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SYNOPSIS OF THE THESIS

Abstract

Photo-excited hydrogen-bonded donor-acceptor systems often show unusual
fluorescence behaviour and sometimes, it is difficult to assign a particular excited-state
process to them. The thesis includes investigations on some simple but interesting
hydrogen-bonded complexes and their photophysical processes like photoinduced electron
transfer (PET), excited-state proton transfer (ESPT), and proton-coupled electron transfer

(PECT). The thesis utilized seven chapters to distribute its contents.

Chapter 1 presents a brief account of recent experimental and theoretical
advancements of the primary excited-state processes in H-bonded systems. Chapter 2
summarizes theoretical methods and experimental strategies adopted throughout the
thesis. In chapter 3, molecular dynamics (MD) simulation was employed to unveil the
exact H-bonding configuration of an experimental system comprising of a coumarin 102
(C102) as acceptor with varying number of phenol and cyclohexane molecules as a donor
and a non-interacting partner, respectively. The main aim of this chapter was to get
molecular insights of the molecular arrangement around the acceptor (C102) at different
mole fractions of the phenol-cyclohexane mixture. The results assist to understand the
unusual fluorescence modulation of C102 observed in the mixture in a previous
experimental study.? In chapter 4, time-dependent density functional theory (TD-DFT)
reveals the possibility of PCET as an alternative mechanism for the experimentally
observed fluorescence quenching of the H-bonded C102-phenol complex. Chapter 5 deals
with another H-bonded system methylbipyridine/methoxyphenol complex, which shows
quite controversial spectroscopic signatures, which may be due to conventional PET or
PCET. TD-DFT calculations presented in this chapter indicates that conventional PET is
a more favorable excited-state pathway than PCET in the system. Finally, in chapter 6, the
fluorescence modulation of three photoacids (2-naphthol, 6-sulfonate-2-naphthol, and 6-
cyano-2-naphthol) was investigated inside the nanocavity of B-cyclodextrin (B-CD). The
differential fluorescence modulation of the photoacid was found to be not due to very
different hydration environment around the deprotonation site (hydroxyl group), but is
linked to the intrinsic chemical nature (pKa") of the photoacids. Chapter 7 reports very
different pKa shift and fluorescence modulation of the strong photoacid 6-cyano-2-

naphthol inside a- cyclodextrin (a-CD) vs 3-CD.
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Chapter 1: Introduction

Hydrogen bonding (H-bonding) is ubiquitous in molecular and supramolecular
systems including self-assembly of lipids and surfactants, secondary and tertiary structures
of proteins, DNA and RNA helices and so on.>* Absorption of a photon by a chromophore
in a H-bonded complex may induce a strong charge distribution within H-bonded donor
or acceptor, and thus, the H-bond geometry (HB length, strength or angle) may alter
significantly.®> Modulation of H-bonding in the excited-state may be considered as a vital
factor for governing photophysical and photochemical response in a H-bonding
environment. ®° However, this aspect remains relatively unexplored in literature. Here, |
am going to discuss excited-state H-bond guided three principal photophysical processes:
- photoinduced electron transfer (PET), excited-state proton transfer (ESPT), and proton-

coupled electron transfer (PCET).

In photoinduced electron transfer (PET), an electronically excited molecule can
either take up an electron from another molecule (reductive PET) or release an electron to
another molecule (oxidative PET).!? Excited-state intermolecular proton transfer (ESPT)
is commonly initiated by photo-excitation of an aromatic fluorophore, which is generally
weak acid in the ground state but becomes much stronger acid in the excited electronic
state. Such molecules are termed as photoacid, which can eject a proton to neighbouring
solvent (water) or other bases (proton acceptor).***3 In a chemical reaction, an electron
and a proton can transfer in a stepwise pathway involving initial electron transfer (ET) or
initial proton transfer (PT), or by a concerted pathway without an intermediate. The

concerted mechanism is termed proton-coupled electron transfer (PCET).14*°
Chapter 2: Theoretical and Experimental Methods

In the present chapter, we have discussed theoretical methodologies such as density
functional theory (DFT), time-dependent density functional theory (TD-DFT) and
molecular dynamics (MD) simulation that have been used in our studies. We have
presented a brief description of several instrumentations, including absorption
spectrophotometer, steady-state fluorometer, time-correlated single photon counting
(TCSPC), and isothermal titration calorimetry (ITC), which have been used for completing
the works described in the thesis. Chemicals used, sample preparation procedures, MD

simulation procedure, and pKa, pKa™ calculations have also been included.
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Chapter 3: H-Bonding around C102 in a Phenol—Cyclohexane Mixture

for Implications in H-Bond-Guided Photoinduced Electron Transfer?®

In a recent experiment, it was observed that the fluorescence intensity of C102 was
quenched drastically and quite anomalously in the presence of phenol in a non-interacting
solvent cyclohexane.! The fluorescence intensity is first quenched gradually up to a
particular mole fraction (Xen ~ 0.013) of phenol, but after that increases with further
increase in the mole fraction.? The details of donor-acceptor H-bonding environment may
be affected by the presence of the non-interacting solvent, which may lead to the
anomalous variation of fluorescence intensity. In this chapter, molecular dynamics
simulation was performed to elucidate the exact H-bonding environment around the
acceptor C102 at different mole fractions of phenol in the phenol-cyclohexane solvent
mixture. From the MD simulation, we observed mainly 1:1 H-bonded C102—phenol
complex and some 1:2 H-bonded C102—(phenol). complexes with two different types of
geometries in addition. It was found that the total number of C102—phenol hydrogen
bonding continuously increases with the increase in the phenol mole fraction and saturates
at a significantly higher mole fraction. However, if we only consider the single H-bonding
between one C102 with one phenol, then we obtain an excellent correlation with the
experimentally observed critical mole fraction for maximum fluorescence quenching.
Furthermore, DFT and TD-DFT calculations were applied on these H-bonded complexes
to understand their excited state behavior and contribution to the fluorescence quenching.
Thus, the study shows that single H-bonding is very important in inducing fluorescence
quenching. The overall concept of this chapter has been schematically presented in Figure
3.1

Quantum yield
- © o 5 co

0.013

5 a10 015 020 0.25
Mole fraction
0.0125

—

-]fonding ljractionu

w05 om o 035
Mole Fraction

Figure 3.1: A scheme summarising the concept of Chapter 3.
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Chapter 4: Proton Coupled Electron Transfer as a potential
Fluorescence Quenching Mechanism in H-bonded C102-Phenol

Complex?’

Zhao and Han first reported a significant strengthening of the H-bond in the
electronic excited state for the C102—phenol complex and proposed the possibility of
fluorescence quenching in the complex via internal conversion from locally excited (LE)
state to a low-lying charge transfer (CT) state.> However, in the previous work (Chapter
3), when TD-DFT calculations were applied on the C102—phenol complex, it was found
that the energy ordering of the LE and CT states depends critically on the choice of the
functional and solvent model.®* In this chapter, the C102—phenol system was
reinvestigated, applying more acceptable functionals. The excited-state potential energy
surface was computed considering complete H-atom transfer from phenol to C102 along
the H-bonding coordinate. Interestingly, two distinct minima were noticed, which are
separated by a low-energy barrier. One minimum corresponds to the complex with the
shortening of the H-bond distance, which is consistent with that of the Zhao and Han
proposal. On the other hand, the second minimum, which has even lower energy than the
first minimum, is likely to be arising from the proton-coupled electron transfer (PCET)
process from phenol to C102. Furthermore, the nature of the lowest excited state alters
from LE to CT type at the second lower energy minimum, which may account for the
fluorescence quenching phenomena in the system. Thus, a new H-bond assisted
fluorescence quenching pathway was reported for the H-bonded C102—phenol complex

via PCET. The concept of this chapter has been schematically presented in Figure 4.1.

Energy ——

H-Bond Coordinate ——>

Figure 4.1: A scheme summarising the concept of Chapter 4.
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Chapter 5: Proton-Coupled Electron Transfer Vs. Photoinduced

Electron Transfer in Methylbipyridine/Phenol Complexes'®

In the previous chapter 4, a new H-bond guided excited state PCET mechanism was
proposed from the phenol donor to the C102 acceptor. The similarity of features between
PCET and PET often creates confusion to track down the actual nature of the process in
other H-bonded systems as well. The methylbipyridine/phenol complex is a classic
example.'®2° Gagliardi et al. proposed that an H-bond guided PCET process may occur
from donor phenol to acceptor methylbipyridine (MQ").*® However, Tyburski et al. argued
that the process should be considered as a conventional charge transfer between the
MQ*/methoxyphenol system in the excited state.?° In this chapter, TD-DFT calculations
were implemented to elucidate the actual nature of the process occurring in the
MQ*/methoxyphenol complex. For the MQ*/methoxyphenol complex, two types of
configurations are possible in the ground state— H-bonded and n-stacked. Interestingly, it
was found that the PCET reaction is only possible from the H-bonded complex. In contrast,
a conventional PET was observed from donor methoxyphenol to the acceptor MQ™ for the
n-stacked complex. Furthermore, the calculated absorption band of the n-stacked complex
matches well with the experimental absorption spectra. Hence, the n-stacked complex may
be the main species in the ground state. Similarly, calculations of complexation energy
also show that ground-state n-stacked complexes are energetically more favourable than
the H-bonded complex. Hence, conventional PET is a more favourable excited-state

process for the methylbipyridine/methoxyphenol complex than PCET (Figure 5.1).

0]

Figure 5.1: A scheme summarising the concept of Chapter 5. Schematic representation
PCET and PET of the H-bond and =n—m stacking configuration of the

methylbipyridine/methoxyphenol complex, respectively.

Vv
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Chapter 6: Effect of Photoacid Strength on Fluorescence Modulation of
2-Naphthol Derivatives inside B-Cyclodextrin?

In this chapter, three photoacids: 2-naphthol (20H, pKa = 3.3), 6-sulfonate-2-
naphthol (6S03-20H, pKa" = 3.06), and 6-cyano-2-naphthol (6CN-20H, pK," = 0.6) were
chosen to investigate fluorescence modulation inside the nanocavity of B-cyclodextrin (B-
CD). The photoacid derivatives differ by the substitution at the 6-position and have
remarkably different excited-state acidities (pKa"). Significant fluorescence modulation
was observed for 20H and 6SO3-20H, but almost none was for 6CN-20H upon the
addition of B-CD. This is because the photoacids may bind differently to f-CD, 20H, and
6S03-20H may bind favourably, while 6CN-20H may not bind at all. However,
isothermal calorimetry measurements confirmed that all three photoacids form 1:1
inclusion complex with B-CD with comparable binding constants. Furthermore, MD
simulation study revealed that binding modes are quite similar, and the distribution of
water molecules around the proton-donating hydroxyl group of the photoacids are also
comparable for all three inclusion complexes. Thus, the result shows that the difference in
the fluorescence response of the photoacids should be accounted solely for the difference
in the photoacidity strengths. The overall concept of this chapter has been schematically

presented in Figure 6.1.

Fluorescence

Wavelength ———

Figure 6.1: A scheme summarising the concept of Chapter 6. Emission spectra are shown

for each photoacid in water and -CD.

Vi
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Chapter 7: Contrasting pKa Shift and Fluorescence Modulation of 6-
Cyano-2-Naphthol inside a- and g-Cyclodextrins

In this chapter, we have shown remarkably different pKa shift and fluorescence
modulation of a strong photoacid, 6-cyano-2-naphthol (6CN-20H) upon inclusion
complex formation with o-cyclodextrin (a-CD) and B-cyclodextrin (B-CD). In the
previous chapter (chapter 6), it was observed that -CD inclusion lowers pKa and pKa~ of
6CN-20H compared to those in water. However, herein, the opposite trend is reported in
the case of a-CD inclusion complex; the values of both pKa and pKa" increase significantly
than those of water. Moreover, the fluorescence modulation of the photoacid is also
remarkably different in the two inclusion complexes; no noticeable change was observed
in the fluorescence spectrum for the -CD but a remarkable modulation was observed for
the a-CD inclusion complex. Fluorescence transient measurements confirm significant
suppression of excited-state proton transfer (ESPT) dynamics in the presence of a-CD but
almost none for the B-CD complex. The rotational relaxation time of 6CN-20H
significantly increases in the a-CD complex than in the B-CD. Isothermal calorimetry
measurements reveal that 6CN-20H forms a 1:1 inclusion complex with B-CD with a
moderate binding constant of 580 M~!; whereas a 1:2 inclusion complex with a-CD with
a high binding constant of 5.0 x 10* M=2. Molecular dynamics simulation of the
corresponding inclusion complexes reveal that the water molecules are severely depleted
from the proton-donating hydroxyl group of the 6CN-20H in the 6CN-20H:(a-CD)>
complex than in the 6CN-20H:B-CD complex. Thus, the slow ESPT dynamics should be
due to the lesser number of accessible 1% solvation shell water molecules in the 1:2
inclusion complex of a-CD. The overall concept of this chapter has been schematically

presented in Figure 7.1.

| a-CD 00 °Su -CD
12 o T

pK, *=0.5
Strong Photoacid

Fluorescence Intensity
Fluorescence intensity

Wavelength

Wavelength ———=

Figure 7.1: A scheme summarising the concept of Chapter 7.
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Figure 1.4. (a) Calculated Potential energy surfaces of the electronic states of hydrogen-
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(b) complexes in the three electronic states.

Figure 1.6. Emission spectra of C102 in (a) cyclohexane—phenol (Aex = 370 nm), (b)
anisole—phenol (Aex = 375 nm) and (¢) cyclohexane—anisole (Aex =375 nm). In (a) and (b)
fluorescence intensity of C102 decreases with an increase in the mole fraction of phenol

up to a certain mole fraction, after that increases with further enrichment of phenol. In (c),
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fluorescence intensity monotonically decreases with an increase in the mole fraction of
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Figure 1.7. Free-energy correlation found in the proton dissociation reaction of 2-naphthol
derivatives (6X-20H). Also shown in the correlation are the kinetic rate constants for the
pyranol derivatives and 1-naphthol derivatives (5X-10H). The solid line is the Marcus
BEBO equation.

Figure 1.8. The free-energy correlation found in the proton dissociation reaction of 1a, 1b,
DCN2, NM6HQ™, HPTS, HPTA, and 5C1N in water. The dashed line is for the Marcus

equation, and the solid line is for the Marcus BEBO equation.

Figure 1.9. Representative structures of B-CD: (a) side view and (b) front view (looking
through the pore) and (c) a schematic representation as a truncated cone. Cavity
dimensions of a-CD, B-CD and y-CD are also tabulated for comparison.

Figure 1.10. The cavity dimensions of CB[5], CB[6], CB[7] and CB[8] macrocycles.

Figure 1.11. In the presence of various concentrations of B-CD (left side) and a-CD (right

side) steady-state emission spectra of 2-naphthol (6CN-20H) (a and b); (Aex = 310 nm).

Figure 1.12. Effect of inclusion complex of cucurbit[7]uril with B-naphthol and 4-methyl-
7-hydroxyflavylium on ESPT dynamics.

Figure 1.13. Representation of the (a) four diabatic electronic states employed in the
PCET theory; (b) free energy curves for the ground reactant (I, blue) and product (11, red)
diabatic electron-proton vibronic states along with the collective solvent coordinate for an

EPT reaction.

Figure 1.14. (a) Schematic representation of the net hydrogen atom transfer catalyzed by
SLO with the linoleic acid substrate. (b) Change in SOMO along the N-H bond-forming
reaction path for the oxidation of hydroquinone by cytochrome bc: complex in complex

I11. Rn corresponds to the N-H distance in A.
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Chapter 3

Figure 3.1. A representative MD simulation snapshot is showing C102-phenol H-bonding
in the phenol-cyclohexane mixture at a phenol mole fraction of 0.005. C102, phenol, and

cyclohexane molecules are denoted by LICORICE, CPK, and lines, respectively.

Figure 3.2. Structures of Coumarin 102 (C102) and phenol with the main atom labels used

in the RDF calculations.

Figure 3.3. The radial distribution function, g(r) of the distance between the carbonyl
oxygen (O1) of C102 and the hydroxyl hydrogen (H6) of phenol. The inset shows the 1%
RDF peak strength against the mole fraction of phenol.

Figure 3.4. Integrated number n(r) is shown for above each mole fractions against

distance.

Figure 3.5. Provide snapshots of mixtures forming 1:1:1 and 1:2 hydrogen bonds of
phenol molecules with C102 at mole fraction of solvent phenol molecules (Xpn) - 0.3,
where figure (a) shows MD snapshot for (1:2) complex and (b) shows MD snapshot for
(1:1:1) complex. Cyclohexane molecules are omitted for clarity.

Figure 3.6. Optimized ground state (So) and excited state (Ss) structures of the hydrogen-
bonded cumarin102-(phenol)> complexes are gas phase - (a) linear type structure (1:1:1)
cumarinl102-phenol-phenol complex, (b) bifurcated H-bonding of two phenols with one
C102. It is evident that H-bond in (a) is shorter than in (b) complex in both states, and H-
bond shortens in the excited state than in the ground state.

Chapter 4

Figure 4.1. The energy minimized ground state structure of the C102-phenol complex
computed using CAM-B3LYP/6-311++G** and IEFPCM solvent (cyclohexane) model.
The atoms involved in the H-bonding are labelled for representing the potential energy

surface along the H-bond coordinate.

Figure 4.2. Potential energy surfaces of the C102-phenol complex in cyclohexane solution
as a function of the H-atom transfer coordinate ((C102)OessHO?(phenol)) using CAM-
B3LYP/6-311++G**(IEFPCM, cyclohexane). GS, ES1, ES2 and ES* respectively denote

ground state minimum, two minima and barrier maximum in the first excited state.
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Figure 4.3. Potential energy surfaces of the C102-phenol complex in cyclohexane solution
as a function of the H-atom transfer coordinate ((C102)OessHO?(phenol)) using CAM-
B3LYP/6-311++G(d,p), PBEO0/6-311++G(d,p) and MO06-2X/6-31G(d,p) including
cyclohexane solvent (IEFPCM) in the ground state as well as excited state.

Figure 4.4. Optimized structures of two excited state minima (ES1 and ES2) calculated
using CAM-B3LYP functional with 6-311++G(d,p) basis set.

Figure 4.5. The ESP charge variation during the potential energy scan obtained by CAM-
B3LYP/6-311++G(d,p). The charges are grouped into three segments A-H-D.

Figure 4.6. The variation of dipole moment of the C102-phenol complex during the
potential energy scan obtained using CAM-B3LYP/6-311++G(d,p).

Figure 4.7. Potential energy states (GS, LE, CT) as a function of the H-bonding coordinate
(C=0'+esH-0?, in A) of C102-Phenol complex. CAM-B3LYP functional is used with
basis set 6-311G++(d,p) in cyclohexane.

Figure 4.8. Frontier molecular orbitals of C102-phenol complex of the ES1 and ES2
configurations in the excited state (S1). CAM-B3LYP functional was used in combination

with the basis set 6-311G++(d,p) in cyclohexane.

Chapter 5

Figure 5.1. The optimized ground-state structures of the H-bonded (a)
MQ*/methoxyphenol and (b) HMQ?*/methoxyphenol complexes computed using CAM-
B3LYP-D3/6-311++G**/SMD (water).

Figure 5.2. Potential energy surfaces of the MQ*/methoxyphenol complex in water
medium as a function of the H-atom transfer coordinate ((MQ*)N...HO(phenol)) using
CAM-B3LYP-D3/6-311++G** (water, SMD) in the ground state and the excited state,
respectively. The optimized structure of the excited state minima (ES2) of
MQ*/methoxyphenol complex has been shown ("side™ and "top" views) on the right side.

Figure 5.3. Computed relaxed PES as a function of the H-atom transfer coordinate (N...H-
0, in A) on non-adiabatic excited state (S1) by using CAM-B3LYP-D3 and M06-2X
functional with standard 6-31G(d,p) basis set in water medium (SMD model).
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Figure 5.4. The ESP charge variation during the potential energy scan for the ground state
(top panel) and excited state (bottom panel) was obtained by CAM-B3LYP-D3/6-
311++G(d,p) with water (SMD). The charges are grouped into three segments A-H-D.

Figure 5.5. The excited state optimized structure of HMQ?*/methoxyphenol complex has
been shown in the side and top views by using CAM-B3LYP-D3 functional with 6-
311++G(d,p) basis set including SMD (water) solvent model.

Figure 5.6. Assignment of rings for MQ™ and 4-methoxyphenol.

Figure 5.7. Representation of the inter-planar distance and angle of the excited state n-
stacked structure of the MQ*/methoxyphenol (ES2) and HMQ?*/methoxyphenol
complexes, respectively.

Figure 5.8. Distribution of bond, ring, and cage critical points (red, yellow and green
spheres respectively) and bond paths for the excited state complexes of
MQ*/methoxyphenol (ES2) (a) and excited state HMQ?*/methoxyphenol (b) complexes.

Figure 5.9. The ground state energy minimized n-stacked structures of the
MQ*/methoxyphenol (a and b) and HMQ?*/methoxyphenol (c and d) complexes have been
shown in the side and top views using CAM-B3LYP-D3/6-311++G** with SMD solvent

(water) model.

Figure 5.10. Representation of the inter-planar distance and angle of the ground state =-
stacked structure of the MQ*/methoxyphenol and HMQ?*/methoxyphenol complexes,
respectively.

Figure 5.11. Calculated absorption spectra of MQ*/methoxyphenol complex (top panel)
and (b) HMQ?%*/methoxyphenol complex (bottom panel) are presented. All the spectra
were calculated using TD-DFT method using CAM-B3LYP-D3/6-311++G** and SMD

solvent (water) model on the ground state optimized structures.

