discussed below which are further analysed in section 2.5.
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Concentration Concentration Concentration
Of 1,8-ANS (upM) Of 1,4-Dioxane (%) Of Water (%)

7.16 100 0
7.16 95 5
7.16 90 10
7.16 75 15
7.16 80 20

Table 2.1: Concentration of 1,8-ANS, 1,4-Dioxane and Water used for study of fluorescence
behaviour of 1,8-ANS under VSC of O-H stretch of water.

A) 1,8-ANS in (0%Water + 100%Dioxane):

We have started the experiment with pure dioxane containing 1,8-ANS in the F-P cavity. At
first, solution of 1,8-ANS was prepared in 1,4-Dioxane (spectroscopic grade), then the solution
was injected into microfluidic cell or cavity. Cavity mode was tuned to 3500 cm-1 and
fluorescence data was recorded (fig 2.11). Empty cavity was tuned to FSR = 705 cm™ and
after injecting solution into cavity FSR changes to 500 cm, such that the 7" mode of cavity

(500 x 7 = 3500) will reach the region of interest for the current studies.

Wavenumber (cm™)
1000 2000 3000 4000

60

£ 40

i

ANS_Dioxane_IR 1000 2000 3000 4000
Empty_Cavity
ON_Resonance

Figure 2.11: FTIR spectrum of 1,8-ANS in (0%Water + 100% Dioxane). The dash boxed

region shows the expected position of O-H stretch of the water molecule (but here there is no

%Transmittance
1
%Transmittance

Wavenumber (cm™)

water), small absorption in the dashed region corresponds to the O-H stretch of 1,8-ANS.
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Under the above conditions, fluorescence spectra were recorded in the Cell and tuning to 3500
cm-1 (ON resonance with respect to O-H stretching of water)in an F-P cavity (fig 2.12). Here,
cell or the non-cavity is the same microfluidic cell without any mirrors in it. Fluorescence
spectral measurements were acquired at 23 degree incident angle (front face measurement
mode) in a Shimadzu fluorimeter (model No. RF 500). The emission spectra for both the cases
(cell and ON-resonance) recorded at Aexc = 370 nm with excitation slit = 5 nm and emission
slit width = 3 nm. Emission maxima for the cell was observed at 476 nm (black trace) while
for ON resonance cavity condition was observed at 480 nm (red trace). While the excitation
spectra in cell was recorded with excitation slit and emission slit width at 5 nm, Aems = 476 nm

and excitation maxima was observed at 370 nm.

Cell =476nm
Cavity = 480nm

d ) 08
0.6 -

0.4

Norm. Intensity

0.2

0.0

f

T T T T T T T T T T 1
400 420 440 460 480 500 520 540 560 580 600 620
Wavelength (nm)

3600 -
3400 4
3200 4
b ) 3000 —
2800 —

2600 —

Intensity

2400 —

2200

2000 4

1800

1600

T T T T T
320 340 360 380 400
Wavelength (nm)

Figure 2.12: a) Normalized fluorescence (emission) spectra of 1,8-ANS in pure dioxane (or
0%Water +100%Dioxane mixture). The emission maxima for the ON resonance condition
shows a red shift of 4nm compared to that of non-cavity (cell) condition. b) Excitation spectra

of 1,8-ANS in pure dioxane (recorded in cell).
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B) 1,8-ANS in (10% Water + 90% Dioxane):

The O-H stretch (of water) band in this solution mixture positioned at 3510 cm™. Refractive
index of medium (10% Water + 90% Dioxane) is 1.411, so empty Cavity was tuned to FSR =
706 cm™ such that after injection of solution the FSR of the cavity shifted to 501.35 cm?®
(because as the refractive index of medium changes from 1 to 1.411 (as discussed in equation
2.3), Now the 7*" mode of cavity will have energy equivalent to energy of O-H bond (as 501.35
X 7 = 3509.45). VSC of O-H stretch of water (10%) gives vibro-polaritonic states P+ = 3625
cmt and P- = 3415 cm™ and the observed Rabi splitting = hQr = 210 cm™ and the %splitting
energy = 5.98% (as shown in figure 2.13).

Wavenumber

3000 4000
5 T

%Transmitttance
%Transmitttance
Wavenumber(cm-1)

o 0
06 08
Momentum(micron-1)
Figure 2.13: a) FTIR spectrum of ANS in (10% Water + 90% Dioxane) (red trace), IR spectra

of empty cavity (black trace) and ON resonance (blue trace), P- is low intensity. b) In order to

confirm the VSC dispersion curve of vibro-polaritonic states P+ and P- is obtained. Rabi

4000
ON_Resonance
S 0 0.2 04

Empty Cavity 300?Navenumber

ANS_10% Water + 90% Dioxane_IR

splitting is calculated from the difference in energies of middle of P+ and P-.

After the system is under VSC condition fluorescence studies were done and compared to that
of the non-cavity condition. First, excitation spectra for both the cases (cell and ON-resonance)
were recorded with Aems = 475 nm with excitation slit and emission slit width at 5 nm. The

excitation maxima for cell was observed at 358 nm (black trace) while for ON resonance cavity
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condition was observed at 352 nm (red trace). Fluorescence spectral shift is observed in cavity

(ON-resonance) compared to that of non-cavity condition, the nature of shift in both cases are

different (fig 2.14 (a)).