Figure 5.12. Excited state optimized structure of MQ*/methoxyphenol complex obtained
after optimization of the ground state =-stacked structure using CAM-B3LYP-D3
functional with 6-311++G(d,p) basis set including SMD (water) solvent model,

respectively. Both the side and top view of the structure are given for clarity.

Figure 5.13. Distribution of bond, ring and cage critical points (red, yellow and green
spheres respectively) and bond paths in the excited state MQ*/methoxyphenol complex,
which undergoes PET.
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Figure 5.14. Calculated ESP charge on the Sy state (bottom panel) and S; state (top panel)
optimized structures of MQ*/methoxyphenol by using CAM-B3LYP-D3/6-311G++(d,p)
with SMD (water) solvent model.

Figure 5.15. Frontier molecular orbitals of MQ*/methoxyphenol and
HMQ?*/methoxyphenol complexes in the ground state and the excited state (S1). CAM-
B3LYP-D3 functional was used in combination with the basis set 6-311G++(d,p) in water
(SMD).

Chapter 6

Figure 6.1. Emission spectra of (a) 2-OH, (b) 6SO3-20H, and (c) 6CN-20H in water and
in the presence of various concentrations of B-CD (Aex= 310 nm). Emission spectra were

normalized at the strongest band.

Figure 6.2. Fluorescence decays of the protonated (a-c) and deprotonated (d-f) forms of
20H, 6S03-20H and 6CN-20H in water (free) and their complexes with B-CD ([3-CD] =
12 mM).

Figure 6.3. ITC profiles for the titration of three photoacids (20H, 6SO3-20H and 6CN-
20H) vs. B-CD in terms of molar ratio ([photoacid] / [-CD]) at 298 K. Upper part of the
ITC diagram is primary heat burst curves after correction of heat of dilution, and bottom
part is ITC enthalpograms. The solid lines passing through the points are the best fit lines
of the one-site binding model to the raw data.

Figure 6.4. Initial configuration (t = 0 ns) of the Photoacid:3-CD “up” and “down”
complexes are shown, respectively. Water molecules are omitted for clarity.

Figure 6.5. Representative MD simulation snapshot of the B-CD inclusion complexes of
(@) 20H, (b) 6S03-20H, and (c) 6CN-20H after 20 ns simulation. Water molecules
present within 5 A around the photoacid are displayed.

Figure 6.6. Distance between center of mass (COM) of 3-CD and the center of the central

C-C bond (C3-C4) of the naphthalene ring of the photoacids versus frame.

Figure 6.7. Radial distribution function (upper panel) and running coordination number
(lower panel) involving oxygen atom (photoacid)-oxygen atom (Ow) of water situations in

the (i) presence and (ii) absence of B-CD.
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Figure 6.8. Contour plots of water density within 3.4 A around the oxygen atom of the
hydroxyl groups of the photoacids - photoacid in the presence of B-CD, i.e., photoacid:
“down” complex (1:1) (top), photoacid in the absence of B-CD (bottom). For clear

visualization, the remaining water molecules are left off.

Chapter 7

Figure 7.1. The plot of absorbance of the deprotonated (or base) form against pH of the
solutions for 6CN-20H, (a) 6CN-20H:-CD, and (b) 6CN-20H:a-CD (absorbance at 360

nm).

Figure 7.2. In the presence of various concentrations of 3-CD and o-CD steady-state
emission spectra of 6-cyano-2-naphthol (6CN-20H) (a and b); and 2-naphthol (20H) (c
and d), respectively (Aex = 310 nm).

Figure 7.3. Fluorescence decays of 6CN-20H of the protonated (upper panel) and
deprotonated (bottom panel) forms in water, the presence of 3-CD ([3-CD] = 12 mM) and
a-CD ([a-CD] = 85 mM), respectively.

Figure 7.4. Fluorescence anisotropy decay of 6CN-20H (iem = 470 nm and Aex = 292 nm)
in water (blue) and in the presence of 3-CD (12 mM, red) and a-CD (130 mM, green),

respectively.

Figure 7.5. ITC profiles for the titration of 6CN-20H vs. CD in terms of molar ratio
([6CN-20H] / [CD]) at 298 K (a) B-CD and (b) a-CD. The upper part of the ITC diagram
is the primary heat burst curves after correction of the heat of dilution, and the bottom part
is ITC enthalpograms. The solid lines passing through the points are the best fit lines for
one-site and two-site sequential binding model to the raw data of (a) f-CD and (b) a-CD,

respectively.

Figure 7.6. Representative MD simulation snapshot of ‘Type 1’ and ‘Type 3’configuration
of the 1:2 inclusion complexes of 6CN-20H after 80 ns simulation. Water molecules are
presented as a CPK model within 5 A around the photoacid.

Figure 7.7. (a) Radial distribution function (top) and (b) running coordination number
(bottom) involving oxygen atom (of 6CN-20H) - oxygen atom (Ow) of water situations in
neat water, 3-CD and a-CD.
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Scheme 1.1. Three cases of photo-excitation of the hydrogen-bonded systems. Unexcited

and excited parts of the complex are denoted by blue and red color, respectively.
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Scheme 1.3. Relaxation of the H-bonded complex. Absorption and emission are indicated
by upward and downward, respectively, whereas internal conversion (IC) and non-
radiative transitions are represented as wavy arrows; red curved arrows show the excited-

state hydrogen-bonding dynamics.
Scheme 1.4: Deuterated coumarin dyes (acceptor, a-b) and aromatic amines (donor, c-€).

Scheme 1.5. (a) The photo-protolytic cycle of a photoacid. (b) Potential energy surfaces
for excited-state proton transfer (ESPT) in the electronic ground and excited state of a
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Scheme 1.6. The Extended Reversible Diffusion-Influenced Two-Step Model for photo-

protolytic dissociation of a photoacid.
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Scheme 1.10. Different amino-substituted 2-naphthol photo-acids and 7-methoxy-2-
naphthol.

Scheme 1.11. Chemical structure of 1-naphthol and 1-aminopyrene.

Scheme 1.12. Schematic representation of the MS-PCET reaction of (TyrOH) with
OS“I(bpy)33+.

Scheme 1.13 (a) (I) Square and (I1) Cube Schemes describing thermal and excited-state
PCET Reactivity, Respectively. (b) Six Classes of ES-PCET: (A) ES H*/e” Donors, (B)
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ES H/e” Acceptors, (C) ES e~ Acceptors, (D) ES e Donors, (E) ES H* Donors, and (F)
ES H* Acceptors.

Scheme 1.14. (a) Chemical structures of the two hydrogen-bonded adducts (1) 4-hydroxy-
4'-nitro biphenyl and t-butylamine and (2) 7-hydroxy-4-(trifluoromethyl)-coumarin and 1
methylimidazole. (b) The ICT and ICT-EPT energy-coordinate surfaces. Blue arrow

represents excitation to the ICT state and red arrow excitation to the ICT-EPT state.

Scheme 1.15. (a) Proposed PCET scheme between N-methyl-4, 4'-bipyridinium cation
(MQ™), and para-substituted phenols through H-bonding. (b) Protonation equilibrium
between the protonated (HMQ?") and deprotonated (MQ") forms of MQ*.

Scheme 1.16. (a) Schematic depiction of the proposed mechanism for excited state MS-
CPET in 1H. (b) Schematic depiction of the proposed excited state landscape along the H-
atom transfer coordinate from phenol (PhOH) to TAHz.

Scheme 1.17. Sketch of the photoinduced electron transfer (ET) and proton transfer (PT)
processes- (a) Ir(111) complex with dinitrobenzoate, (b) [(bpy)2Ru(phen(OH)2]** with N-
methylbipyridinium and (c) [Ru(bpy)2(bpz)]** with 1,4-hydroquinone.

Scheme 1.18. Schematic of the steps of the photocycle of the BLUF SIr1694

photoreceptor.
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Scheme 5.1. Schematic Representation of the grouping of the MQ*/methoxyphenol
Complex into Different Parts (A, H and D).
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Scheme 6.1. Molecular structure of the photoacids: 2-napththol (20H), 6-sulfonate-2-
napththol (6SOs-20H), 6-cyano-2-naphthol (6CN-20H) and B-CD host (side and top

Views).
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Chapter 1 Introduction

Chapter 1: Introduction

Hydrogen bonding (H-bonding) is ubiquitous in many molecular and
supramolecular systems including neat protic solvents, molecular crystals, self-assembly,
biological macromolecules (protein secondary and tertiary structures, H-bonding within
DNA and RNA bases, etc.), enzyme-substrate binding etc.!® According to the
International Union of Pure and Applied Chemistry (IUPAC) recommendation 2011, H-
bond is an attractive interaction between a hydrogen atom within a molecule or a molecular
fragment X—H, in which X is more electronegative than H, and an atom or a group of
atoms within the same or a different molecule, in which there is evidence of bond
formation.® H-bonding interaction is defined as X-H ... type, where X and Y (usually N,
O and F) are more electronegative than H. The X-H and Y are donating and accepting sites
of an H-bond, respectively. If these two sites belong to the same molecule, it is known as
intramolecular H-bonding, but if the sites belong to different molecules, it is known as

intermolecular H-bonding.

Photo-excitation of an H-bonded complex X-H...Y may be of three different types.
Either of the H acceptor molecule (case 1) or H donor molecule (case I1) or both (case 1)
can be excited (Scheme 1.1).1° Photo-excitation of an H-bonded complex may induce a
strong charge redistribution within H-bond donor-acceptor complex, and thus, the H-bond
geometry (e.g., H-bond length, strength or angle) and the electronic properties may alter
significantly. The dynamics of this reorganization process is generally referred to as
excited-state hydrogen bonding dynamics (ESHBD).°

Photoexcitation on Hydrogen-Bonded System

Scheme 1.1. Three cases of photo-excitation of the hydrogen-bonded systems. Unexcited
and excited parts of the complex are denoted by blue and red color, respectively.°
Reprinted with permission from ref 10. Copyright © 2012, American Chemical Society.
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The intermolecular H-bond may have a crucial role in tuning the photochemistry and
dynamics of photo-excited complex.'%*3 The energetics and dynamics of H-bonding in the
ground state have been investigated extensively both experimentally and theoretically.'*
19 However, H-bonding in the higher electronic excited states remains relatively less
explored. The excited-state H-bonding dynamics usually occur on hundreds of
femtosecond timescale.?%23 To monitor the ultrafast dynamical behaviour of H-bonding in
the excited states, various ultrafast spectroscopic techniques such as femtosecond
vibrational spectroscopy, femtosecond stimulated Raman spectroscopy, femtosecond
absorption, and fluorescence spectroscopy have been applied.?*-?* Excited-state quantum
chemistry calculations like time-dependent density functional theory, configuration
interaction singles, multi-configurational self-consistent field, and coupled-cluster
methods have also been applied to elucidate the nature of H-bonding in the electronic
excited-states.?® % Excited-state H-bonding is a vital factor for governing photophysical
and photochemical responses in complex H-bonding environments. However, this aspect
remains relatively less explored in literature. Here, | am going to discuss excited-state H-
bond guided three principal photophysical processes (Scheme 1.2): i) photoinduced

electron transfer (PET), ii) excited-state proton transfer (ESPT) and iii) proton-coupled

electron transfer (PCET).
Photophysical Processes

Photoinduced Excited State Proton Coupled
Electron Transfer Proton Transfer Electron Transfer

Scheme 1.2. Principal photophysical processes discussed in the thesis.

1.1. Photoinduced Electron Transfer

Photoinduced electron transfer (PET) is a process where a photoexcited donor
molecule (upon absorption of light) can transfer an electron to another ground-state
acceptor molecule (Oxidative PET), or a photoexcited acceptor molecule can take up an
electron from another ground state donor molecule (Reductive PET).?® Though

photoinduced single electron transfer is more common, but the transfer of multiple
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electrons is also possible. Recently, Wenger and co-worker found the photoinduced
multielectron transfer in a fully integrated molecular heptad composed of four donors, two
photosensitizers, and one acceptor.?’” A molecule shows a thermodynamically greater
tendency to accept or donate an electron in the higher electronic states upon photo-
excitation. Thus, electronic excitation may activate a redox reaction (oxidation or
reduction) between a pair of molecules which do not show electron transfer in the ground
state.?® The donor and acceptor molecules may be neutral or charged moiety. Photoinduced
oxidative and reductive electron transfer processes between two neutral species can be

expressed as follows-
D*+ A-> D*+A~ (1.1)
D+ A* > DT+ A~ (1.2)

where, D and A represent donor and acceptor molecules, respectively, in the ground state
while asterisk denotes their electronically excited states.?® A~ and D+ represent radical

anion and radical cation, respectively, formed after the electron transfer reaction.

Furthermore, PET reactions can also be categorized based on the type of interaction
between the D-A pair. If the D and A molecules are covalently linked or belong to the
same molecule, it is often mentioned as intramolecular PET. Conversely, if D and A are

separate molecules, it is referred to as intermolecular PET.?8-2°

Electron transfer (ET) is the most common ubiquitous elementary process in
Chemistry and Biology.3°6 PET plays a vital role in natural and artificial photosynthesis
and allows conversion of solar light into chemical energy.?®?° Besides, PET is important
for designing a variety of optoelectronic devices, in photo-polymerization and
photography.*” Organic chemists are also showing great attention in PET as it involves in
facile photochemical synthesis of many organic compounds after being oxidized or
reduced by a photosensitizer.*¢-%° Due to its huge importance, PET has been subject to

numerous theoretical and experimental studies, 32 34 40-43, 46, 51-52
1.1.1. Free Energy of Photoinduced Electron Transfer

The free energy AGY; of photoinduced electron transfer (PET) reaction can be
determined from the Rehm-Weller thermodynamic relationship according to the

equation, 35 4453
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AGgr = E(D/D*) —E(A/A™) — Ego — Ejps + AEgy, (1.3)

Where E(D/D*) and E(A/A™), denote the standard oxidation and reduction potentials of
the electron donor (D) and an electron acceptor (A) in the medium, respectively. Ey,
represents the effective excitation energy, i.e., the difference in energy between the lowest
vibrational level of ground electronic state and the lowest vibrational level of the first
electronic excited state of the photoexcited species. E;pg is the ion-pair stabilization energy
of the medium. AE,; is the correction term for the solvation energy of the A~ and D™ ions

in solvents of different dielectric constants.
1.1.2. Rate Constant of Photoinduced Electron Transfer

The Marcus theory is widely used to calculate the rate of electron transfer (ET)

reactions.> The rate constant of ET is given by

2T
kgr = ?|Vel|2

1 (A+46°)
Tanargt P (_ 47kgT ) (1.4)

Where AGY is the total Gibbs free energy change for the electron transfer reaction, A is
solvent reorganization energy, and V¢ is electronic donor-acceptor coupling, that is, the
off-diagonal matrix element for the Hamiltonian of the initial and final states. ks is the

Boltzmann constant and T is temperature.

However, Marcus theory has some limitations — (i) Marcus equation doesn’t
consider modifications in electronic coupling that occur with increasing temperature, (ii)
Marcus theory conflicts with the law of conservation of energy and has the error in

principle.
1.1.3. Factors Affecting Photoinduced Electron Transfer

Several factors affect the rate of ET (or PET), including the free energy difference
between reactant and product, solvent relaxation, intra-molecular vibrations, and
electronic coupling between donor and acceptor. The D-A distance and their relative
orientation play an essential role in determining the electronic coupling, which is
controlled by the overlap of the electronic orbitals of D and A.32 %% Hydrogen bond may
also exert a strong influence on the rate of ET (or PET) of the H-bonded donor-acceptor
complex. H-bonding may control ET by changing the donor-acceptor distance and relative

orientations compared to the non-hydrogen bonded analog.>®
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1.1.4. H-bond Guided Photoinduced Electron Transfer

H-bond guided electron transfer (ET) is an important phenomenon for chemical and
biological systems (e.g., proteins and DNA).2 562 Numerous studies have tried to

understand the role of H-bonding on photoinduced electron transfer (PET) process.** 6364
(i) Photoinduced Electron Transfer in a Neat Electron-Donating Solvent

Recently, Zhao and Han proposed a new PET mechanism for the H-bonded
coumarin 102 (C102)-phenol complex (Figure 1.1a) in the excited-state using TD-DFT
calculations.?® From molecular orbital (MO) analysis of the H-bonded C102-phenol
complex, they observed that the electron density of LUMO and HOMO-1 orbitals are
entirely localized over the C102 fragment of the H-bonded complex. In contrast, electron
densities of HOMO and HOMO-2 orbitals are entirely localized in phenol moiety (Figure
1.1b). Furthermore, they found that the S; state of the H-bonded complex with the highest
oscillator strength is generated from the orbital transition HOMO-1 — LUMO. Thus, the
S, state of the C102-phenol complex is locally excited (LE) in nature. Conversely, the S;
is generated from the orbital transition HOMO — LUMO state of the C102-phenol
complex, which corresponds to a charge-transfer (CT) state. Since H-bonding lowers the
energy of the S; and S state, hence, PET process in the H-bonded C102-phenol complex
can be represented in the following way (Scheme 1.3)- (i) initially photo-excitation
promotes the electrons of the C102-phenol complex in the Sz (LE) state, (ii) then the
excited H-bonded complex may relax directly through a radiative pathway to the ground
state (So) or undergo internal conversion (IC) to the low lying CT (S1) state depending
upon the energy gap between the S1 (CT) and Sz (LE) states. H-bond strengthening in the
excited state decreases this energy gap and hence facilitates the IC (or PET) from a LE
state to a CT state within the H-bonded complex. Sahu et al. showed that internal
conversion from the Sz (LE) to S1 (CT) state occurs on a much faster time scale (~600 ps)

than the electronic relaxation of the unbound C102.%°
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Figure 1.1. (a) 1:1 hydrogen-bonded complex of C102 and phenol in the ground state. The
calculated H-bond lengths are displayed, and the excited state H-bond lengths are given in
the bracket. (b) Frontier molecular orbitals (MOs) of hydrogen-bonded C102-phenol
complex.?’ Reprinted with permission from ref 20. Copyright © 2007, American Chemical
Society.

S
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Energy
Weak absorption 405
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Strong Absorption, 375 nm

So

H-bond Coordinate

Scheme 1.3. Relaxation of the H-bonded complex. Absorption and emission are indicated
by upward and downward, respectively, whereas internal conversion (IC) and non-
radiative transitions are represented as wavy arrows; red curved arrows show the excited-
state hydrogen-bonding dynamics.®® Reprinted with permission from ref 65. Copyright ©
2013, American Chemical Society.
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(a)

C337-AN

C102-AN

Figure 1.2. (a) Optimized structure of 1:1 complex of C102 and aniline in the ground state
showing the hydrogen bond distance in angstrom and the excited state (in the bracket).?®
(b) Optimized structure of 1:1 complex of C337-aniline (top) and C337-N-methylaniline
(bottom) in the ground (So) and excited state (S2). The dashed lines represent hydrogen
bonds between C337 and Aniline (or N-methylaniline). Corresponding H-bond distances
in angstrom are also shown.%* Reprinted with permission from ref 64. Copyright © 2012,
Elsevier B.V.

Liu etal. showed a similar PET mechanism for the H-bonded C102-aniline system.?®
Using TD-DFT calculation for the 1:1 C102-aniline complex (Figure 1.2a), they observed
that the H-bond, C=0-:-H-N between C102 and aniline (AN) becomes strengthened in the
electronically excited state. They proposed that the H-bond strengthening in the excited
state (LE) increases the electronic coupling between C102 and AN. This increased
coupling facilitates electron transfer from the LE to CT state. Yang et al. also found similar
H-bond strengthening between coumarin 337 (C337) and aniline (or N-methylaniline
(DMA)) in the excited state (Figure 1.2b).** They also proposed that the H-bond
strengthening in the electronically excited state should significantly assist PET within the
H-bonded complex. In conclusion, a series of theoretical studies show that H-bond

strengthening in the excited state favours PET in H-bond complex.?% 25 63

However, experimental observations do not always support this proposal. To
measure the dynamics of the photoinduced electron transfer process experimentally, the
convenient way is to probe the fluorescence lifetime either of the donor or the acceptor.
Using fluorescence up-conversion measurements, Yoshihara and co-workers have

extensively investigated PET process for many fluorophores (Coumarins, Oxazines, Nile
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Blue, etc.) in neat electron-donating solvents such as N,N-dimethylaniline (DMA) and
Aniline.*l 43-44. 46 |n these PET reaction, the excited fluorophores act as an acceptor and
receive an electron from the donor solvent. Many coumarins show energetically favourable
PET in their excited state with AN/DMA donor and undergo PET even at a faster timescale

than solvation dynamics** ¢ and result in strong fluorescence quenching.*!: 4344 46

Since H-bond dynamics occur in sub-picosecond time scales,'! 13 56-"L jts influence
would probably be more dominant in the ultrafast electron transfer process. Several studies
tried to understand the role of H-bonding on the PET process using a series of coumarins
fluorophore as acceptor and aromatic as well as aliphatic amines as donor solvent.** 636
For example, C102 forms H-bond with aniline, which acts as an electron-donating solvent
as well as an H-bond donor through its NH2 group. Isotopic substitution technique is
commonly used to unravel the mechanistic pathways of the intermolecular PET process.
Effect of isotopic substitution on PET is usually observed due to the changes in the
solvation time, vibrational frequencies, free energy change, etc.**46 7276 Several
researchers applied the deuterium isotopic substitution effect to elucidate the role of H-
bonding on PET.#* 46

Yoshihara and co-workers studied the deuterium isotopic substitution of both the
donor solvents and acceptor dyes in the coumarin-aniline system (Scheme 1.4).%4 %
Significant deuterium isotope effects have been observed in cases of per-deuterated aniline
(AN-d7) and amino deuterated aniline (AN-d2) donors but were not observed with
deuterated DMA (DMA-d6) and deuterated coumarins (Scheme 1.4).4 %€ The extent of
the isotope effect on PET was almost the same for both AN-d2 and AN-d7, which implies
that the isotope effect is only linked with the NH> group of AN. They found that C153
shows faster PET in normal AN compared to the deuterated one. Similar isotope effect on

PET was also observed for coumarin in deuterated ortho-methoxyaniline.*
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Deuterated Acceptors
CF; CF;
XN N
D,N (o) o] (D3C)N o o
(a) C151-d2 (b) C152-d6
Deuterated Donors
D D
b D S DsC._ _-CDs
N N
D D
D D
D
(c) AN-d2 (d) AN-d7 (e) DMA-d6

Scheme 1.4: Deuterated coumarin dyes (acceptor, a-b) and aromatic amines (donor, c-€).

However, Ghosh et al. did not find any evidence for the role of H-bonding on PET
of C337 in AN (or MAN).®2 Using ultrafast IR spectroscopy, they studied PET of C337 in
aromatic amine-AN, MAN, and DMA. H-bond formation between C337 and AN (or
MAN) was confirmed by probing the red-shifted stretching modes of the C=0 and C=N
of C337. C337 shows a fast PET of ~ 500 fs in all three solvents. Thus PET kinetics was
the same in AN, MAN, and DMA, even though AN and MAN form H-bond with C337.
The results indicated that H-bonding does not play any significant role in PET of C337.
Moreover, they have not observed any H/D isotope effect. Nibbering and co-workers
studied PET dynamics between FN and amine solvents such as diethylamine (DEA) and
triethylamine (TEA).”” DEA can form H-bond with the C=0 group of FN, whereas no H-
bond formation occurs with TEA. Fluorescence intensity of FN shows a drastic reduction
in the emission intensity in both solvent TEA or DEA, and probably it is caused by the ET
reaction with the amine solvents. They proposed that ultrafast fluorescence quenching is
caused by forwarding PET from the amine solvent to the optically excited FN. Comparing
the experimental rate constants with the driving force (i.e., free energy change)
dependencies for forward and backward ET in amine solvents with and without H-bonding
capabilities has provided key insights into the vital role of H-bonding in assisting ET

processes.

11
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(ii) Photoinduced Electron Transfer in a Solvent Mixture

PET in binary solvent mixtures is much less explored. Castner and co-workers first
studied the change of PET rate of two different coumarin acceptors (C151 and C152) in a
mixture of DMA and non-interacting solvent toluene using femtosecond up-conversion
measurements and simulation.”® They found that PET rate gradually decreases in addition
to the non-interacting component. For instance, the rate of the electron transfer of C151 in
neat DMA was 3.30 ps™, whereas, at an intermediate mole fraction of Xpwma (= 0.638), the
ET rate decreases to 0.415 ps™. They also used chlorobenzene as a better co-solvent to
minimize dielectric constants and dipole moment effects. They found a similar trend of
PET reduction for chlorobenzene addition also. The retardation of PET was explained by
the significant reduction in the electronic coupling between acceptor (coumarin) and the
donor (DMA\) due to the exchange of the inert solvent molecules with some of the DMA
molecules from the first solvation layer of the acceptor (C151 or C152). On the contrary,
Pshenichnikov and co-workers observed an unusual acceleration of electron transfer for
rhodamine 800 (R800) upon addition of polar solvent acetonitrile to DMA.” Using
frequency-resolved pump-probe transient spectroscopy they measured the backward ET
rate for R800 at different mole fraction of acetonitrile. With an increase of the content of
acetonitrile, the backward ET rate constant gradually decreased. Thus, the forward PET
rate of the mixture was significantly higher than in neat DMA. It appears that the reduction
of a number of donors results in more facile PET. They interpreted this anomalous
behaviour to the change in dynamical properties of the medium.”®

Nibbering and his group measured the response of an H-bonded complex formed
between an organic fluorophore coumarin 102 (C102) and phenol in non-interacting
solvent tetrachloroethylene upon electronic excitation by femtosecond visible pump-IR
probe spectroscopy.!! The complex may exist as 1:1 or 1:1:1 type. Electronic excitation of
the coumarin chromophore initiates a rapid modification of the intermolecular hydrogen
bond on two distinct time scales: (phenol). 2 is detached from coumarin within ~200 fs,
followed by a reorganization of the (phenol). moiety with 800 fs time constant. They
monitored this structural response through strong changes in the vibrational frequencies of
the C=0 unit of C102 and —OH frequency of phenol moiety. In non-interacting solvent
tetrachloroethylene, the C=0 stretching band was observed at 1735 cm™ (Figure 1.3a).
The C=0 stretching band of C102 exhibited significant downshift to 1695 cm™ in the

presence of phenol, which indicates the formation of strong H-bond between the C=0
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group of C102 and -O-H group of phenol in tetrachloroethylene. However, upon photo-
excitation, the C=0 stretching frequency of the H-bonded complex shifted back to 1740
cm in the excited state within ~200 fs (Figure 1.3b). The C=0 stretching frequency of
the H-bonded complex in the excited state (1740 cm™) resembles the C=0 stretching
frequency of un-complexed C102. Thus, they concluded that the H-bond between C102
and phenol in both the C102-phenol and the C102-(phenol)1 > complexes break within 200
fs after excitation of C102.

‘e 1735 cm’! (a)

40F ‘

N
o
-

o
)

N
o
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Absorbance (mOD)

-----

Frequency (cm”)

Figure 1.3. Ground state (dashed lines) and excited state (dotted lines) C=0 stretching
bands of (a) C102 and (b) C102-phenol complexes in C2Cls.*! Reprinted with permission
from ref 11. Copyright © 1999, American Chemical Society.

On the contrary, Zhao and Han challenged the H-bond breaking formalism by
computing the HB dynamics in the photoexcited state for the first time using time-
dependent density functional theory (TDDFT) calculations. They computed the potential
energy curves along the H-bonding coordinate in the different electronic states in the gas
phase. The minimum of the potential energy curve in the excited state was found at 1.691
A, which is considerably shorter than the minimum (at 1.785 A) in the ground state (Figure
1.4a). They claimed the intermolecular HB between C102 and phenol becomes shorted
rather than being not cleaved after photo-excitation. They also calculated the IR frequency
of the C=0 and the —OH groups of phenol by TDDFT method at BP-86/TZVP level.?°
Isolated C102 shows a C=0 stretching frequency 1741 cm™ in the ground state, which is

blue-shifted to 1761 cm™ in the excited state. However, in the ground state, the C=0
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stretching frequency of the H-bonded complex exhibited a strong red-shift by 55 cm™ from
1741 cm? (isolated C102) to 1686 cm™ (C102-Phenol) following the experimental
result.!! ® In contrast to the experiment, in the excited state the C=0 stretching frequency
of H-bonded C102-phenol complex exhibited a red-shift from 1761 cm™ (isolated C102)
to 1686 cm™ (C102-Phenol). Thus, the larger red-shift of the C=0 stretching frequency in
the excited state (75 cm™) compared to the ground state (55 cm™) suggested that H-bond
between C102 and phenol strengthened in the excited state (Figure 1.4b).

3.5 ~200 fs i i i ’T
3-0'M E
S 2505 . ‘1 &
32.0- gg:g 5 - C102-phenol ( S,) 1695
=3.05
51.5_ o Egﬁ ‘? €102 (Sq) 1735\,‘/1761
0 1.0 2.90 [T} C102-phenol (S,)
c 16 20 24 28 32 - 1686
wl 0.5_ SO Hydrogen Bonding Coordinate i 3
-W c ' ; r r
0.0 T =—1000 1200 1400 1600 1800 2000
16 20 24 28 3.2
Hydrogen Bonding Coordinate ( A) Wavenumber ( cm-1 )

Figure 1.4. (a) Calculated Potential energy surfaces of the electronic states of hydrogen-
bonded C102-phenol long with the hydrogen-bonding coordinate. (b). Calculated C=0
stretching bands of isolated C102 and hydrogen-bonded C102-phenol dimer in different
electronic states. The green lines show the experimental C=0 stretching vibrational
frequency in different states.?® Reprinted with permission from ref 20. Copyright © 2007,
American Chemical Society.

To resolve this discrepancy, our group recently revisited the C102-phenol system in
non-interacting solvent cyclohexane both experimentally and theoretically.®® A strong
quenching of the C102 emission is observed in the H-bonded complex when phenol is
added to C102 dissolved in non-interacting solvent cyclohexane (Figure 1.5A). They
selectively excited the (Aex = 405 nm) H-bonded complex, and it relaxes on a fast time
scale of 400—600 ps. They attributed this incident to the conversion of the locally excited
(LE) state to a non-fluorescent charge transfer (CT) state assisted by the strong excited-
state Hydrogen bond formation (Figure 1.5B). Their findings are following the new
fluorescence quenching mechanism that the excited-state intermolecular hydrogen bond
strengthening facilitates CT from phenol to coumarin in the excited state.?’ They also

investigated with anisole and p-chlorophenol for comparison. No fluorescence quenching
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was observed for anisole where H-bond formation is not possible. On the contrary, more
pronounced quenching was reported for p-Cl-phenol, where H-bonding is even stronger
than phenol. %

(A) (B)
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(a) Phenol -1132.56 | Noa.
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Figure 1.5. (A) Emission spectra of C102 in cyclohexane in the presence of different
concentrations (0—51 mM) of (a) phenol and (b) p-Cl-phenol at an excitation wavelength
(Aex) of 370 nm. (B) Potential energy variation along with the H-bond coordinates (i.e., the
distance C=0------ H—O in angstroms) for the C102-phenol (a) and C102-p-Cl-phenol (b)
complexes in the three electronic states.®® Reprinted with permission from ref 65.
Copyright © 2013, American Chemical Society.

The above-mentioned work was limited to low concentrations of phenol, where 1:1
C102—phenol complexes predominately exist.®> They also extended their work at higher
concentration of phenol. Interestingly, an unusual fluorescence modulation of C102 was
obtained when a large range of phenol concentrations were investigated. They found that
the fluorescence quantum yield (pf) and fluorescence lifetime (tf) of C102 chromophore
first diminish steadily with the increase of concentration of phenol but after a particular
mole fraction (Xenon =0.013) both the quantities (¢f and tf) increase upon further increase
in the phenol content (Figure 1.6a).2° They attributed this result due to the competitive
nature of C102—phenol, and phenol-phenol H-bonding. Since PET quenching operates
through the H-bond between the C=0 group of C102 and the HO- group of phenol, the H-
bond may fail to attain an optimum geometry when the phenol is linked with other phenols
via the H-bond. They also studied phenol-anisole and anisole—cyclohexane binary

mixtures, respectively. A similar unusual variation of the C102 fluorescence is observed
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in the phenol-anisole mixtures to a lesser extent (Figure 1.6b), but is completely absent
in the anisole—cyclohexane mixtures, where H-bonding is practically impossible (Figure
1.6¢c).
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Figure 1.6. Emission spectra of C102 in (a) cyclohexane—phenol (Aex = 370 nm), (b)
anisole—phenol (ex = 375 nm) and (c) cyclohexane—anisole (hex =375 nm). In (a) and (b)
fluorescence intensity of C102 decreases with an increase in the mole fraction of phenol
up to a certain mole fraction, after that increases with further enrichment of phenol. In (c),
fluorescence intensity monotonically decreases with an increase in the mole fraction of
anisole.®% Reprinted with permission from ref 80.

Another important discrepancy between theory and experiment existed while
considering the effect of H-bonding on PET between C102 and aniline. Experimentally,
Palit et al. reported that the H-bond between excited C102 and aniline cleaves within 250
fs after photo-excitation but again reforms within 30 ps.®® Similar to Zhao and Han’s
observation,? Liu et al. observed the strengthening of the excited-state H-bond between
excited C102 and aniline for C102—-aniline system using TD-DFT method.?® To resolve
this, our group studied the same system (C102-Aniline) in the presence of non-interacting
solvent cyclohexane or toluene.®® Similar to their previous work with C102-phenol, they
observed enhancement of PET in a binary mixture of aniline of mole fraction (Xan = 0.075)
compared to neat aniline. They found that both the fluorescence quantum yield and the
lifetime of C102 first decreases up to a particular mole fraction (Xan = 0.075) of aniline,
and after that increases upon further addition of aniline. They proposed that, however, the
non-interacting component cannot directly take part in the H-bond formation, but it may
disrupt the aniline—aniline H-bond or change the polarity of the medium of C102—aniline
system. To elucidate the exact reason for this anomalous PET process between C102—

aniline in the presence of an inert solvent, they further continued their study. They used
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AN-dimethylaniline (DMA) binary mixture instead of AN-cyclohexane to nullify the
polarity effect variation.®! Polarity of AN and DMA are almost the same. Interestingly,
they found that the quantum yield and lifetime of C102 in AN-DMA follow the similar
anomalous modulation, as observed previously in the AN—cyclohexane or AN—toluene
mixtures. Therefore, in conclusion, 1:1 H-bonded C102-AN complex assist PET, which
is favourable over H-bonded C102—(AN).>2 and AN-AN complex at an intermediate mole
fraction of aniline rather than neat aniline. Recently they further worked with a well-known
ultrafast PET acceptor coumarin 153 (C153) in both neat donor solvent (AN and DMA)
and binary mixtures.®? Experimentally they found that PET rate is maximum at some
intermediate mole fraction of aniline (Xan = 0.74) compared to neat aniline, whereas PET
process gradually becomes retarded upon addition of cyclohexane to DMA. In this work,
classical MD simulation was introduced to visualize molecular orientation around acceptor
C153 for such a binary system. MD simulation reveals that the number of H-bond between
C=0 (C153) and H-N (AN) is higher at the intermediate mole fraction (Xan = 0.74) of
aniline in a mixture rather than in neat aniline. Therefore, they again established their
previous hypothesis for an ultra-fast PET process, that H-bond assists PET process. Smitha
and co-worker observed that for the hydrogen-bonded system in the normal region, the

PET rate constant increases with increase in temperature.®

1.2. Excited State Proton Transfer

Proton transfer (PT) plays a crucial role in many ultrafast fundamental chemical
processes, biological processes, and material properties.348 Excited-state proton transfer
(ESPT) is a variant of PT that occurs in the electronically excited state of a molecule. ESPT
has been a subject of intensive research, both theoretically,8”%° and experimentally.?® In
this process, the proton is transferred from one molecule to the neighbouring solvent
molecule (intermolecular ESPT) or from one part of a molecule to another part of the same
molecule (intramolecular ESPT or ESIPT) in the excited state. ESPT process is commonly
initiated by photo-excitation of a suitable aromatic organic chromophore, known as
photoacid. Experimentally, the ESPT process is usually investigated by steady-state and
time-resolved absorption, fluorescence, and vibrational spectroscopy. An ESPT process
usually occurs on an ultrafast time scale of sub-ps or ps.®>°! To explore the mechanism of

ESPT, theorists typically performed potential energy surface (PES) scan, transition state
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geometry optimization and calculation of transition energy barrier of ESPT reaction using

ab initio excited-state calculations such TD-DFT method.%9°
1.2.1. Mechanism of Excited-State Proton Transfer

The kinetics of the excited-state proton transfer reactions of a photoacid and the
potential energy surfaces in the ground and excited state along the proton transfer
coordinate is represented in the Scheme 1.5.%6-%7

(a) ()
Excited state
ki
ROH* ————= RO'+H"
kz
) 5 :
hv | |k ! £ 2
k . Back PT =
3
ROH _9 RO + H* \
k
Protonated 4 Deprotonated \ / RO+ TI-
Eg Ground State
ROH
>
Proton Transfer Coordinates

Scheme 1.5. (a) The photo-protolytic cycle of a photoacid. (b) Potential energy surfaces
for excited-state proton transfer (ESPT) in the electronic ground and excited state of a
photoacid along the proton transfer coordinate.

In Scheme 1.5a, ROH is the protonated form of a photoacid in the ground state.
ROH* is a protonated form of the photoacid in the electronically excited state, which is
obtained after photo-excitation. ROH* dissociates to form an excited anion with the
proton. There are two fates to the dissociated proton— (i) it can do geminate recombination
with the excited anion form of the photoacid (RO™*) or (ii) it can diffuse away from the
parent ion to ground state. Since the ground state dissociation is not an energetically
favourable process, the ground state proton and anion quickly recombine to generate the
ground state protonated form of the photoacid ROH. Here, kj and k> are the dissociation
and recombination rate constants in the excited state. ks and ks are the dissociation and
recombination rate constants in the ground state. kr and ki are the radiative rate constants
of the excited protonated and deprotonated (anion) molecule, respectively. ks is the
smallest kinetic constant among all. In the above Scheme 1.5b, we have graphically
presented the proton transfer pathway both in the ground state and excited state. However,
we have shown here favorable potential energy surface for excited-state proton transfer.
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Furthermore, Huppert group proposed an “Extended Reversible Diffusion-Influenced
Two-Step Model” to explain the ESPT process of photoacid in bulk water (Scheme 1.6).%
This Two-Step Model involves the dissociation of excited protonated acid ROH” into a
contact ion pair, consisting of an anion and a hydrogen-bonded hydrated proton complex,
designated as H;O0*. The contact ion pair RO~ --- H;0*shows almost similar
spectroscopic signature as the RO~emission band in the separated and solvated ion pair.

K'pr k DSE

* P PT
ROH + H,O o _ S *
2 K' [RO H30+]r=a K [RO H30+]r=a — RO + H30+

r r
Contact ion pair Separated ion pair

Scheme 1.6. The Extended Reversible Diffusion-Influenced Two-Step Model®® for photo-
protolytic dissociation of a photoacid.

It has been observed that temperature plays a pivotal role in determining the ESPT
dynamics. Huppert and co-worker studied temperature dependence of the proton-transfer
rate of wt-green fluorescent protein in H2O and D,0.%*° They observed that as the
temperature decreases, the proton-transfer rate from the protonated form slows down.
They also studied the temperature dependence of the photoprotolytic process of quinone-
cyanine-7 (QCy7) in H20 and D20 ice, over a wide temperature range, 85—270 K.1%° They
found that the ESPT rate to the solvent decreases as the temperature is lowered. Mitra and
co-worker investigated the ESPT process of a photo-acid d-luciferin at different
temperatures in reverse micelles.’®® They found that the rate of ESPT increases near-

linearly with temperature.
1.2.2. Photoacids

Photoacids are aromatic organic compounds that are generally weak acids in the
ground state but become much stronger acids in the excited electronic state. The excited-
state equilibrium constant (Ka") of the photoacids (like 1-naphthol, 2-naphthol, etc.) is 5-
10 order of magnitude greater than those at the ground state (Ka). Generally, this enhanced
excited-state photoacidity is due to intramolecular charge transfer (ICT) from the hydroxyl
oxygen to the aromatic ring in the excited-state (ES). It is considered that redistribution of
the charge occurs almost immediately after photo-excitation, and the ultrafast dynamics
can be observed through the spectral changes arising from excited-state proton transfer.
Ground and excited-state photo-acidity are denoted by pKa (= —logi0Ka) and pKa',
respectively. At equilibrium, we get the pH change by equation 1.5. Excited-state
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photoacidity pKa" is commonly determined by using the Forster cycle.!%? Based on the
ground state pKa of the molecule and the absorption/emission spectra of the molecule,
Forster proposed a method for estimating the pKa™. The enhancement of photoacidity is
normally governed by the ApKa, which is the difference between the pKa, and pKa™ values.

Hence, the higher the value of ApKj indicates stronger the photoacid.

pK; = pK, — NAhC(\;Zr(?:R_;Aro_) (1.5)
ApK, = pKa — PKq (1.6)

Where c is the speed of light; h is the Planck’s constant; Na is Avogadro’s constant; v is
the transition frequencies of ArOH and ArO— in wavenumbers (cm %); R is the ideal gas

constant, and T is the temperature.