A clear blue shift is observed in the excitation spectra of approx. 6 nm (~ 476.13 cm™) while
in emission spectra a red shift of approx. 6 nm (~ 253 cm™) was observed. The emission
maxima for cell was at 484 nm (black trace) while for ON resonance cavity condition was at

490 nm (red trace). The emission spectra for both the cases recorded at Aems = 375 nm with

excitation slit and emission slit width at 5 nm (fig 2.14 (b)).

) Cell =352nm
a Cavity = 358nm
0.8 -
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Figure 2.14: a) Normalized fluorescence (excitation) spectra of 1,8-ANS in 10%Water +
90%Dioxane mixture. b) Normalized fluorescence (emission) spectra of 1,8-ANS in

10%Water + 90%Dioxane mixture).
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2.5 Data Analysis:

The above studies were performed for the five different sets of concentration (table 2.1). As
discussed in the 1%t chapter one predominant feature of strong coupling is that Rabi splitting is
directly proportional to the square root of concentration. A similar correlation was observed in

the current studies as well. (Fig 2.15).

Conc” of Water Conc” of Water P- hQ
(%) (Ml/2 (cm?) | (cm! (cm-l)

2.775 1.666 3471 3606
10 555 235 3625 3415 210
15 8.325 2.885 3659 3380 279
20 | 333 3709 3354 355

Table 2.2: Values of energies of polaritonic states, concentration of water in different mixtures

of dioxane-water and Rabi splitting energy.

400 —
350 — |
300 —
250 —
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h,
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100
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0.0 0.5 1.0 1.5 2.0 25 3.0 3.5

vJConcentration

Figure 2.15: Linearly fitted graph of Rabi splitting versus VConcentration. Directly

proportionality relation is followed.
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As discussed in section 2.4.2, a red shift (in the ON-resonance compared to cell condition) in
the fluorescence (emission) spectra of 1,8 ANS in the various set of the ON-resonance
condition measurements compared to that of emission maxima of cell condition was observed
(Table-2.3). The Er (fluorescence energy) of 1,8-ANS was plotted with the Et30 (solvent
polarity parameter) as on changing water concentration the polarity of solvent changes(fig-

2.16) and this was plotted with respect to the Rabi splitting energy (fig 2.17).

Conc. of Water  E+ 30 Values AL AL AE
(M) (kcal molt)  (nm) (cm) (kcal mol-t)
0 36 4 175.08 0.501
2.775 37.355 6 255.71 0.729
5.5 38.71 8 335.93 0.96
8.3 40.065 11 455.41 1.302
11.1 41.42 14 576.13 1.647

Table 2.3: Values of ET30 of different concentration of water in different sets with the energies

of red shift observed in the emission spectra of 1,8-ANS.
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Fig 2.16: Plot of Fluorescence energy (Er) of 1,8-ANS with respect to solvent polarity
parameter (ET30). Black squares corresponds to the fluorescence energies recorded in cell
while the red circles correspond to energies recorded in ON resonance cavity condition.

25



60.0 -
@ Cavity
59.5
59.0

58.5

58.0

E, (kcal/mol)

57.5

57.0 4

T T T T T T T T T T T T T T T T 1
0 50 100 150 200 250 300 350 400

-1
hQ_(cm’)

Fig 2.17: Plot fluorescence energy (Er) of 1,8 ANS with respect to the Rabi splitting.

A clear change in the fluorescence energy (Er) energy of 1,8-ANS is observed as shown in
figure 2.17 and it decrease linearly with increasing Rabi splitting of water vibro-polaritonic
states. The energy modification (AEF) is also observed to be linearly dependent on E+30 values
of the various solvent mixtures, while in the non-coupled situation (when hQg is zero for pure

dioxane) shows a deviation from the linear fitting (fig 2.18 and 2.19).
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Fig 2.18: Linearly fitted plot of fluorescence energy (of 1,8-ANS) shift with respect to solvent
polarity (ET30).
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Fig 2.19: Plot of AEF for 1,8-ANS with respect to observed Rabi splitting.

2.6 Conclusion:

In conclusion, the electronic transition energy of a solvent sensitive probe is modified by
VSC of solvent molecules. Here, we have strongly coupled O-H stretching band of water
molecule which in turn shows the modification in the fluorescence spectra of 1,8-ANS
molecules. Concentration dependant studies show that a bathochromic shift in the emission is
linear with respect to VSC strength. Similarly, a hypsochromic shift in the action spectra is
observed in the strongly coupled system. The above observations show that the bulk polarity
of solvent system is affected under VSC. It can also be due to modification of intermolecular
interaction between solvent and probe under strong coupling conditions. Further studies such
as fluorescence polarization anisotropy and lifetime measurements are required to fully
understand this fundamental behaviour of electronic structure modification. These experiments
open up a new platform to study the effect of modification of intrinsic behaviour of

chromophoric systems under light-matter strong coupling.
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