There are numerous examples of photo-acids, e.g., hydroxyl-aryls, aromatic amines,
etc. Huppert and co-workers have grouped photo-acids into four categories according to
the strength of photoacids.’®® The photoacids with pK; > 0 (regime 1) weak to
intermediate-strength and can transfer a proton to only water.'® Photoacids belonging to
regime Il (—4 <pK; <0) can transfer a proton to many other protic solvents. For photoacids
in regime Il (=7 < pK; < -4) ESPT dynamics is same order of solvation dynamics. The
photoacids that belong to regime 1V (pK; < —7) are the strongest photo-acids and show
exceptionally rapid ESPT rate (tpt ~ 100 fs) in water, methanol, and ethanol. These photo-
acids can undergo ESPT faster than solvation dynamics. Quinone-cyanine 9 dye (QCy9)
and its derivatives,!® belongs to regime IV and show an exceptionally rapid ESPT rate,
Tpr ~ 100 fs was measured in water, methanol, and ethanol. In Scheme 1.7, a list

representing an example for each class is described.
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Scheme 1.7. Different photo-acids representing the classified four regimes.'%

The excited-state dynamics of strong photoacids with cationic and neutral acidic
groups are quite different. Fayer and co-worker investigated a cationic photoacid 8-
aminopyrene-1,3,6-trisulfonic acid trisodium salt (APTS, the total net charge of —2) and a
neutral 8-hydroxypyrene-1,3,6-trisulfonic acid trisodium salt (HPTS) to compare the
nature of intramolecular charge redistribution and ESPT rate between them (Scheme
1.8).1% In the time-dependent pump-probe spectroscopy measurement, APTS shows
single exponential dynamics in water, whereas HPTS shows bi-exponential dynamics. The
redistribution of charges upon excitation explained this different modulation in dynamics.
Unlike the neutral photoacid HPTS, cationic photoacid APTS do not have the available
electron density in the protonated state to enable an intramolecular charge redistribution

process upon photo-excitation.
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Scheme 1.8. HPTS is a neutral photoacid (left side), and APTS is a cationic photoacid
(right side).
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1.2.3. Substitution Effect on Photoacidity and ESPT

Enhancement of the acidities of aromatic alcohols upon photo-excitation has been
discovered for several decades and has been utilized in several technological
applications.®” Most of these research has focused on the commercially available 1- and
2-naphthols, their sulfonated derivatives, and 8-hydroxypyrene-1,3,6-trisulfonic acid.
Excited-state pKa," values of Naphthols is in the range 0-3. Thus, ESPT of Naphthols is
limited to only aqueous solvents and does not transfer protons to alcohols or Me;SO.1%8

110 The photoacidity of 2-naphthol can be tuned by substitution on the naphthalene ring.

Tolbert and co-worker synthesized and calculated acidity for a series of cyano
substituted 2-naphthol compounds- 5-cyano, 6-cyano, 7-cyano, and 8-cyano-2-naphthol
(Scheme 1.9 and Table 1.1).1!! Because of the presence of a strong electron-withdrawing
cyano group, they found that pKa" values were lower in comparison with simple 2-naphthol
in the aqueous medium. Similarly, this decrease in the excited-state pKa value was
significantly higher than the reduction in ground-state pKa values. This observation
illustrates the more significant amount of the anion charge-transfer upon excitation.
Furthermore, these compounds show efficient excited-state proton transfer to neutral non-
aqueous solvents, like Me>SO. They also proposed that ESPT without a Grotthuss chain-
transfer pathway is possible to these kinds of highly acidic cyanonaphthol derivatives. By
extending the range of excited-state acidities, cyanonaphthols can also be used to new
photo-polymerization catalysts. Further, they continued the study of substitution effect on
1-naphthol. 1-naphthol has relatively higher photoacidity than 2-naphthol. This enhanced
acidity is related to the relative energies of the L. and Ly states (named after the short and
long axes of symmetry in naphthalene).!'? The more polar L, state is lower in energy for
1-naphthol, whereas for 2-naphthol, the more diffuse Ly state is lower. The mixing of La
and Ly states increases the acidity of 1-naphthol, which is absent for 2-naphthol. They
synthesized and compared the photoacidity of 5-cyano and 8-cyano-1-naphthol with
simple 1-naphthol.}!® Similar to the 2-naphthol case, they found significantly enhanced
photoacidity upon cyano substitution of 1-naphthol. Due to this enhanced photoacidity,
the substituted cyanonaphthols undergo ESPT in a non-aqueous solvent such as alcohol
and Me>SO. They also proposed that solvent reorganization is less important for such

strong cyanonaphthols photoacids compared to weak 2-naphthol photoacids.
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2-naphthol 5-cyano-2-naphthol 6-cyano-2-naphthol
CN CN
NC Il Il OH il II OH ‘i " - OH
CN
7-cyano-2-naphthol 8-cyano-2-naphthol 5,8-dicyano-2-naphthol

Scheme 1.9. Different cyano-substituted 2-naphthol photo-acids.

Agmon et al. systematically investigated 2-naphthol and some of its cyano
derivatives in both ground and excited states using semi-empirical quantum calculations
and considered both neutral and anionic forms.}'* For an investigation, the atomic
Mulliken charge,™® of the oxygen atom to monitor the intramolecular charge transfer from
the oxygen atom, and the C=0 bond length were measured. A systematic variation in
charge density on the oxygen atom and C=O bond lengths are found within this
cyanonaphthol family. Photoacids with a smaller negative charge on the oxygen atom and
a shorter C=0 bond length is more acidic nature, and substitution in the more
electronegative ring sites also results in stronger acidity. It is also observed that the
intramolecular charge transfer from the hydroxyl to the aromatic system is much more
pronounced for the anion form than for the neutral photoacid upon excitation. Since
Naphthalene possesses 10z-electrons (n = 2), hence it is an aromatic molecule. Thus, 2-
naphthol derivatives are also aromatic. But in the anion form, conjugation of the negative
oxygen charge with the aromatic ring results in a 12r-electrons system containing the anti-
aromatic character. Therefore, they suggested that the drop of the aromaticity of the anion
form of the photoacids decreases the So - S1 gap and increases the acidity.** However,
recently, Chia-Hua et al. reported different aromatic nature of the bi-functional photoacids
in the ground and excited-states.!*® They found that bi-functional aromatic compounds
with [4n + 2]n- electron in the ground state become anti-aromatic in the first lzn* states
and compounds with [4n]r-electron become aromatic in the S state.!*%1*” They suggested
that fast excited-state proton transfer (either inter- or intramolecular) occurs to get rid of

the anti-aromaticity of the excited state.
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Table 1.1. Experimental Values for Ground- and Excited-State pKa Values of Cyano
Substituted 2-Naphthols in Water.!!! 113

Molecule pKa pKa"
2-naphthol 9.5 2.8
5-cyano-2-naphthol 8.75 -0.75
6-cyano-2-naphthol 8.4 -0.4
7-cyano-2-naphthol 8.75 -0.2
8-cyano-2-naphthol 8.35 -0.75
5,8-dicyano-2-naphthol 7.8 -4.5

Takematsu and co-worker studied the photochemistry of 8-amino-2-naphthol (8N-
20H) and 5-amino-2-naphthol (5N-20H) using a combination of time-resolved emission
spectroscopy and time-dependent density functional theory calculations (Scheme 1.10).118
Aminonaphthols have two protonation sites — oxygen atom of OH group and nitrogen-
atom of NH; and can show ESPT at both OH and NH; protonation sites. Aminonaphthols
forms zwitterion in the excited-state through the ESPT mechanism. Time-resolved studies
showed that the zwitterion was formed only from excitation of the protonated form of 5N-
20H and 8N-20H; as a result, ESPT occurs only at the single hydroxyl group. The
protonation state of the amino group drastically changed the photoacidity of OH, and in
the protonated state (NH3*), the pKa"(OH) values of both 5N-20H and 8N-20H become
1.1 +0.2. In contrast, in the deprotonated state (NH2), pKa (OH) values are much like the
ground state proton acidity, pKa(OH) = 9.5 £ 0.2. They also investigated ESPT reactions
of the photoacids 1-amino-2-naphthol (1N-20H) and 3-amino-2-naphthol (3N-20H) in
water and methanol, respectively.''® Interestingly, they found that ESPT depends on the
solvents at both protic sites of IN-20H and 3N-20H. For 1N-20H, ESPT was found at
both the OH and NH3" sites in water and in methanol just at the NH3" site, but for 3N-
20H, ESPT was seen at the OH site in water, however at neither of the sites in methanol.
They further studied the substitution effect of both electron-withdrawing group (EWG)
and electron-donating group (EDG) on the photoacidity and excited-state proton transfer
(PT) dynamics of 2-naphthol (20H) through time-resolved emission spectroscopy and ab
initio quantum calculations. To investigate, they chose the symmetric C7 position and took
7-amino-2-naphthol (7N-20H) and 7-methoxy-2-naphthol (7OMe-20H) (Scheme 1.10).
The photochemical studies of 7N-20H appeared that the photoacidity of the hydroxyl
group behaves unexpectedly in the presence of an EWG (NH3") vs. EDG (NH>). For the
excited protonated state (NHs*), the photoacidity pKa  becomes 1.1 and forms the
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zwitterion. Conversely, for the excited neutral state (NH2), the photoacidity pKa” is reduced
to 9.6. Surprisingly, investigations of 70Me-20H showed that the presence of EDG
(OCHs) has no impact on the photoacidity (pKa™ = 2.7).

In the investigation of 6-carboxyl-2-naphthol (6C-20H), Pines et al. found that the
protonation state of the carboxylic acid raises the photoacidity of 20H, pK." = 1.2 vs. 2.5
for COOH and COO" respectively.?® They further constructed a Marcus (free-energy)
diagram between excited-state proton dissociation rate constants (ket) vs. the excited-state
equilibrium constants of the photoacids (Ka") like 6-substituted 2-naphthol derivatives and
several 1-naphthol. It is already reported that the Marcus free-energy correlation, 2122 and
the Marcus Bond-Energy-Bond-Order (BEBO) expression,'?® provides good semi-
empirical correlations between proton equilibria and proton transfer rates (Figure 1.7).
Interestingly, from the curvature in the free-energy correlation between the proton transfer
rate and equilibrium constant for strong acids, it is observed that proton transfer rate
increases at protonation of the side group are predicted to be of a similar magnitude for
ground and excited states cyanonaphthol. However, the predicted pKa~ effect should be

much greater than the corresponding pKa effect.

NH
2 OH
N
O O NH,
1-amino-2-naphthol 3-amino-2-naphthol
NH
I I OH 2
Oe ’
NH,
5-amino-2-naphthol 8-amino-2-naphthol
i \./“OH H3CO\./EEOH
7-amino-2-naphthol 7-methoxy-2-naphthol

Scheme 1.10. Different amino-substituted 2-naphthol photo-acids and 7-methoxy-2-
naphthol.
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Similarly, Spies et al. studied the correlation between ESPT rate and photoacidity of
two newly synthesized derivatives of 8-hydroxy-1,3,6-pyrenetrisulfonate (pyranine,
HPTS) in water, methanol, and ethanol.*?* One is tris(1,1,1,3,3,3-hexafluoropropan-2-yl)-
8-hydroxypyrene-1,3,6-trisulfonate (1a) with pKa" value -4, and another one is 8-Hydroxy-
N1,N3,N6-tris(2-hydroxyethyl)-N1,N3,N6-trimethylpyrene-1,3,6-trisulfonamide (1b)
with pKa" value -1. Unlike the weaker photoacid, HPTS, which only dissociates in water,

both the (1a, 1b) photoacids can transfer a proton to alcohol.
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Figure 1.7. Free-energy correlation found in the proton dissociation reaction of 2-naphthol
derivatives (6X-20H). Also shown in the correlation are the kinetic rate constants for the
pyranol derivatives,'?* and 1-naphthol derivatives (5X-10H).}?°> The solid line is the
Marcus BEBO equation.'?® Reprinted with permission from ref 125. Copyright © 2013,
American Chemical Society.

Thus, from the Marcus free-energy correlation plot (Figure 1.8), they stated that
their newly synthesized photoacids would be the best group of structured photoacids
studied to date to compare their respective reaction rates of proton transfer. A few
previously studied strong photoacids are also included in Figure 1.8.1% 126-128 The plot of
the logarithm of ESPT rate constant as a function of pKa," shows that the slope of the free-
energy correlation is dependent on the pKa" values of photoacids and the proton transfer
rate of the strong photoacids weakly depends on the pKa". However, it is important to note
that the lifetime of the excited state must allow for proton transfer. Otherwise, the

thermodynamic pKa~ cannot yield a proton transfer.
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log(ke,(s™))

Figure 1.8. The free-energy correlation found in the proton dissociation reaction of 1a, 1b,
DCN2, NM6HQ", HPTS, HPTA, and 5C1N in water. The dashed line is for the Marcus
equation, and the solid line is for the Marcus BEBO equation.*?* Reprinted with permission
from ref 124.

1.2.4. Macrocyclic Hosts: Cyclodextrin and Cucurbit uril

Among the different variety of bio-mimetic supramolecular macrocyclic hosts,
cyclodextrins and cucurbit[n]urils are the most important and applied hosts.

The macrocyclic cyclodextrin molecules have a three-dimensional hydrophobic
hollow cavity. Cyclodextrin molecules are known to form inclusion complexes with a
variety of neutral molecules and ions of suitable size, shape, and charge/polarity. The well-
defined host-guest inclusion complex mainly gets stability through non-covalent
interaction mainly, van der Waals interaction, hydrogen bond, and dipole-dipole
interaction.2%133 Due to its hydrophobic nature of the cavity, cyclodextrin shows greater
selectivity for hydrophobic and neutral molecules. The cyclodextrin (CD) molecules are
made of D-glucopyranose monomer units and interconnected by a-1,4 linkages in a cyclic
manner.13413 The natural o-, B- and y-cyclodextrins contain 6, 7, and 8 glucopyranose
units, respectively (Figure 1.9). The size of the cavity increases with increasing the
number of monomer units. Hence the cavity size order is y- > - > a-CD. CDs are crucial
in the field of supramolecular host-guest chemistry and pharmaceutical industry because
of their non-toxic nature. The external surface of the CD molecules is hydrophilic in nature
due to the presence of the hydroxyl groups at the portals, and this also makes them soluble
in water.X*637 Entropy factor associated with the expulsion of water molecules from the
cavity is important for association of the guest. The solubility, stability, and bioavailability

of drug molecules increases inside the CDs after encapsulation, and this quality of CD
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made them a potential candidate for carrying and drugs delivering in the pharmaceutical

industry,38-141
«— primary
hydroxyls L5 e
a-CD  B-CD y-CD
(n=6) (n=7) (n=8)
Q (c) ] Q e
Cavity depth 7.9A 7.9A 7.9A
Widerrim 5.7A 7.8A 9.5A
diameter
Secondary Narrower rim 5.3A 6.0A 7.5A
hydroxy]s diameter

Figure 1.9. Representative structures of -CD: (a) side view and (b) front view (looking
through the pore) and (c) a schematic representation as a truncated cone.'*? Cavity
dimensions of a-CD, B-CD and y-CD are also tabulated for comparison.!® Reprinted with
permission from ref 142. Copyright © 2017, American Chemical Society.

o

CB[nl:n=5,6,7,8

CB[5] CB[6] CB[7] CB[8]

outer diameter (A) a 131 144 16.0 17.5
cavity (A) b 4.4 5.8 7.3 8.8
c 24 3.9 5.4 6.9
height (A) d 9.1 9.1 9.1 9.1
cavity volume (A% - 82 164 279 479

Figure 1.10. The cavity dimensions of CB[5], CB[6], CB[7] and CB[8] macrocycles.
Reprinted with permission from ref 143. Copyright © 2003, American Chemical Society.

Nowadays use of Cucurbit-uril CB[n] family increase over CD family in many areas
of fundamental and applied science — chemistry, biology, material science, and
nanotechnology. Macrocyclic CB[n] molecules are made of glycoluril monomers and
interconnected by 2n methylene bridges.***1% Pumpkin-shaped CB[n] molecules have a
highly symmetrical hydrophobic cage of low polarity and polarizability with two identical

dipolar portal ends composed of carbonyl functional groups (Figure 1.10). Four different
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sizes of cucurbit-urils are commercial availability in the market. CB[n] show high binding
affinity and selectivity with guest molecules than other host molecules, and it is soluble in

both organic and aqueous solution.4
1.2.5. Excited-State Proton Transfer inside Macrocyclic Host

2-Naphthol (20H) is a well-known photoacid and well investigated with
cyclodextrin host molecules. The photoacidity in the ground state (pKa) of 20H is 9.5, and
excited-state photoacidity (pKa") is 2.8.1*3 Kéhler and co-workers thoroughly studied the
ground- and excited-state photophysical properties of 2-naphthol inclusion complexes
with a-, B-, and some substituted B-cyclodextrins molecules.** From the measured steady-
state absorption spectra, they found that the absorption peak (at 330 nm) of 20H is red-
shifted with increasing concentration of a- and B-cyclodextrins solution. Using absorption
spectra data, they calculated the association constants for the photoacid:CD inclusion
complexes. Interestingly, the interaction between 20H and 3-CD shows 1:1 type inclusion
complex (20H:B-CD) with an association constant of 590 M at pH 6.5. In contrast, a-
CD shows 1:2 type inclusion complex (20H:(a-CD)2) with an association constant of 250
M? and 35 M. An aqueous solution of 20H exhibits two peak emission peaks — (i)
protonated 20H molecule (350 nm), and (ii) the deprotonated naphtholate ion (420 nm)
(Figure 1.11). Upon the addition of CD molecules, the emission intensity of the protonated
form increases at the expense of deprotonated emission. This observation indicates the
decrease of the dissociation efficiency of 20H, i.e., retardation of the ESPT process upon
complexation with CD. Furthermore, their time-resolved measurements confirmed the
slowdown of the ESPT process of 20H inside CD cavities. They also determined the effect
of hydrophobic inclusion on the pKa and pKa"of 20H. It was observed that the pK, and
pKa" values shifted to a higher value than aqueous solutions of 20H in the presence of both
CD solutions. The reduction of the photoacidity on the complexation is due to the decrease

of the deprotonation rate of 20H inside the CD cavities.
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— water — water
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Figure 1.11. In the presence of various concentrations of 3-CD (left side) and a-CD (right
side) steady-state emission spectra of 2-naphthol (6CN-20H) (a and b); (kex = 310 nm).}%

Stam et al. further studied the 1:1 20H:B-CD complex in the absence and presence
of linear alcohols.1*® From the steady-state fluorescence measurement data, the association
constants (Ka) were determined. Interestingly, it was observed that K, value decreases
linearly as the number of carbon (nc) atoms in the alcohol chain increases up to nc = 5.
They considered this observation because of competition between 20H and alcohol
molecules for the B-CD cavity. Fluorescence studies confirm the redistribution of 20H

from the CD environment to the aqueous phase in the presence of alcohol.

S-naphthol@CB7 4-Me-7-OH@CB7

Figure 1.12. Effect of inclusion complex of cucurbit[7]uril with B-naphthol and 4-methyl-
7-hydroxyflavylium on ESPT dynamics.'’ Reprinted with permission from ref 147.
Copyright © 2015, American Chemical Society.

The ESPT dynamics of 2-naphthol and 4-methyl-7-hydroxyflavylium were
investigated inside the CB7 cavity.!*” These two photoacids show contradictory results
upon inclusion complex formation with CB7. For 2-naphthol:CB7 inclusion complex, no
ESPT of 20H was found. This was due to the complete inclusion of the 2-naphthol within
CB7 cage and, as a result, no access to water molecules. However, 4-methyl-7-

hydroxyflavylium still exhibits ESPT after the formation of the inclusion complex. It was
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assumed that the acidic hydroxyl proton remains exposed to the water environment
permitting ESPT, and only a part of the fluorophore is inside the CB7 (Figure 1.12).
Hence, the ESPT process is dependent on the binding pattern and the local solvent

environment around the photoacid.

Hansen et al. investigated two photoacids with very different natures: 1-
aminopyrene, a very strong cationic photoacid, and 1-naphthol, a moderately strong
neutral photoacid in the presence of f-CD (Scheme 1.11).2*¢ These two photoacids show
contradictory results upon inclusion complex formation with f-CD. The neutral photoacid
1-naphthol shows an expected up field shift of pKa and pKa" values upon complexation
compared to water along with retardation of ESPT rate inside the cavity. On the other
hand, the pKa and pKa™ values of the cationic photoacid shift to lower values upon
complexation, and the rate of ESPT is increased by a factor of 2-3 relative to bulk water.
Thus, the electronic structure of the photoacid may illustrate the effect of complexation

within the nonpolar cavity of B-cyclodextrin.

Abdel-Shafi studied the photophysical properties of 2-naphthol-6-sulfonate (6SOz-
20H) within the B-CD cavity by steady-state fluorescence and NMR spectroscopy. Steady-
state absorption and fluorescence measurements showed a 1:1 inclusion complex between
6S03-20H and B-CD with a binding constant of 330 + 30M*. Furthermore, they found
significant retardation of the ESPT process inside the nanocavity.'*° Similarly, they also
studied the photophysical properties of 1-naphthol-4-sulfonate photoacid within different
cyclodextrin derivatives (a-cyclodextrin (a-CD), B-cyclodextrin (B-CD), y-cyclodextrin
(y-CD), methyl-B-cyclodextrin (MB-CD), 2-hydroxypropyl-p-cyclodextrin (HPB-CD)).1*
It was observed that 1-naphthol-4-sulfonate formed 1:1 inclusion complex with all

cyclodextrin derivatives along with retardation of the ESPT process inside the nanocavity.

[ ‘

1-naphthol 1-aminopyrene

Scheme 1.11. Chemical structure of 1-naphthol and 1-aminopyrene.
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Bhattacharyya and co-workers studied ESPT dynamics of HPTS in the presence of
v-CD.! They observed significant modulation of ESPT dynamics upon encapsulation
within y-CD. In the presence of y-CD, the initial proton transfer and the dissociation of
geminate ion pair of HPTS become retarded, whereas the recombination rate of the
geminate ion pair increases. 21> The retardation of the proton-transfer rate was addressed
by the rigidity of the water hydrogen bond network and slower solvent reorganization
around photoacid inside the cavity.® Furthermore, ESPT from HPTS to acetate also
become slower in the presence of y-cyclodextrin (y-CD) and 2-hydroxypropyl-y-
cyclodextrin (HP-y-CD) cavities (90 and 200ps) than in the bulk water (0.15 and 6ps). This
is due to the confinement effect of CD and rearrangement of the hydrogen bond network
inside the cavity, where water bridges separate the acetate molecule from the OH group of
HPTS.22 It was observed that ESPT dynamics is even slower in substituted y-CD than that
in the unsubstituted one. This was due to the hydroxyl-propyl groups which prevent acetate

from closely approaching HPTS.*%3
1.3. Proton-Coupled Electron Transfer

Ground and excited state electron transfer (ET) and proton transfer (PT) are two
fundamental and widespread processes in chemistry and biology. Some chemical reactions
involve the transfer of both protons and electrons, and these take place widely in organic,
inorganic, biological environmental, electrochemistry, and other areas of chemistry. Such
reactions are termed as proton-coupled electron transfer (PCET).'>*1% Proton-coupled
electron transfer (PCET) is crucial for many energy conversion processes, like natural,
artificial photosynthesis and solar fuel cell,*>"-161 the catalytic oxidation and production of
molecular hydrogen,*62-1%4 and various enzyme reactions.'®>% According to a broad
definition, PCET incorporates any process that involves the movement of both electrons

and protons transfer in concerted or a stepwise manner,54-1%
1.3.1. Concerted and Sequential Electron-Proton Transfer

Two types of mechanistic pathways are observed for PCET reactions- (i) a concerted
mechanism, and (ii) a sequential mechanism. For concerted reactions, the electron and
proton transfers occur simultaneously, whereas for sequential reactions, the electron and
proton transfers take place in a stepwise manner (Figure 1.13a). Typically concerted and

sequential PCET mechanisms are differentiated by the presence of a stable thermally
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equilibrated intermediate for the sequential mechanism. This stable intermediate may be
generated via either electron or proton transfers. A minimum on the potential energy
surface is also found for the sequential reaction, and the intermediate can also be isolated
experimentally. However, such a definite distinction is not always possible. This
distinction becomes very difficult for photoinduced PCET reactions as these photoinduced
reactions are inherently non-equilibrium processes. Subsequently, these non-equilibrium
processes involve high energy excited states and occur on a very fast timescale without
sufficient time for thermal equilibration of intermediates.

1.3.2. Hydrogen Atom Transfer and Electron-Proton Transfer

Concerted reactions may be divided into two different classes- (i) hydrogen atom
transfer (HAT) and (ii) electron-proton transfer (EPT).'®"18 HAT is defined by the
transfer of both electron and proton between the same donors and acceptors (i.e., between
the same orbitals or bonds). EPT is defined by the electron and proton transfer between
different donors and acceptors (i.e., between different orbitals or bonds). However, this
distinction between HAT and EPT is not meticulous because of the quantum mechanical
nature of both the electron and the proton. It is often observed that HAT reactions do not
show significant charge redistribution because the electron and proton transfer occur
between the same donor and acceptor. In contrast, EPT reactions involve significant charge
redistribution because the electron and proton transfer occur between different donors and

acceptors.
1.3.3. Multiple Site Electron—Proton Transfer

There is another class of EPT reactions, called multiple site electron-proton transfer
(MS-EPT). It involves concerted electron-proton transfer but to different acceptors, or
electron-proton transfer occurs from different donors to a common acceptor. In a typical
MS-EPT: (i) an electron-proton donor transfers electrons and protons to spatially separated
acceptors or (ii) an electron-proton acceptor accepts electrons and protons from spatially
separated donors. An example of MS-PCET is the oxidation of (TyrOH) by
0s'"'(bpy)s3*.16170 As shown in Scheme 1.12, tyrosine forms an H-bond adduct with
HPO4> as the base. The reaction between the adduct and Os"'(bpy)s® is a concerted
electron-proton transfer. In this EPT step, electron transfer occurs to Os!"'(bpy)s®*, and

proton transfer occurs to the base, and the two acceptors are spatially separated.
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. K
TyrO-H + OPO;H? A = TyrO-H-— OPO;H>
Kx!
TyrO-H--- OPO;H? + Os(bpy);>" Os(bpy);>*, TyrO-H---OPO;H>
c 114
'/3j\ VS 5 kEPT 24 . _
Os(bpy);> ", TyrO-H—OPO;H> —— Os(bpy);~ + TyrO + HOPO3;H

Scheme 1.12. Schematic representation of the MS-PCET reaction of (TyrOH) with
OS“I(bpy)33+.

1.3.4. Mechanism of Proton-Coupled Electron Transfer

For a PCET reaction, one electron and one proton transfer can be described by
considering four diabatic electronic states represented in Figure 1.13a.17*172 The electron
and proton are located on their donors in the initial state, and on their acceptors in the final
state. The remaining two states correspond to the transferred either only the proton or the
only electron. Inside this framework, a concerted reaction corresponds to moving along
the diagonal, while a sequential reaction corresponds to moving along the rectangle edges
(Figure 1.13a). The mechanism is determined based on the relative energies and couplings
among these four diabatic states. If the off-diagonal states are much higher in energy, there
will be a concerted reaction, which is known as EPT for distinct donors and acceptors. The
concerted PCET,** 17 theory, incorporates concepts from the Marcus theory for electron
transfer,> and similar theories for proton transfer.!’* In the most simple way, the reaction
is represented in terms of the two diagonal states shown in Figure 1.13a, where the
electron is located on the donor for the reactant and the acceptor for the product. The free
energy curves of the reactant (I) and product (1) are depicted in Figure 1.13b. The energy
curves are approximately parabolic along a collective solvent coordinate for an EPT
reaction. The collective solvent coordinate refers to the reorganization of the solvent
environment associated with the charge transfer reaction. A quantum mechanical wave
function represents the transferring hydrogen nucleus. Thus, the free energy curves
correspond to electron—proton vibronic states instead of pure electronic states, as
considered in the Marcus theory. Energies of the ground proton vibrational states change
along the collective reaction coordinate, and the energies are identical at the crossing point,
as shown by the proton potential energy curves and the associated ground proton
vibrational states in Figure 1.13b. The general mechanism for a thermal PCET reaction is
such that: (i) reorganization of the surrounding environment leads to the crossing point;
(i1) a nonadiabatic transition takes place between the degenerate vibronic states of reactant

and product, corresponding to the simultaneous tunneling of the electron and proton from
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their donors to their acceptors; (iii) further reorganization of the environment stabilizes the

product.

Collective solvent coordinate

Figure 1.13. Representation of the (a) four diabatic electronic states employed in the
PCET theory; (b) free energy curves for the ground reactant (I, blue) and product (l1, red)
diabatic electron-proton vibronic states along with the collective solvent coordinate for an
EPT reaction.'’? Reprinted with permission from ref 172. Copyright © 2015, American
Chemical Society.

1.3.5. Rate Constant Expression of Proton-Coupled Electron Transfer

A series of expressions for PCET rate constants have been derived in various well-

defined limits.”® The most straightforward nonadiabatic PCET rate constant expression
iS,175

|vels,., |2 AGO,+2
KT =3y B Yy —— / (JRBT) (1.7)

where the summations are on reactant and product vibronic states, P, is the Boltzmann
probability for the reactant state 1, V®' is the electronic coupling, S, is the overlap between
the reactant and product proton vibrational wave functions for states p and v, A is the
reorganization energy, AGY,, is the reaction free energy for states u and v, and ks is
Boltzmann’s constant. In Figure 1.13Db, the reorganization energy and reaction free energy
are shown, and the overlap is illustrated at the crossing point. This overlap strongly
depends on the proton donor-acceptor distance. The overlap increases significantly for a

shorter distance, and as a result, the rate constant increases.
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1.3.6. Kinetic Isotope Effect of Proton-Coupled Electron Transfer

The kinetic isotope effect (KIE) is determined by the ratio of the hydrogen transfer
rate constant, and the deuterium transfer rate constant. KIE is proportional to the square of
the ratio of the hydrogen and deuterium overlap integrals for a given pair of vibronic states:

Isul*
KIE o (1.8)

Where Sy and Sp are the overlaps of the hydrogen and deuterium wave functions,
respectively. As the proton donor-acceptor distance increases, the overlaps (S) decrease
for both hydrogen and deuterium. However, due to its larger mass, the deuterium overlap
drops faster. Hence, the ratio of the hydrogen to deuterium overlap also increases as proton
donor-acceptor distance increases for a given pair of vibronic states. The relation between
the KIE and the proton donor-acceptor distance is not always straightforward due to
contributions from different excited vibronic states.!”®17” According to the theory, the rate
constant decreases, and the KIE often increases as the proton donor-acceptor distance

increases.
1.3.7. Proton-Coupled Electron Transfer in Various Fields
(i) Proton-Coupled Electron Transfer in Biology

PCET reactions play a crucial role in many biological processes like photosynthesis,
respiration, and enzyme reactions.!’81"® PCET reactions are often observed in many
different types of proteins. The iron-containing enzyme soybean lipoxygenase (SLO) is
experimentally found to catalyze the PCET reaction from the linoleic acid substrate to the
iron cofactor.’® Using quantum mechanical calculations, Hammes-Schiffer and co-
coworker showed that SLO catalyzes the hydrogen abstraction step of linoleic acid, and
this step occurs by a PCET mechanism (Figure 1.14a).1"> 18! |n this PCET step, the
electron transfers from the z-system of the linoleic acid substrate to the iron of the cofactor,
and the proton transfers from the C11 carbon atom of the substrate to the hydroxyl ligand
of the cofactor. A thermodynamic analysis based on the electrochemical experiment
confirms the concerted pathway of PCET. Yoshioka and co-workers investigated the
mechanism of two-electron oxidation of ubiquinol (UQH>, but modeled as hydroquinone)
by cytochrome bci complex.!82 A potential energy scan between the hydrogenssenitrogen

atom shows a favorable proton transfer to form the N-H bond from QH> to anionic Glu272,
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followed by ET. EPT mechanism is represented by the change of the position of SOMO
along the scanning pathway (Figure 1.14b). Using DFT calculation, Kaila and co-workers
proposed a mechanism of PCET reaction between nicotinamide adenine dinucleotide
(NADH) and (flavin mononucleotide) FMN site of bacterial respiratory complex .18
Using large-scale DFT and QM/MM models with atomistic molecular dynamics
simulations, they found that PCET from NADH to FMN involves a favourable exergonic
concerted hydrogen atom (H") transfer along with another ET between the aromatic ring
systems of the cofactors. Liu and co-workers also observed that oxygenation of the reduced

lumiflavin anion follows an electronically nonadiabatic PCET mechanism through H-

bond.8

Figure 1.14. (a) Schematic representation of the net hydrogen atom transfer catalyzed by
SLO with the linoleic acid substrate.!’2 (b) Change in SOMO along the N-H bond-forming
reaction path for the oxidation of hydroquinone by cytochrome bci complex in complex
I11. Rnw corresponds to the N-H distance in A 82 Reprinted with permission from ref 172.
Copyright © 2015, American Chemical Society.

(i) Proton-Coupled Electron Transfer in Organic Molecules

Phenol behaves as PCET reagents in biological systems like tyrosine and flavonoids.
Hydrogen atom abstraction reactions from a variety of phenols,'®® and flavonoids,® by
2,2 diphenyl-1-picrylhydrazyl radical (dpph") are reported. Quercetin shows HAT reaction
with dpph’ in nonpolar solvents.'® Oxidation of ascorbate occurs through EPT reaction by
nitrosobenzene, phenoxyl, or nitroxyl radicals.'®” The mechanisms of debromination of 8-
bromoguanosine (8BG) and 8-bromoxanthosine (8BA) were investigated by the reduction

of the corresponding 8-bromopurine and by DFT calculations. The neutral compounds
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8BG and the protonated form of 8BA shows favorable sequential ET-PT, whereas anionic

8BA undergoes a concerted EPT mechanism to avoid a high-energy di-anion form.8

(iii) Proton-Coupled Electron Transfer in Electrochemistry

Electrochemical measurements have been applied to the study Kinetics,
thermodynamics, and mechanism of PCET reactions. Cyclic voltammetry (CV), rotating
disk electrodes (RDEs), electrochemical impedance spectroscopy (EIS) are frequently
used to investigate PCET reactions electrochemically. Savéant, and co-workers
investigated [Os'"(bpy)2py(OH2)]>" in buffered water solutions under electrochemical
conditions.’®%1%0 From the systematic kinetic analysis of the successive oxidative cyclic
voltammetric measurement and determination of H/D isotope effect, they found that
stepwise mechanisms (ET-PT and PT-ET) prevail for PCET reactions of oxidation of
[Os"(bpy)2(py)(OH2)]?*. PCET reaction converts the osmium(l1)-aqua complex into the

osmium(l11)-hydroxo complex.
1.3.8. Excited State Proton-Coupled Electron Transfer

Excited-state proton-coupled electron transfer (ES-PCET) reactions are frequent in
several chemical, biological, and solar cell systems.*>* 191-1%4 Dye to photo-excitation, the
electronic charges become redistributed in the excited states, which often create a
significant difference in reactivity between the excited and ground states of the molecules.
ES-PCET is different from conventional PET and ESPT. In the PET process, an
electronically excited molecule (upon absorption of light), can either take up an electron
from another molecule (Reductive PET) or release an electron to another molecule
(Oxidative PET). In the ESPT process, the proton is transferred from one molecule to the
solvent (intermolecular ESPT) or from one part of a molecule to another part of the same
molecule (intramolecular ESPT or ESIPT) in the excited state. In contrast, ES-PCET
involves an electron transfer reaction with a concerted proton transfer reaction. Several
factors influence ES-PCET reactions, like local changes in molecular and solvent
structure, and changes in the local hydrogen-bonding environment. Scientists observed
both experimentally, and theoretically, the role of these factors on the kinetics and
thermodynamics of the PCET reaction in-ground and excited-states, 191192 195198 For 3
clear understanding between the thermal PCET and ES-PCET processes, Dempsey and

co-workers recently represented these reactions in a schematic manner (Scheme 1.13a).1%°
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Scheme 1.13 (a) (I) Square and (1) Cube Schemes describing thermal and excited-state
PCET Reactivity, Respectively. (b) Six Classes of ES-PCET: (A) ES H*/e” Donors, (B)
ES H/e” Acceptors, (C) ES e~ Acceptors, (D) ES e Donors, (E) ES H* Donors, and (F)
ES H* Acceptors.1®® Reprinted with permission from ref 199. Copyright © 2017, American
Chemical Society.

They also classified ES-PCET reactions into six categories. They differentiated them
based on the nature of the photoexcited reactant: (A) excited-state proton/electron donors,
(B) excited-state proton/electron acceptors, (C) excited-state electron acceptors, (D)
excited-state electron donors, (E) excited-state proton donors and (F) excited-state proton
acceptors (Scheme 1.13b). Here, the examples of ES-PCET reactions are presented in
three categories — (i) ES-PCET of organic molecules, (ii) ES-PCET of metal complexes,

and (iii) ES-PCET of biological systems.
1.3.9. Excited State Proton-Coupled Electron Transfer of Organic Molecules

In this section, first experimentally observed ES-PCET reactions of the organic
molecules are described, followed by theoretical studies on the ES-PCET in recent times.
Since | have worked on the ES-PCET of the organic molecules in my thesis, 1 am

discussing this section in little bite details.

Using femtosecond pump-probe and coherent Raman spectroscopic techniques,
Meyer and co-workers observed photochemically driven concerted electron-proton
transfer process (photo-EPT) in two H-bonded adducts- (i) 4-hydroxy-4'-nitro-biphenyl
(p-nitrophenyl-phenol) and t-butylamine base in solvent 1,2 dichloro-ethane, and (ii) 7-
hydroxy-4-(trifluoromethyl) coumarin and 1-methylimidazole base in toluene solvent
(Scheme 1.14a).2%° From the transient absorption spectra, two spectroscopic states having

different dynamical signatures were found. One state is assigned for a conventional
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excited-state proton transfer process, and the other state corresponds to an ultrafast
concerted electron-proton transfer process, i.e., ES-PCET (Scheme 1.14b). They proposed
that charge transfer occurred in a concerted manner with a proton transfer to the nitrogen
atom of the acceptor base with the newly formed H—N bond.

(a)

(b) or
%
“N— O—H-N(
H H

ICT-EPT

QO
s~

(1) Nitrophenyl-Phenol / t-Butylamine

CF,

/ Ground
State
/
7N
o ™o O—H---N\)
AQ-HmemmesiNR
(2) Hydroxy-Coumarin / Methyl Imidazole Proton Coordinate

Scheme 1.14. (a) Chemical structures of the two hydrogen-bonded adducts (1) 4-hydroxy-
4'-nitro biphenyl and t-butylamine and (2) 7-hydroxy-4-(trifluoromethyl)-coumarin and 1
methylimidazole. (b) The ICT and ICT-EPT energy-coordinate surfaces. Blue arrow
represents excitation to the ICT state and red arrow excitation to the ICT-EPT state.?®
Reprinted with permission from ref 200.

N-methyl-4, 4'-bipyridinium cation (MQ™) acts as an electron and proton acceptor.
Meyer and co-workers performed steady-state and ultrafast transient absorption
measurements on the complex of MQ™ with different phenols- tyrosine, 4-methyl phenol,
and 4-methoxy phenol. They observed a weak red-shifted absorption band at 375 nm,
which was attributed to the H-bonded complex between MQ* and phenol. Upon excitation
at this new band, they observed transient absorption bands at 360 nm, 440 nm, and 560
nm. The transient bands were designated to the absorption of radical ions, which were
proposed to occur via hydrogen bond (H-bond) aided PCET. MQ" accepts both proton and
an electron from the phenol moiety (Scheme 1.15a).2%
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Scheme 1.15. (a) Proposed PCET scheme between N-methyl-4, 4’-bipyridinium cation
(MQ™), and para-substituted phenols through H-bonding. (b) Protonation equilibrium
between the protonated (HMQ?") and deprotonated (MQ™) forms of MQ*.2°2 Reprinted
with permission from ref 202. Copyright © 2019, American Chemical Society.

However, Tyburski et al. also performed a similar set of experiments of N-methyl-
4, 4'-bipyridinium cation (MQ") with phenols but at two different pHs (2 and 8.5).2%% They
observed almost identical spectral features at both pHs. Since the pKa of MQ™ is 3.5
(Scheme 1.15b), it is expected that at low pH (pH = 2), the pyridinium nitrogen should be
protonated, and hence, it can not accept a proton from the phenol unit omitting the
possibility of PCET at this condition. Since the band positions are almost similar at both
pHs, the same excited state process may occur at both pHs. They attributed the process as
conventional charge transfer between the MQ*/methoxyphenol system in the excited state.
They also suggested that the charge transfer may be mediated by donor-acceptor
interaction. Dempsey and co-worker reported a detailed mechanistic study of the ES-PCET
reaction from the triplet excited state of acridine orange ((AO*) to tri-tert-butylphenol
(®"PhOH) in acetonitrile.?®* Biomimetic anthracene—phenol-pyridine (An—PhOH—py)
molecular triads show Marcus inverted region behavior.?®® Recently, Mayer and co-
workers reported a photoinduced activation less multiple-cite concerted proton—electron
transfer (MS-CPET) of an anthracene—phenol—pyridine triad (1H).2% They selectively
excited the anthracene portion of the triad 1H for fluorescence measurement. Time-
resolved photon-counting streak camera and uv-vis transient absorption (TA)
spectroscopic results show a fast Photoinduced intramolecular electron and proton transfer
of 1H in different directions in a single kinetic step. ET is observed from the phenol-

pyridine to the locally excited state (S1) of anthracene with simultaneous PT across the
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hydrogen bond (PhOH)OH---N(py) (Scheme 1.16a). This results in a charge-separated
state (CSS), An" —PhO"—pyH", which is characterized by transient absorption
spectroscopy. Schiffer and her group further extended this work to understand the effect
of substitutions on the pyridine and anthracene rings of the triad.2’’

Lower CT state by increasing
actron-donating strength
of PhOH

N~
LA o
”

R= OCH;, CH,, H, Br, CI, CN

1Me (R = Me)

----- gly electr

Scheme 1.16. (a) Schematic depiction of the proposed mechanism for excited state MS-
CPET in 1H.2% (b) Schematic depiction of the proposed excited state landscape along the
H-atom transfer coordinate from phenol (PhOH) to TAHz.?%® Reprinted with permission
from ref 208. Copyright © 2019, American Chemical Society.

Recently, Schlenker and co-workers investigated experimentally as well as
theoretically the intermolecular ES-PCET of 2,5,8-tris(4-methoxyphenyl)-1,3,4,6,7,9,9b-
heptaazaphenalene (TAHz) with a series of phenol (PhOH) derivatives as proton and
electron donors (Scheme 1.16b).2% From spectroscopic measurements, they observed that
quenching rate constant increases with more electron-donating substituents on PhOH
derivatives. To explain this experimental observation, they performed two dimensional
(2D) relaxed potential energy surfaces for the lowest excited singlet state along with the
H-bond coordinates of the TAHz with different PhOH derivatives. The height of the
transition-state barrier decreases with increasing electron-donating substituents on PhOH,
and it becomes completely barrier less for the most electron-donating derivative,
OCH3—PhOH. The height of the transition-state barrier (AE*) on the potential energy
surface of the S; state simply governs the feasibility of ES-PCET. Hence, they concluded
that the rate of ES-PCET between heptazine chromophores and hydroxylic compounds
could be increased by adding electron-donating groups to the hydroxylic compound. They
also synthesized and studied PCET of 2,5,8-tris(4-methoxyphenyl) 1,3,4,6,7,9,9b-
heptaazaphenalene (TAHz, a model molecular photocatalyst) to hydrogen-bonded water

molecule.2
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Hammes-Schiffer and her group mostly contribute to the theoretical frameworks of
PCET and ES-PCET. The H-bonded complex of p-nitrophenylphenol and t-butylamine
system was revisited computationally by Hammes-Schiffer and co-workers to get insights
into the nature of ES-PCET process.?*® Using time-dependent density functional theory
(TD-DFT) with long-range corrected functionals in conjunction with the polarizable
continuum model (PCM), they investigated excited state properties of the singlet excited
states of the H-bonded p-nitrophenyl-phenol-methylamine complex in 1,2-
dichloroethane. They computed the 2D relaxed potential energy surfaces of the same
singlet excited states. They found that at the Franck—Condon geometry, the S; state is mn*
state in nature, and the S; state is nmt* type state. The nn* state has charge transfer character
having a change in electronic density on the amine and the minimum-energy structure on
the potential energy surfaces corresponding to the proton bonded to the nitrogen acceptor,
i.e., consistent with proton transfer. Whereas the nn* state has little charge-transfer
character, and no proton transfer occurred. Therefore, they denoted the nn* state as the
ICT-EPT state, and the n* is mentioned as ICT state as in the experimental analysis.?%
Furthermore, they studied the same system to investigate the role of solvent dynamics
following photoexcitation to the EPT state using on-the-fly surface hopping nonadiabatic
dynamics simulation.?!*?*2 They treated the hydrogen-bonded complex surrounded by
explicit solvent molecules within a quantum mechanical/molecular mechanical approach
(QM/MM) framework. Simulation studies show proton transfer (PT) upon photoexcitation
to the EPT state. Subsequent analysis of these simulations reveals the role of the solvent
dynamics in facilitating PT in the EPT state. It also shows the relaxation pathway from the
EPT state to the ground state. Kaila and co-workers theoretically investigated ground state
proton transfer (PT) and photoinduced proton-coupled electron transfer (ES-PCET)
between the H-bonded complex p-nitrophenyl-phenol and t-butylamine in 1,2-
dichloroethane, which was earlier studied experimentally.?® Their investigating system
was also close to the previously described work of Hammes-Schiffer.?% Here, they used
t-butylamine in place of methylamine to understand the substitution effect on the transition
barriers of PT and PCET.?*® Using TD-DFT and algebraic diagrammatic-construction
through second-order ADC(2), the obtained potential energy surfaces show a favourable
ground state PT and excited state PCET processes in the studied complex. They also used
a kinetic Brgnsted analysis to distinguish between an excited state PCET and a ground
state PT. Recently, Chu and co-workers studied ES-PCET reaction on the benzimidazole

phenolic derivatives with proper electron/proton donating and withdrawing functional
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groups using DFT and TD-DFT methods.?!* Analysing the optimized geometries, charge
distributions, and the potential energy surface of the proton transfer in the S; state, and
they noticed that electron-driven two protons transfer in a stepwise manner is more
favourable compared to the common electron-driven single-proton transfer process. It is
due to the smaller transition energy barrier for the former one. This lower energy barrier
and the longer proton-transfer distance are beneficial in producing solar fuels more

efficiently.
1.3.10. Excited State Proton-Coupled Electron Transfer of Metal Complexes

Early studies of excited-state PCET employed amidinium-carboxylate salt bridges
between Ru(bpy)s 2* (bpy = 2,2-bipyridine) complexes and electron donors/acceptors.®?
There are numerous examples of ES-PCET in metal complexes.**® 215 Wenger and co-
workers studied ES-PCET reaction between cationic iridium complex with a 2,2'-
biimidazole ligand and 3,5-dinitrobenzoate in CH2Cl.2%® This Ir(111) metal complex forms
1:1 hydrogen-bonded between the imidazole N-H functions and the carboxylate group of
dinitrobenzoate. From the analysis of the luminescence spectra, they found that upon
photoexcitation, the proton density of the N atoms of biimidazole is shifted to the O atoms
of carboxylate. Hence, they considered this process as ES-PCET (Scheme 1.17a).
Similarly, [(bpy)2Ru(phen(OH)2]?* (where phen(OH). is 1,10-phenanthroline-5,6-diol)
complex has a deprotonatable OH groups. When the photoexcited metal complex reacts
with N-methyl bipyridinium (MQ"), it shows ES-PCET reaction (Scheme 1.17b).1%
Moreover, in this reaction, the products can be easily detected by the transient absorption
spectra of MQ, which has a great advantage for ES-PCET case. Recently, Schmehl and
co-workers also worked with N-methyl-4,4'-bipyridinium and observed sequential
excited-state electron and proton transfer from [(bpy)zRu(4,4'-dhbpy)]?* (where 4,4'-
dhbpy = 4,4'-dihydroxy-2,2"-bipyridine, [Ru(I1)-OH]?*) complex to MQ* (N-methyl-4,4'-
bipyridinium) in an aprotic solvent (CH3CN) using transient absorption spectroscopy in
the visible region.?*’ 1,4-benzoquinone is also known as the electron and proton acceptor
in ES-PCET reaction. Kumbhar and co-workers reported the existence of both ES-PCET
and simple PET processes between donor ruthenium (1) imidazole phenanthroline (ipH)
complex [Ru(bpy)2ipH]>* and acceptor 1,4-benzoquinone in buffered 1:1 (v:v)
CH3sCN:H20 solution.?'® From their transient absorption spectroscopy results, the band
around 420-430 nm in the spectra suggests the presence of both 1,4-benzoquinone radical

anion as well as the 1,4-benzosemiquinone radical in the studied donor-acceptor system.
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In the above examples, the metal complexes act as both proton and electron donor. Meyer
and co-workers studied metal complex [Ru(bpy)2(bpz)]** in the presence of both proton
and electron donor 1,4-hydroquinone. Using transient absorption and EPR spectroscopy,
they observed ES-PCET from 1,4-hydroquinone to metal complex after photoexcitation.
This ES-PCET results reduced and protonated metal complex in addition to semiquinone
(Scheme 1.17¢).219-220

(a) EY

N N H N = @
- N N - 0 /"R:u"‘ g):o H N\) L)/Q

H,Q " [Ru(bpy)(bp2)]’*

Me-bpy”

Scheme 1.17. Sketch of the photoinduced electron transfer (ET) and proton transfer (PT)
processes- (a) Ir(111) complex with dinitrobenzoate, (b) [(bpy)2Ru(phen(OH)2]?* with N-
methylbipyridinium and (c) [Ru(bpy)2(bpz)]** with 1,4-hydroquinone.?*® Reprinted with
permission from ref 215. Copyright © 2019, American Chemical Society.

Hammarstrom and co-workers investigated ES-PCET of a fac-[(CO)sRe'(bpy)(4,4'-
bpy)]” (bpy = 2,2"-bipyridine and 4,4"-bpy = 4,4'-bipyridine) with a series of substituted
phenols with different pKa and E° values.?? Interestingly, they observed that metal to
ligand charge transfer (MLCT) transition occurs at first, and Re' becomes *Re' and an ET
from a hydrogen-bonded phenol to *Re!" occurs with a concerted PT from the phenol to
the pyridine. In this work, they also determined and compared the ground and excited state
association constants (Ka and Ka), and PCET rate constant (kecer) of these metal
complex— substituted phenol assemblies. Interestingly, they found that neither ground
state Ka nor excited-state Ka" showed any significant variation within the series of phenols,

and there was also no significant difference between experiments in H.O and D20.
1.3.11. Excited State Proton-Coupled Electron Transfer of Biological Complexes

Very recently, Hammes-Schiffer and co-workers investigated the photocycle of the
SIr1694 blue light using flavin (BLUF) photoreceptor.??? It is a photoactive protein
essential to various light-activated biological responses in some bacteria and algae. In their
two-dimensional excited-state potential energy surface scan of double proton-transfer,
they included the protein and solvent environment with electrostatic embedding.??® They

observed an energetically unfavourable double proton-transfer-reaction in the ground state
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and locally excited state. But, it interestingly becomes a favourable double proton-transfer
in the charge-transfer (CT) state, which is generated due to electron transfer from Tyr8 to
the flavin after photoexcitation of flavin. This observation indicates a favourable excited-
state proton-transfer after an electron transfer process. Hence this reaction is sequentially
ET-PT type. The double proton-transfer-reaction also follows a sequential pathway from
Tyr8 via GIn50 to the Flavin (Scheme 1.18). Furthermore, they found that both the
transition barriers significantly depend on the proton donor-acceptor distance as well as
the protein environment.?2>22* Recently, using transient absorption spectroscopy
measurement Essen and co-workers reported a very fast ES-PCET from tyrosine to

tryptophan in animal-like cryptochrome of Chlamydomonas reinhardtii.??®

Tyr8

Scheme 1.18. Schematic of the steps of the photocycle of the BLUF SIr1694
photoreceptor.??* Reprinted with permission from ref 224. Copyright © 2019, American
Chemical Society.

1.4. Aim and Scope of the Present Work

The primary aim of the present work is to elucidate the role of the excited state H-
bond in the photophysical processes like electron transfer (PET), excited-state proton
transfer (ESPT), and proton-coupled electron transfer (PECT), etc. In this thesis, we have
investigated some simple but interesting hydrogen-bonded complexes and their
photophysical processes like PET, ESPT, and PCET.

H-bonded C102-phenol complex is a long-debated system between the experimental
and theoretical groups. Our group experimentally observed that the fluorescence intensity
of C102 was quenched drastically in the presence of phenol in a non-interacting solvent
cyclohexane. The fluorescence intensity is first quenched gradually up to a particular mole

fraction (XpH = 0.013) of phenol, but after that increases with further increases in the mole
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fraction. Hence, here molecular dynamics (MD) simulation was employed to unveil the
exact H-bonding configuration of C102 of an experimental system at different mole
fractions of the phenol-cyclohexane mixture. Our results assist in understanding the
unusual fluorescence modulation of C102 observed in the binary mixture in the previous
experimental study. Furthermore, time-dependent density functional theory (TD-DFT)
reveals the possibility of PCET as an alternative mechanism for the experimentally

observed fluorescence quenching of the H-bonded C102-phenol complex.

Similarly, methylbipyridine/methoxyphenol complex is another interesting H-
bonded system, which shows quite controversial spectroscopic signatures, which may be
due to conventional PET or PCET. Hence, we were interested to understand the actual

nature of the excited-state process.

In this work, we were interested in studying the modulation of the ESPT process of
the photoacids due to inclusion inside the hydrophobic cavity. The fluorescence
modulation of three photoacids (2-naphthol, 6-sulfonate-2-naphthol, and 6-cyano-2-
naphthol) was investigated inside the nanocavity of B-cyclodextrin. The photoacid
derivatives differ by the substitution at the 6-position and have remarkably different
excited-state acidities (pKa). Finally, we observed very different pKa shift and
fluorescence modulation of the strong photoacid 6-cyano-2-naphthol inside o-

cyclodextrin vs. B-cyclodextrin.
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Chapter 2: Theoretical and Experimental Methods

In the present chapter, we have discussed theoretical methodologies such as density
functional theory (DFT), time-dependent density functional theory (TD-DFT) and
molecular dynamic (MD) simulation that have been used in our studies. We have presented
a brief description of several instrumentations including absorption spectrophotometry,
steady-state fluorescence spectrophotometry, time-correlated single photon counting
(TCSPC), and isothermal titration calorimetry (ITC), which have been used for completing
the works described in this thesis. Chemicals used, sample preparation procedures and pKa,

pKa" calculations have been also included.
Theoretical Methods

The calculation of the ground and excited electronic states of molecular systems are
the most popular application of theoretical ab-initio quantum chemistry. Molecular
properties such as molecular structures, vibrational frequencies, ionization energies,
electronic and magnetic properties, potential energy surfaces of the electronic states, etc.

are computationally calculated based on quantum mechanical theory.
2.1. Density Functional Theory (DFT)

Similar to ab-initio and semi-empirical methods, density functional theory (DFT) is
another computational chemistry tool and also based on Schrédinger’s equation. However,
unlike both approaches, it does not derive conventional wave function; instead, it directly
derives from electron density distribution to calculate physical properties. Density
functional theory is based on the electron density, which is a function of three spatial
parameters (X, Y, and Z), no matter how big the molecule is. In comparison, the wave
function of a molecule containing n number of electrons is a function of 4n (three spatial
and one spin coordinate) variables. Due to reasonable accuracy and less computational
cost of DFT, considerable interest in modern computational chemistry has been gained in
recent years. DFT presently the most successful and the most promising approach to

compute the electronic structure of the molecule.??
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2.1.1. Electron Density

Electron probability density function or simply electron density denoted as p(x, y,
z), is extracted from the electronic wave function. It is a function of only three variables
(X, Y, z), while an N-electron wave function depends on 4N variables, i.e., three spacial
and one spin coordinates of each electron. The single-particle probability density

corresponding to a normalized ground-state N electron wave function is given by,

p(r) = N [P, 1e e e e e, T PA3Ty e d3ry (2.1)

Electron density p(r) have some specific properties mentioned below, which makes it a
useful physical observable for the prediction of energy and other properties instead of

complicated N-electron wave function.

Integrated overall space it gives the total number of electrons N, i.e.,

[pGr)dr =N (2.2)

Earlier Fermi-Dirac statistics, the Thomas-Fermi model, were used to calculate molecular
properties from electron density.??” However, all produce inadequate results, as a

consequence, presently Kohn-Sham method is used in modern computations.??
2.1.2. The Hohenberg-Kohn Theorems and The Kohn-Sham Approach

Two important theorems were published by Hohenberg and Kohn which formed the

platform of the modern Kohn-Sham (KS) approach.?28-229

Q) The Hohenberg-Kohn existence theorem says that the ground-state electron
density function can determine all the properties of a molecule in a ground
electronic state.

(i)  The Hohenberg-Kohn variational theorem states that any trial electron density
function will give energy higher than or equal to the actual ground-state energy,
which is only valid for the exact functional.

The Hohenberg-Kohn theory is valid for both interacting and non-interacting
electrons. The realization by Kohn and Sham is that a system of non-interacting electrons
can be taken as a reference that has their ground state density the same as that of the real

system made the major breakthrough. The non-interacting part can be easily treated, which

52
TH-2442_156122043



Chapter 2

constitutes a significant portion of the electronic energy, and a relatively small portion is

associated with the interacting part that can be determined by a density functional.

The ground-state energy of a real molecule is
Ey = Ts[po]l — XaZa f@dﬁ + % ffwdﬁdrz + Exclpol (2.3)
1A 12

Where the terms on the right hand side of equation 2.3, indicate the kinetic energy of the
noninteracting electrons, the nuclear-electron interaction, the classical electron-electron

repulsion, and the exchange-correlation energy, respectively.
2.1.3. Approximate Exchange-Correlation Functionals

The exact functionals for the exchange and correlation are unknown and, therefore,
many approximations are employed to calculate the Exchange-Correlation Functionals
(Exc). In the local-density approximation (LDA), at each point r in space, the Exc(r) is
approximated as that of a homogeneous electron liquid of density p(r), and it is computed
exclusively from the value of p(r). The LDA functional, which includes electron spin, is
called the local spin-density approximation (LSDA) functional. As the electron density is
far from the spatially uniform model in a molecular system, the functional is further
improved by including the first derivative or the gradient in addition to the p(r), called
generalized gradient approximations (GGA). In the meta-GGA functionals, in addition to
the spin densities and their gradients, additional terms, such as Laplacians of the spin
density, are also included to construct the functional. Nowadays, the most popular
functionals are hybrid functionals, which are constructed by mixing a fraction of the exact
exchange energy functional to the LDA/LSDA or GGA functional. A hybrid functional

can be written as,

Ege’"'! = aEgt + (1 — )ERFT + ERFT (2.4)

Where E*t is the nonlocal HF exchange energy, ‘a’ is the percentage of HF exchange
in the hybrid functional, ER¥Tis the local DFT exchange energy, and EQFT is the local DFT

correlation energy.

The Becke’s three-parameter Lee—Yang—Parr (B3LYP) exchange-correlation

functional,*° is a well-known hybrid functional, and it can be expressed as
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EB3LYP = 0.80EXSPA + 0.20EXt + 0.72EB®8 + 0.81EEYP + 0.19ELSPA (2.5)
The PBE0?%12% functional is given by
Exc ™ = 0.25E*" + 0.75E3"" + E¢°" (2.6)

Where EXBE and EEBE are the Perdew-Burke-Ernzerhof exchange and correlation

functionals, respectively.
MO06-2X,2® is a hybrid meta-GGA functional, written as
ExC®?X = 0.54EZ**" + 0.46Ey'*° + E¢'*° (2.7)

The exchange (EX'°®) and correlation (EM°®) functionals are the same as for M05 and MO6,

respectively.
2.1.4. CAM-B3LYP Functional

Although DFT functionals are successful for several applications, these are still
unsuccessful in many important applications, such as the polarizability of long chains,
excitations using TDDFT for Rydberg states, and most crucial charge transfer (CT)
excitations.242% This problem is overcome to a large extent by the long-range (LR)
scheme,?3* where the electron repulsion operator 1/r1, splits into short-range and long-
range parts by using the error function (erf). In consequence, the correct asymptotic ri, —
o behaviour is retained, where the Coulomb and exchange potentials cancel each other.
The equation is

1 _ 1-erf(urip) n erf(priz) (2.8)

T12 T12 T12

Where 1 is a range separating parameter, while the first term of this equation accounts for
the short-range, the second term accounts for the long-range part. For the exchange energy
term, the short-range and long-range parts are treated by the DFT and exact HF exchange,

respectively. However, the electron correlation term is the same as the DFT functional.

Yanai et al.?%® have modified equation 2.8 by introducing two additional parameters

(o and B) in the equation as,

1 _ 1-[a+per f(ury,)] + a+pferf(uryy) (2 9)

T12 T12 T12
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Where 0 <a+p<1,0<a<1,0<B<1.Theterms o and a + B represent the HF-exchange
in short- and long-range limits, respectively. This Coulomb-attenuating method (CAM)
with three parameters is more flexible than the LR-method. In the case of CAM-B3LYP
functional,?® the standard a, B, and p parameters are 0.19, 0.46, and 0.33, respectively.

2.1.5. DFT with London Dispersion Corrections

Conventional DFT functionals which do not contain the physics of dispersion
interactions often fail in cases where the dispersion interaction plays a vital role, such as
in the case of determination of the geometries and thermodynamic properties of
systems.2%5-23" Qut of various methods developed to incorporate the dispersion interaction,
Grimme’s DFT-D methods are well established, and at present, the DFT-D3 method is the
most successful one. The addition of a small dispersion correction term significantly
improves the accuracy at the expense of a low computational cost. The wave function does
not change with the addition of this correction term, and thus other molecular properties
are unaffected. However, as the dispersion correction alters the force acting on the atoms,
optimizations with DFT and DFT-D3 levels lead to different geometries. The dispersion

corrected total energy is given by
Eprr—p3 = Eppr + Edisp (2.10)

Where Eppr is the energy obtained by the original DFT functional, and Eg;, is the

dispersion energy.
2.1.6. Basis Set

A basis set in quantum chemistry is a set of mathematical functions which are
combined in linear combinations to create molecular orbitals. These functions are typically
atomic orbitals centered on atoms, and the calculations are usually performed using a finite
set of basis functions. The approximation of molecular orbitals in linear combinations of

basis functions is known as the linear combination of atomic orbitals (LCAO).
2.1.7. Solvent Model

Electronic absorption and emission spectra usually exhibit a marked solvent
dependence. A common approach to incorporate these solvent effects in quantum chemical
calculations is the use of self-consistent reaction-field (SCRF) continuum models where

the explicit solvent structure is not considered. However, its main advantage is that the
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solute’s electronic structure can be treated quantitatively, and polarization effects are
evaluated. The use of DFT within the continuum models for solvation is an efficient way

to consider solvent effects.
2.2. Time-Dependent Density Functional Theory

Hohenberg-Kohn density functional theory (DFT) is one of the most popular method
and is strictly limited to ground states only, which excludes its usage in photochemistry.
Several routes have been followed to extend the conventional DFT to excited states, among
which time-dependent density functional theory is the most popular method to treat excited
states.?%8-240 Time-dependent DFT (TDDFT) is an extension of DFT. It is used to determine
the properties and dynamics of many-body systems in the presence of time-dependent
potential. The Time-Dependent Schrodinger Equation explain the time evolution of a
many-body state W(t), starting from an initial state W(t,) in the presence of an external
time-dependent potential V (7, t),

REW(ry, e,y ) = (T4 V() + WP, o, i, ) (2.11)

Where T and W kinetic energy operator and electron-electron interaction, respectively.

h2v?
T=3,— — (2.12)
V() = SV (3,0 (213)
w=21yw e’ (2.14)

2 Jk.j#k |T'j—Tk|

Runge-Gross theorem,?*! is the foundation of the TDDFT, and it conveys an
important message which states that, for all many-body systems evolving from a fixed
initial state, a one-to-one mapping exists between the external time-dependent potential

V(r,t), and the time-dependent density p(r, t).

¥y
p(r,t) & V(r,t) (2.15)

For a given initial-state ¥, the time-evolving one-body density p(r, t) tells everything

about the time-evolving interacting electronic system, exactly.
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Like DFT, the time-dependent KS (TDKS) equation is also developed by replacing

the interacting system with a fictitious non-interacting system.

Let us assume that at t < to, the time-dependent potential is zero and the system is in its
ground-state density, p, (7). At to, a small time-dependent perturbation, v, (r, t), is turned

on, which induces a change in the density, and it can be written as,

,0(7”, t) - pO(r) = P1(r’ t) + Pz(r' t) + p3(7', t) + - (216)

Here, p,(r, t) is the linear response, p,(r, t) is the second-order response, etc. For weak
perturbation, only the linear term can be considered, while ignoring higher-order terms.

The first-order term is given by

p1(r,t) = [dt' [d3r'x(r, t,r', t v (7', t) (2.17)

Where y is the linear density-density response function of the system and v is the small
time-dependent perturbation. According to the TDKS framework, we can calculate the
linear change in density using the fictitious non-interacting system by the following

equation,

p1(r,t) = [dt' [d3r xs(r, t, 7, t v (7', t") (2.18)

Where y, is the density-density response function for the non-interacting KS electrons and
the term vy, (, t) is the linear change of the effective potential, vs(r,t), of the time-

dependent KS system, and it can be explicitly written as,

vt [p](r,8) = v, (r, 1) + [ d®r "’1“ D 4 vyer (1, 1) (2.19)

-7/
Where vi(r, t) is the external perturbation, the next term is the linearized time-dependent
Hartree potential. The last term is the linearized XC potential, and it can be expressed as,

4 16
vkea (r,0) = [t [ dr' BEEBED p, (1) (2.20)

Methods used in the thesis

Chapter 3. We optimized the structures of C102, phenol, and 1:2 C102-(phenol):
complexes by DFT method using the B3LYP and CAM-B3LYP functionals,?3* 3 and 6-
31G(d,p) basis set,?*? using GAUSSIAN 09 package.?*® Basis set 6-31G(d,p) is used as it

is computationally inexpensive and produce moderately accurate result. The geometry
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optimization in specific excited states was performed by TD-DFT calculations employing
two hybrid functionals B3LYP and CAM-B3LYP. During optimisation process, the
energy gradient value of 3*10** is used to achieve convergence. We started from more than
one initial structure to demonstrate that we arrive at the same convergence structures. The
absence of imaginary vibration frequencies verified the stability and correctness of the
optimized structures. Calculations were performed both in the vacuum and in the solvent
(cyclohexane) phase. The polarizable continuum model using the integral equation
formalism (IEFPCM) was used as solvent model.?** All the calculations are performed at
a temperature of 300 K.

Chapter 4. In the ground state, the geometry configurations were fully optimized based on
DFT while we applied TD-DFT for excited state optimizations in Gaussian 09 program.?*
All optimizations, frequency calculations, and relaxed scan were performed by using
Coulomb-attenuated functional CAM-B3LYP.23423 For comparison, we also used another
hybrid exchange-correlation functional PBEOQ,?*! and the hybrid Minnesota functionals
MO06-2X.2* Triple zeta basis set 6-311G++(d,p) was used for all the calculations.?*
Polarizable continuum model (PCM) using the integral equation formalism variant
(IEFPCM).2** The potential energy surfaces of the S and S; states were calculated without
any restriction on other coordinates. Electrostatic potential (ESP) charges for the ground
state and excited state were calculated using Merz-Singh-Kollman (MK) method.?*® All
the calculations are performed at a temperature of 300 K.

Chapter 5. Ground state geometry of all the compounds and their complex (either in H-
bonded or n-n stacking configurations) were fully optimized without any constraints using
density functional theory (DFT). We applied time-dependent density functional theory
(TD-DFT) for excited state optimizations using the Gaussian 09 program.?® All
optimizations, frequency calculations, charge population analysis, absorption spectra, and
relaxed scan were performed by using Coulomb-attenuated functional CAM-B3LYP.23+
235 For comparison, we also used another well-known hybrid Minnesota functionals M06-
2X.1 All the quantum chemical calculations were reported by using a triple zeta basis set
6-311G++(d,p).2*> We also used another triple zeta basis set TZVP in some cases to check
the consistency.?*® Grimme's D3 dispersion correction was included in all the
calculations.?*” Solute electron density (SMD) continuum solvent model was incorporated
with solvent water to account for the solvent effect.?*® The potential energy surfaces of the

So and S; states were calculated without any restriction on the other coordinates.
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Electrostatic potential (ESP) charges for the ground state, and excited-state were calculated
using Merz-Singh-Kollman (MK) method.?*> All the calculations are performed at a

temperature of 300 K.
2.3. Classical Molecular Dynamics Simulation

In this thesis, the classical MD simulation technique has been used. It has been
widely used to investigate the structure and dynamics over a period of time of bio-
molecular systems, such as proteins, nucleic acids, macromolecules, and small molecules
like amino acids, sugars, and drugs. In MD simulation, the potential energy function (U)
is described by all interactions between the atoms that are covalently bonded as well as
non-bonded interactions between atoms and molecules in the condensed phase. The so-

called force field parameterization governs the interactions between particles.?*

The potential energy function is written as a sum of bonded and non-bonded

interaction terms
U= Ubond + Uangle + Udihedral + Uvdw + Ucoulomb (2-21)

The first three terms (Upona, Uangier Uainearar) @reé the bonded terms, which describe the
bond stretching, angle bending, and torsion rotation, and the last two terms are for the non-
bonded potential. In bonded terms, the bond and angle contributions are described by
harmonic potentials, and all of the interactions between directly bonded atoms (1-2
interactions), angles (1-3 interactions, where two atoms bonded to a common atom), and

torsion (interactions between pairs of 1-4 atoms) are defined as:

Upona = Zbonds Ky (bge — beq)2 (2-22)
Uangle = Zangles KB (eac iy eeq)z (2-23)
Vn
Udinedral = Xdinedrais~ (1 + cos(ng — 8)) (2.24)

The letters b, 6, ¢, and o represents the bond length, bond angle, dihedral angle, and phase
angle, respectively. The subscripts ‘ac’ stands for actual, and ‘eq ’ stands for equilibrium.
The parameters Kby, Ky, and V, are the force constants for the bond, bond angle, and

dihedral angle, respectively.
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The non-bonded potentials are calculated using two terms. The first one is the
Lennard-Jones term (U,4,,),2>° describing the van der Waals interaction, and the second
one is the Coulomb term (Ugouioms), 2" that deals with the electrostatic interactions

between particles having partial charges on them. The non-bonding interaction terms are

defined as:
5o\ 12 5\ 6
Upaw = Xi Di<j 4€ij I (T_:> - (TZ) l (2.25)
Ucoutomp = 2ii Zi<j[47j;:liij] (2.26)

Where the overall sum is over all the atom pairs i and j. Lennard-Jones parameters ¢ and
e are the diameter of atomic sites and well depth energy, respectively. rjj is the inter-atomic
distance. gi and g; are the partial charges on interaction sites i and j and €, is the electrical

permittivity.

The MD simulation aims to observe the evolution of atomic coordinates in time. We

consider an N-particle system characterized by the following Hamiltonian
2
H=3L 2t + U™ (2.27)

where m is the mass of each particle, p; is the momentum of the i-th particle, and U(r") is
the total potential energy of the system, which includes all the particle-particle interactions.
The coordinates of the particles are denoted by rN = {ry, r....... , I'n}. The position and

velocity of i-th particle are represented by ri and vi, respectively.
The method of molecular dynamics consists of solving the equations of motion,

a; == (2.28)

Where i =1, 2,.....N, mj is the mass of i-th particle and F; is the force acting on particle i.

This equation is easily obtained from the Lagrangian,
1 1
L= ;Z]iv=1 m;vi.vi — 3 i=1 Z?’iiu(rij) (2.29)

Where the potential U has been assumed to be the sum of pair potentials uj. The

Lagrangian equation of motion is,
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w ()57 =0 (2.30)

It is clear from Eq. 2.30 that the dynamics of particles is described by the 3N number of

second-order differential equations.

It is also possible to write down the Hamiltonian (H) for the system and solve the

Hamiltonian equation,

. oH
U =5, (2.31)
. oH

P = ~ g (2.32)

Where g, and p, represent generalized coordinates and momenta. For a system with

pairwise interaction potential, the Hamiltonian is

1 1
H = 2 §V=1 m;v;.vi + Ezliv=1 ?,;ti U(Tij) (233)

And Egs. 2.31 And 2.32 yield,

ar; i
= :T (2.34)

Where i=1, 2.... N. There are now 6N first-order differential equations to be solved.

The equation of motion is solved numerically to yield particle velocities and
positions as a function of time. It is usually integrated by using a finite difference approach.
The Verlet algorithm is one of the most commonly used algorithm for this purpose.?®
Although it has the disadvantage of moderate precision during the calculation. As an
improvement to the Verlet algorithm, the leap-frog algorithm has been developed.?* But,
it also has a disadvantage that the positions and velocities are not synchronized. As an
alternative of Verlet or the leapfrog algorithm, the Velocity Verlet algorithm,?* has been
developed, and the following relations are used to calculate new position and velocity at

the same time,

r(t+dt) = r(t) + v(t)dt + %a(t)dtz (2.36)
v(t +dt) = v(t) + % [a(t) + a(t + db)]dt (2.37)
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Methods used in the thesis

Chapter 3. To obtain the initial structures of the molecules, the electronically ground-state
structures of C102, phenol, and cyclohexane were optimized using B3LYP/6-31G(d,p)
level of theory in Gaussian 03W.%> The partial charges on these structures were
determined from population analysis of Merz—Singh—Kollman,?*® using HF/6-31G level
followed by restrained electrostatic potential (RESP) charge fitting.?>® In a cubic box of
dimension 40 A x 40 A x 40 A, the initial structures were prepared by placing one
coumarin (C102) molecule at the center while packing other solvent molecules (phenol
and cyclohexane) randomly using the Packmol package.®’ The minimum tolerance
between two units was set to be >2 A. The simulation was performed in the AMBER12
program suit,?®® using generalized amber force field (GAFF),?® parameters for C102,
phenol, and cyclohexane. The GAFF force field has been proven satisfactory to reproduce
the physical properties of common organic molecules, including phenol and
cyclohexane.?®® To avoid bad Van der Waals contacts on the initial structures or
unexpected coordinate collisions, energy minimization was performed for 5000 steps with
the first 2000 steps in the steepest-descent manner followed by 3000 steps in the conjugate
gradient method. Subsequently, each system was heated slowly up to 300 K within a period
of 24 ps using the canonical (NVT) ensemble and keeping weak restraints (force constant=
1.0 kcal mol™* A?) overall atoms. A Langevin thermostat with a collision frequency of 2
pst was used for temperature regulation. The systems were subsequently equilibrated in
an isothermal-isobaric (NPT) ensemble without any restraint for 1 ns at atmospheric
pressure. Finally, 15 ns production run was carried out in NPT ensemble at 1 atm pressure.
To maintain the pressure, Berendsen barostat,?! was used with a pressure relaxation time
of 2 ps. The SHAKE algorithm was used to constrain bonds and angles involving hydrogen
atoms.?8? A cut-off distance of 10 A was applied for all non-bonding interactions and the
long-range electrostatic interactions were treated using the particle mesh Ewald (PME),?%
summation method with periodic boundary conditions. Snapshots were saved after every
1 ps. The post-analysis of the simulation trajectories was carried out in the ptraj and cpptraj
module of AMBER12, considering 15000 frames. The energy and density of the system
remained consistent over the entire production run, ensuring the stability of the system
(see Appendix, Figure A.3.1, and A.3.2). The compositions of the mixtures used for

simulation are given in Table 2.1.
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Table 2.1. The composition of simulation boxes at different mole fractions of phenol

(Xpheno).

Xphenol Nphenol Ncyclohexane Ncio2 Total

0.005 2 398 1 401
0.01 4 396 1 401
0.02 8 392 1 401
0.05 20 380 1 401
0.1 40 360 1 401
0.2 80 320 1 401
0.3 120 280 1 401
0.4 160 240 1 401

Chapter 6. MD simulations were performed using the AMBER12 software package.?®
The initial structure of B-CD was collected from CCDC (ref no: 1107195).2%* The
structures of 20H, 6S0O3-20H, and 6CN-20H were optimized in their electronic ground
states using the HF/6-31G(d,p) in the Gaussian 03W.?*® The partial charge on these
structures was calculated from the population analysis of the Merz-Singh-Kollman
method,?*® using the HF/6-31G(d,p) followed by restrained electrostatic potential charge
fitting (RESP).?® The inclusion complexes were prepared by placing the photoacids near
the center of the B-CD cavity. However, two different configurations may arise for each
of the host-guest complexes— “up” and “down" (See chapter 6, Figure 6.4). In the “up”
and “down” configurations, —OH group of the photoacids points towards the wide
(containing secondary hydroxyl groups) and narrow rims (containing primary hydroxyl
groups) of B-CD, respectively (see chapter 6, Scheme 6.1). The detailed composition of
all the computed systems is given in Table 2.2. The carbohydrate force field
GLYCAMOG6h was used for p-CD.?®® The force field parameters of the photoacids were
generated using the General Amber Force Field (GAFF),®° within the
ANTECHAMBER,?% module of AMBER12. A water cube of 13 A thicknesses with
TIP3P (three-point transferable intermolecular potential),?%” water model was included to
solvate the system. For non-bonded interaction, the cutoff radius was set to 10 A. The
particle mesh Ewald (PME),?®® summation method with periodic boundary conditions

(PBC) was used for long-range electrostatic interactions. SHAKE algorithm,?®? was
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applied for constraining the covalent bonds involving hydrogen atoms. We performed
three different types of energy minimization processes. In the 1 minimization process
(5000 steps), we put a restraint on both the host and guest. Then, for the second
minimization (5000 steps), restrain on the guest molecule was relieved. The final
minimization was performed for 5000 steps, with the first 2000 steps in a steepest-descent
manner without any restraint. Next, the system was slowly allowed to heat up to 300 K in
12 ps duration using the NVT ensemble with keeping a restraint of 10 kcal mol™* A for
both the host and guest molecule. The system was subsequently equilibrated with NPT
ensemble (P = 1 atm) for 4 ns without any restraint. Finally, we carried out a 20 ns
production run with the same NPT ensemble. Langevin thermostat,?®® and Berendsen
barostat,?! were applied to control the temperature and pressure, respectively. Snapshots
were saved after every 1 ps. For better comparison, we also performed separate MD
simulations of the B-CD and the photoacids individually in only water using a similar
protocol. Post-analysis of the simulation trajectories was carried out in the ptraj and cpptraj
modules of AMBER 12. Visual molecular dynamics (VMD) software?®® was used for
visualization of the trajectories and also occasionally used for some analysis. The energy
and density of the computed system remained consistent over the entire production run,

ensuring the stability of the system.

Table 2.2. The number of different species taken for MD simulation of the photoacid:3-
cyclodextrin complexes.

Complex | Type B-CD Photoacid | Counter Water Box
ions molecule volume
(nm?)
20H:B- up 1 1 0 2212 68.18
CD down 1 1 0 2212 68.18
6S0s- up 1 1 1 2215 68.56
20H:B-
cD down 1 1 1 2215 68.36
6CN- up 1 1 0 2211 68.51
20H:B- Fdown 1 1 0 2212 68.51
CD
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Chapter 7. The AMBER12 software package was used to perform MD simulations.?® The
initial structure of a-CD was taken from CCDC (ref no: 125105).27° The structure of 6CN-
20H was optimized in their electronic ground state using the HF/6-31G(d,p) in the
Gaussian 03 program.?® The partial charge on this structure was calculated from the
population analysis of the Merz-Singh-Kollman method,?* using the HF/6-31G(d,p)
followed by restrained electrostatic potential charge fitting (RESP).?® A capsule-like
initial structure of the 1:2 inclusion complex was prepared by taking one 6CN-20H
molecule and two a-CD moieties at two ends. However, due to the asymmetric shape of
the CD cavity, containing a narrow and a wide rim, three distinct combinations (defined
as Type 1-3) are possible (see appendix, Figure A.7.5). In the ‘Type 1’ configuration (W-
N), wider rime (containing secondary hydroxyl groups) of one a-CD faces the narrower
rim (containing primary hydroxyl groups) of the other a-CD. For ‘Type 2’ configuration
(N-N), narrower rims of both the a-CDs face each other. For ‘Type 3’ configuration (W-
W), two wider rims of a-CD remain face to face each other. The carbohydrate force field
GLYCAMOG6h was used for a-CD.?®® The force field parameters of the organic photoacid
(6CN-20H) were generated using the General Amber Force Field (GAFF)?® with the
ANTECHAMBER?%® module of AMBER12. A water cube of 14 A thicknesses with TIP3P
(three point transferable intermolecular potential),?®” water model was included to solvate
the system. The detailed composition of all the computed systems is given in Table 2.3.
For non-bonded interaction, the cutoff radius was set to 10 A. The particle mesh Ewald
(PME)?%3 summation method with periodic boundary conditions (PBC) was used for long-

range electrostatic interactions. SHAKE algorithm,26?

was applied for constraining the
covalent bonds involving hydrogen atoms. Consecutive energy minimization processes
were followed. At first minimization (5000 steps) restraints were imposed on both the host
and guest Then, for the second minimization, restraint on guest molecule was relieved, and
final minimization was performed without any kind of restraint for 5000 steps, of which
the first 2000 steps were in a steepest-descent manner. Next, the system was slowly
allowed to heat up to 300 K at a duration of 12 ps using NVT ensemble and keeping a
restraint of 10 kcal mol™® A2 over both the host and guest. The system was subsequently
equilibrated with NPT ensemble (P = 1 atm) for 4 ns without any restraint. Finally, we
carried out an 80 ns production run with the same NPT ensemble. Langevin thermostat,?®®
and Berendsen barostat,?®* were applied to control the temperature and pressure,
respectively. Snapshots were saved after every 1 ps. For better comparison, we also

performed the MD simulation of the photoacid in water using a similar protocol. Post-
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analysis of the simulation trajectories was carried out in the ptraj and cpptraj modules of
AMBER 12, considering the last 20000 frames (20 ns). Visual molecular dynamics (VMD)
software?®® was used for visualization of the trajectories and also occasionally used for
some analysis. The energy and density of the computed system remained consistent over

the entire production run, ensuring the stability of the system.

Table 2.3. The number of different species taken for simulation of the 6CN-20H:(a-CD)>
complexes.

System Host Guest Water Box volume
(0-CD) (6CN-20H) molecule (nm?3)
Type 1 2 1 2540 79.26
Type 2 2 1 2562 79.92
Type 3 2 1 2549 79.61

Experimental Methods

2.4. Steady-State Measurements

Absorption spectroscopy refers the technique, which measures the absorption of
radiation as a function of frequency (cm™) or wavelength (nm), resulted from the
interaction between incident light with the sample.?’* When a sample is subjected to light
irradiation of appropriate energy, it causes the rotational and vibrational transition
followed by an electronic transition in the molecule. It is the most useful spectroscopic
tool that provides valuable information about the wavelength of a transition and the
corresponding molar extinction coefficient (¢) of a chromophore under investigation.
Throughout the studies, the UV-Vis spectra of all the samples were recorded in Perkin-
Elmer Lamda-750 spectrophotometers. Lamda-750 spectrophotometer consists of
deuterium, tungsten, and halogen light source, double holographic grating
monochromator, high sensitivity R928 photomultiplier tube (PMT). Samples in absorption
spectrometer are filled in cell which is a rectangular quartz cuvette (usually 1 cm path
length). A reference cell is an identical quartz cuvette filled with blank solvent. A reference
cell is used to correct the blank absorption of cell and solvent if any. All the absorption

measurements were carried out at room temperature (300 K).
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Steady-state fluorescence spectrophotometer is an instrument that can measure
both excitation and emission spectra. The emission spectrum is the “wavelength
distribution of emission measured at a single excitation wavelength.” In contrast, an
excitation spectrum is the “dependence of emission intensity, measured at a single
emission wavelength, upon scanning the excitation wavelength”.?® 272 Steady-state
emission spectra of all the samples were recorded on Jobin Yvon Fluoromax4
spectrofluorometer. For all the steady-state measurements, we have used a quartz cuvette
of path length 1 cm. The most commonly used light source for spectrofluorometer is a
high-pressure 150 Watt xenon (ozone free) arc lamp. Fluorescence is recorded at right
angles with respect to the incident beam while the emitted light is detected through a

monochromator by a R928P photomultiplier tube (PMT). PMT is the detection device.

2.5. Time-Resolved Fluorescence Measurements

In the entire work, time-resolved fluorescence studies were performed in the time-
correlated single photon counting (TCSPC) Horiba Scientific instruments. TCSPC is a
very standard method to measure fluorescence decay from a few tens of picoseconds to
millisecond/microsecond time scale.?® 22273 The actual time resolution and time window
depend on the nature of the light source and electronic components of the spectrometer. In
this technique, the sample is excited with a short light pulse from a light source with
sufficient delay between pulses. In my case, the light source was a picosecond pulsed laser
DeltaDiode-290 nm. The full width at half-maximum (FWHM) of this setup was typically
~800 ps measured using a liquid scatter (milk powder). The principle of TCSPC is the
detection of single photons and measurement of their arrival times with respect to a
reference signal from the light source. The TCSPC method needs a high repetitive light
source to accumulate a sufficient number of photons since this is a statistical method and
requires many numbers of statistical data precision. The resulting histogram of counts
versus the time channels on the X-axis represents the curve of fluorescence decay profiles.
Time-resolved data were analyzed with a deconvolution method based on a discrete
components analysis model using the DAS6 software provided by the Horiba Scientific
Instruments.
(a) Deconvolution Method and Lifetime Decay. An observed decay, N(t) is a convolution
of the actual intensity decay, I(t) with a prompt instrumental response, L(t). To extract the
fluorescence lifetime, it is essential to de-convolute the data and the convolution integral

may be expressed as,?"2
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N(t) = fOtIL(t)I(t’ — t)dt (2.38)

Where t defines the variable time delays (in practice, channel numbers) of the

infinitesimally small widths dt (i.e., channel widths) of which L(t) is composed.

The deconvolution is based on an iterative least square method. An excitation pulse
profile is first recorded, and then the deconvolution starts with the mixing of the excitation
pulse and a projected decay to form a new convoluted set. This data is compared with the
experimentally obtained data, and the difference is summed, generating the »* function

N
%} , Where R(ti) is experimental

response and Rc(t;) is calculated response, N is the total number of data points and o(i) is

for the fit. The equation of chi? is y? = ?’:1[

the standard deviation of the i-th data point. The deconvolution proceeds through a series
of such iterations until an insignificant change in #* occurs between two successive
iterations. The quality of fit is usually assessed by inspection of the reduced 42, the plot of
the weighted residuals, and the autocorrelation function of the residuals. The »* value ~1
implies good fit, where a small deviation from 1 sometimes is considered to be acceptable

for complicated heterogeneous systems.
-t/
I(t) = Zi aje 't (239)

All the lifetime decays were measured at the magic angle (55°) with respect to the analyzer
and polarizer to avoid the contribution of rotational diffusion and anisotropy on the
intensity decays. The picosecond decays are de-convoluted using DAS6 software.

(b) Anisotropy Decay. Fluorescence anisotropy decay provides information about the local
environment around the probe. To measure fluorescence anisotropy decays, the analyzer
was rotated at regular intervals to obtain parallel (I;) and perpendicular (I,) decay
components of a fluorescence decay separately. The anisotropy function, r (t) was
constructed using the expression

. IH(t)—GIi(t)

r( ) o I”(t)+2GIJ_(t) (240)

G is the instrumental correction factor introduced for the polarization sensitivity of the

detection system and monochromator. Since the fluorescence intensity of 6CN-20H at
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350 nm is very low in bulk water and hence, the anisotropy decay was measured at 470

nm, and was found to be 0.66.

For a simple isotropic rotor, r(t) decays with a single rotational correlation time (zr)

represented by the following equation;?® 272

t
r(t) =1 X piexp i (2.41)
Where B and i are the fractional contribution of total depolarization and rotational
correlation times of the i'" component, respectively. ro represents fundamental anisotropy.

In terms of Stokes-Einstein theory, 7 is related to the medium viscosity by;

T = (2.42)
Where 7 is the viscosity coefficient of the medium, V is the molecular volume, k is the

Boltzmann’s constant, T is the absolute temperature.

2.6. Isothermal Titration Calorimetry (ITC)

ITC is used to measure bio macromolecule-ligand interactions in the solution phase
without the need of any immobilization or modification.?’* The association constant (Ka),
the number of binding sites (n), and the thermodynamic parameters, including changes in
enthalpy (AH), entropy (AS), and Gibbs free energy (AG) can be determined directly via
the measurement of reaction heat. The most significant advantage in the ITC measurement
is all the measurements are direct, excluding any indirect calculative measurements like
Scatchard,?” or Benesi-Hildebrand plot,>’® generation from fluorescence data. However,
sometimes heterogeneous solvent medium in cell and syringe generates high dilution
enthalpy, which interferes with the binding enthalpy of the association process. Hence, a
similar solvent with the same pH in cell and syringe is required in the case of ITC. ITC
instrument has two cells; one is the sample cell, and another one is the reference cell. The
reference cell is filled with water (or base solvent). The sample cell contains the
macromolecule/host solution, which is titrated stepwise with its binding partner through a
computer-controlled injector or syringe. The syringe contains a concentrated solution
(usually ten times or higher in concentration than cell solution) small molecule. During the
experiment, the sample cell temperature is kept the same as that of the reference cell.
During the experiment, a small fixed amount of aliquots of the titrant are injected into the

sample cell at defined time intervals, and the reaction heat is recorded. The reaction heat
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is proportional to the bound fraction of the injected molecules. During such titration in ITC
instrument the liberated heat is measured by the following equation;

_ VoAHp[M]¢Kq[L]

Q= (1+Kq[L]) (2.43)

where Vo is the cell volume, AHy is the enthalpy change corresponding to the binding of
one mole of ligand, [M]: is the total macromolecule concentration in the cell, K, is the
association constant, and [L] is the free ligand concentration. In the case of multiple
binding sites, the equation is summed up for all binding sites. The accurate determination
of concentration is highly crucial in ITC. After subtracting the baseline (solvent to solvent
dilution enthalpy), the areas under the observed peaks give the enthalpy changes that

belong to the reactions occurring upon injection steps.

2.7. Materials Used

a-Cyclodextrin (a-CD, Sigma, >98%) and B-Cyclodextrin (3-CD, Sigma, >97%), 2-
naphthol (20H, Sigma, 99%), 6-sulfonate 2-naphthol (6SO3-20H Sigma, 97%), and 6-
cyano 2-naphthol (6CN-20H, Sigma, 97%) were purchased from Sigma-Aldrich. We used
Millipore water (resistivity, 18.2 MQ c¢m, and pH = 5.8) throughout the experiment.

2.8. Preparation of Samples

Chapter 6. We first prepared ~10 uM solutions of each photoacid in water and a stock
solution of 12 mM B-CD in water. From the 12 mM stock solution, we prepared 0.05 mM,
1 mM, 2 mM, 4 mM, 6 mM, 8 mM, 10 mM B-CD solution in water. These solutions were
used throughout all absorption, steady-state, and time-resolved fluorescence
measurements. Furthermore, for ITC measurement we injected 10 mM of -CD solution
in 0.15 mM 20H solution, 15 mM of B-CD solution in 0.5 mM 6SO3-20H solution and
15 mM of B-CD solution in 0.075 mM 6CN-20H solution, respectively. All solutions were

prepared in fresh Millipore water.

Chapter 7. Similarly, we first prepared ~10 uM solutions of photoacid 6CN-20H in water
and a stock solution of 130 mM a-CD in water. Here we performed the titration process
for absorption and steady-state fluorescence measurement up to 20 mM. We gradually
added the required amount of a-CD solution (130 mM) to the 6CN-20H solution. The

remaining used concentrations were discrete solutions that were prepared from 130 mM
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a-CD stock solution. For ITC measurement, we injected 50 mM of the a-CD solution to
0.1 mM of 6CN-20H solution.

2.9. pKaand pKa" Measurements

2.9.1. Determination of pKa of Free and Complexed Photoacids

We first prepared ~10 uM solutions of each photoacid in water, and in 12 mM f3-
CD. We also prepared a standard solution of 0.01 M NaOH solution through
standardization with an oxalic acid solution. The pH of the solutions was changed by
adding different amounts of 0.005 M or 0.01 M NaOH solutions to the aqueous or
cyclodextrin solutions. The pH of the solutions was measured using a Eutech pH 700 pH-
meter having an accuracy of £0.05 pH. We observed significant changes in the absorption
spectrum with the increase of pH of the solution (see Appendix, Figure A.6.1). We also
found a clear isosbestic point indicating the conversion of the photoacids from protonated

to deprotonated form. In the ground state proton dissociation equilibrium is
HA = A +H'
can be obtained from the Henderson-Hasselbalch equation as,?’"%"

A7] [A7]
pH = pK, + log — = pK, + logm

[HA] 0—[47] (2.44)

The total concentration of photoacid ([HA],) is constant during the pH titrations. If we
choose the absorbance of deprotonated form at a particular wavelength where there is no

contribution from the protonated form, the absorbance (A) should vary with pH as follows.

Gl[HA]O
1+4¢e2-303(pKa—pH)

Abs,- = (2.45)

Where ¢ is the molar extinction coefficient of the deprotonated form at that wavelength, |
is the optical path-length of the cuvette. At very high pH when almost all the photoacid is
present is deprotonated form, then the Absorbance of A the numerator will be

€l[A™ \max = AbS*** (2.46)
Thus, the equation will be

Abse
14¢2:303(pKq—pH)

AbSA— — (2.47)
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Thus, pKa of a photoacid can be determined from the absorbance of the deprotonated form

against pH using equation (4) (see Appendix, Figure A.6.2).
2.9.2. Determination of pKa® of the Free and Complexed Photoacids

pKa" of the photoacids were obtained using the Forster cycle.'0% 289281 Flyorescence
spectra were recorded at a high pH and a low pH to achieve the emission spectrum of the
deprotonated and protonated forms, respectively. From the intersection point of the
absorption and fluorescence spectra normalized at the lowest energy band, the 0-0 energy
(voo) of both protonated and deprotonated forms were obtained (see Appendix, Figure

A.6.3). The pKa" can be obtained from the following equation (5),

pK; = pK, — NAhC(\;grg:;;Aro_) (2.48)

Where c is the speed of light; v is the transition frequencies of ArOH and ArO™ in
wavenumbers (cm™?); h is the Planck’s constant; Na is Avogadro’s constant; R is the ideal
gas constant, and T is the temperature. The calculated values are given in Table 6.1 of
chapter 6.

Similarly, in the case of 6CN-20H:a-CD inclusion complex, we exactly followed
the same procedure as described above using 10 uM solution of 6CN-20H in water and

130 mM o-CD. The calculated values are given in Table 7.1 of chapter 7.
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*This work has been published in J. Phys. Chem. A 2017, 121 (3), 616-622.

73
TH-2442_156122043



Chapter 3

74

TH-2442_156122043



Chapter 3

Chapter 3: H-Bonding around C102 in a Phenol-Cyclohexane Mixture

for Implications in H-Bond-Guided Photoinduced Electron Transfer

3.1. INTRODUCTION

The H-bonded complex of coumarin 102 (C102) and phenol has accomplished a
special spotlight from the viewpoint of both the excited state H-bond dynamics and H-
bond controlled photo-induced electron transfer (PET). Using ultrafast spectroscopy,
Nibbering and co-workers suggested that H-bond breaks within ~200 fs of photo-
excitation of the C102-phenol complex.t 8 Recently, Fang and co-workers also invoked
H-bond breaking of C102 in ethanol medium using femtosecond stimulated Raman

spectroscopy.?®2

However, using time-dependent density functional (TD-DFT)
calculation, Han and co-workers reinterpreted the hydrogen-bond dynamics of the C102-
phenol complex. They suggested that the C102-phenol H-bond becomes significantly
strengthen in the excited state rather than being cleaved.?® Recent TD-DFT studies
reported excited state H-bond strengthening for C102 in ethanolic,?®® and aqueous
media.?8* Liu et al. adopted the H-bond strengthening formalism to investigate the H-

bonding interaction of C102 with aniline in the excited state.?

Recently, our group revisited the C102-phenol complex.®® It was observed that the
fluorescence intensity of C102 was quenched drastically in the presence of phenol in non-
interacting solvent cyclohexane (cyclohexane cannot participate in either electron transfer
or H-bonding).®® The quenching is very strong for p-Cl-phenol, which is a better H-bond
donor than phenol. On the other hand, no quenching was observed for anisole, which
cannot donate H-bond.®® Furthermore, they found that fluorescence quenching modulates
unusually with the mole fraction of phenol in inert solvent cyclohexane.& The quenching
was found to be more pronounced at lower mole fraction (up to Xp+ = 0.013) of phenol
rather than at the higher mole fraction.®’ They proposed that at low mole fraction 1:1 C102-
phenol complex is formed, but at higher mole fraction, higher-order C102—(phenol)n (n>2)
complex may be present. Moreover, the unusual modulation of fluorescence quenching
was also repeatedly observed for both C102 and C153 in the aniline-cyclohexane

mixtures.81-62

Molecular dynamics (MD) simulation is a valuable method to gain insight about

physical properties that arise from local molecular rearrangement or H-bonding
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possibilities and has successfully applied to various systems, for example, in neat
liquids,?®28" host-guest complexes,?®8-2% and so on. Following our previous successful
MD simulation study,®? in this chapter, we applied MD simulation to elucidate the exact
H-bonding environment around the acceptor C102 at different mole fractions of phenol-
cyclohexane to get further insight into the unusual modulation of the fluorescence
intensity. Previously studied AN-cyclohexane mixture was somewhat restricted due to the
immiscibility of aniline in cyclohexane over the mole fraction range 0.14-0.73.8%2 Hence,
we could not find the exact mole fraction, which corresponds to the highest quenching.
The C102 dissolved in the phenol-cyclohexane binary mixture is a better system since
there is no solubility restriction; the phenol-cyclohexane binary mixture is miscible in all
proportions. This allows us to perform MD simulation at any mole fraction without

solubility restriction.

3.2. RESULTS AND DISCUSSION

3.2.1. MD Simulations Results:

- v

s

-

= SN
i
LT T AN
Figure 3.1. A representative MD simulation snapshot (taken after 15 ns) is showing C102-
phenol H-bonding in the phenol-cyclohexane mixture at a phenol mole fraction of 0.005.

C102, phenol, and cyclohexane molecules are denoted by LICORICE, CPK, and lines,
respectively.

i
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It is observed that in the mixture containing even the lowest (Xpy = 0.005)
concentration, phenol is found to be populated around the C=0 site of C102 in many
snapshots, and are depleted from other parts of the acceptor (Figure 3.1). This is consistent
with the fact that the C=0 group of C102 is the primary site for the formation of H-bond.
It is also noticed that in many snapshots, phenol makes 1:1 H-bonding complex with C102
(Figure 3.1).

3.2.1.1. Radial Distribution Function:

To get a more clear understanding of the distribution of phenol around the acceptor,
radial distribution function (RDF) may be appropriate. The RDF of O1 (oxygen atom of
carbonyl group) of C102 with H6 atom (hydrogen atom of hydroxyl group) of phenol,
g(rO1...H6) would be most informative because it may indicate specific interaction due

to hydrogen bonding. The atoms used for RDF calculation are labelled and shown below

(Figure 3.2).

j R . @ HS
’ i 9 9 L4 o = 2 ‘J 2
-y 9 9 _ @ .

? 9 @ o Lo J"”‘ R

Je . @, 01
-
3

Coumarin 102 (C102) Phenol

Figure 3.2. Structures of Coumarin 102 (C102) and phenol with the main atom labels used
in the RDF calculations.

The 01(C102)-H6(phenol) RDF displays a very strong peak at ~1.8 A at all mole
fractions along with a weaker secondary broad peak at ~ 4 A and a very faint peak at ~ 6
A (Figure 3.3). Note that at higher mole fractions, the RDF persists over significantly
long-distance range indicating the possibility of higher-order C102-(phenol), clusters
(n>2). The peak strength of RDF denotes the difference in the local density compared to
the average density and depends strongly on the phenol concentration (XpH). Since the first

maximum of RDF appears at ~1.8 A and this is close to the ground state H-bond distance
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of the 1:1 C102-phenol complex,?® ® it further emphasizes the possibility of H-bond
formation. It was found that with increasing of the phenol concentration, the 1% peak
strength diminishes drastically. This suggests that the difference between the local density
and the average density reduces with the increase of Xpn. It is important to note that a
change in the mole fraction of phenol alters both the local density of the species around
the acceptor and also its average number density. The enrichment of the polar component
(phenol) in the vicinity of polar solute (C102) is commonly known as preferential
solvation,®¥2%2 and mainly arises due to dipole-dipole interaction or H-bonding
interaction. Since the interaction is found to be site-specific (accumulation of phenol only

around the carbonyl site of C102), H-bonding interaction may be predominant in this case.

] R A
10004 0 —l— RDF Strength

1000

RDF Strength
a

\-

100 -

g(r)

T T T T
20 01 0z 03 0.4
Mole Fraction

r (angstrom)

Figure 3.3. The radial distribution function, g(r) of the distance between the carbonyl
oxygen (O1) of C102 and the hydroxyl hydrogen (H6) of phenol. The inset shows the 1
RDF peak strength against the mole fraction of phenol.

The integrated number density (also known as running coordination number) ni(r")
of a particular solvent (i) present within a specified distance r’ from a defined site (a)) of

the acceptor may be defined as

ny(r') = 4mp; f; 8ai(r)rdr (3.1)
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Where pi is the average number density of the solvent i in the system. We are mainly
interested in the average number of phenol molecules present within a short distance (<2
A) from the acceptor. These phenol molecules may involve in H-bonding and thus

contribute to the fluorescence quenching process.

3.0 //
—— 005 "
1 —— .01
2.5 02
{ —— 05
204 —.1
| — 2
- — 4
1.5
c
1.0
0.5
00 = =——T——— /T
16 1.8 20 22 24 3 4 5

r (A)

Figure 3.4. Integrated number n(r) is shown for above each mole fractions against
distance.

From Figure 3.4, it is evident that the number of phenol molecules within 2 A does
not vary much upon variation of the phenol mole fraction. At the lowest (0.005) mole
fraction, n(r) = 0.51 for r = 2 A. This implies that in about one out of two frames, one
phenol is found to be within 2 A of C102. The value of n(r=2 A) are 0.77, 0.83, 0.89
respectively at mole fractions 0.01, 0.02, 0.05. Thus, the variation is not very prominent,
and at higher mole fractions (0.1-0.4) all have the same n(r) of 0.98 at r=2 A. If these
closest lying phenols are H-bonded to C102, we may say that H-bonding also regularly
varies with the mole fraction of phenol and after certain mole fraction, probability of H-
bonding levels off. However, we need to check whether all of the neighbouring phenols

are involved in H-bonding or not.

3.2.1.2. Hydrogen Bonding Analysis:

We rigorously examined the number and type of hydrogen bonds possible between

the carbonyl oxygen of C102 and the -OH group of phenol moiety in the mixtures. For this
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purpose, a distance cut off of 3 A (1% minimum of RDF) and angle cut off of 135° was
selected, where, the distance and the angle respectively denote the O...O distance and
Z0HO angle for the complex (phenol)O-H....0O=C(C102). Table 3.1 summarises the
fraction of different types of H-bonding present at different mole fractions. We found that
in some frames, no H-bonding is present; in some frames, C102 is H-bonded to one phenol
(single HB), and in some cases, the carbonyl group of C102 is simultaneously H-bonded
to two phenols (double HB). Very rarely, C102 is forming H-bond with three phenols
(triple HB). From Table 3.1, it is clear that single HB is present in all mole fractions, but
double HB is only significant at higher mole fractions. The triple HB complex is very rare

and may not be needed to consider any further.

Table 3.1. Hydrogen bonding analysis of C102 in the cyclohexane-phenol mixtures at
different mole fractions.

XpH No HB single HB | Double HB | Triple HB | Total HBS
0.005 0.476 0.519 0.002 0.000 0.523
0.01 0.223 0.748 0.030 0.000 0.807
0.02 0.186 0.745 0.069 0.000 0.882
0.05 0.175 0.714 0.111 0.000 0.936
0.1 0.146 0.698 0.155 0.001 1.010
0.2 0.144 0.692 0.163 0.001 1.021
0.3 0.136 0.703 0.160 0.000 1.025
0.4 0.145 0.694 0.160 0.001 1.016

$Total HB = 1 x single HB + 2 x double HB + 3 x triple HB

Note that if all types of H-bonding are included, then the total fraction of H-bond
increases gradually with the mole fraction of phenol. However, the fraction of singly H-
bonded complex reaches a maximum within mole fraction 0.01 to 0.02 and after that
decreases. Note that experimentally the fluorescence quenching was most prominent at a
critical phenol mole fraction of 0.013 in the cyclohexane-phenol mixture.® Thus, we may
expect that the singly H-bonded complex may contribute more dominantly towards PET
than the doubly H-bonded complex. Thus, the main important point is that the agreement
between the experiment and theory can only be achieved if we ignore contribution from
the double or triple HB complex. Thus, the double HB or 1:2 hydrogen bonding (Figure

3.5a) may have little influence on fluorescence quenching. Note that a single HB complex
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may be of two types- pure 1:1 complex, where one C102 makes H-bond with one phenol
(Figure 3.1) or 1:1:1 where one phenol makes H-bond with one C102 and another phenol
(Figure 3.5b). Thus, different types of the hydrogen-bonded complex may have different
influence over the PET process. In the next section, DFT and TD-DFT calculations are
used to optimize these hydrogen-bonded complexes and determine their contribution
towards PET.

Figure 3.5. MD snapshots of mixtures forming 1:1:1 and 1:2 hydrogen bonds of phenol
molecules with C102 at mole fraction of solvent phenol molecules (Xph) - 0.3, where figure
(a) shows MD snapshot for (1:2) complex and (b) shows MD snapshot for (1:1:1) complex.
Cyclohexane molecules are omitted for clarity.

81
TH-2442_156122043



Chapter 3

Note that our MD simulation is based on the classical approach, and hence, we
cannot explicitly comment about the H-bond dynamics (breaking or strengthening).
Besides, ground state charge densities on C102 are used in the MD calculation, and hence
we are merely calculating the equilibrium probability of H-bonded complex formation
between C102 and phenol. Despite that, our results show a very good prediction of the
critical mole fraction (0.01-0.02) that was experimentally observed in the fluorescence
experiment before.®? Hence, for fluorescence dynamics, the equilibrium fraction of H-
bonded complexes may be important, but the H-bond dynamics which occurs in very fast
time scales compared to fluorescence lifetime may have only a very little influence on the
fluoresce quenching. If we consider the view of Zhao and Han that H-bond strengthens in
the excited state, we may expect an increased fraction of H-bonded species in the excited
state than in the ground state.?’ On the other hand, the H-bond dynamics proposed by
Nibbering and co-workers suggest that excited state favours free C102. Here, it was found
that 1:1 H-bonding in the ground state is sufficient enough to reproduce the experimental
behaviour. Thus, although the equilibrium constant between the free C102 and H-bonded
complex may be lower or higher in the excited state but the contribution of the H-bonded

complex towards the fluorescence quenching remains undoubtedly important.

3.2.2. DFT and TD-DFT Calculations:

From MD simulations, we get an overview of the H-bonding environment around
C102 at different phenol mole fractions. At low concentration, only 1:1 C102-phenol
complex exist along with free C102. But at higher phenol concentration, additionally two
different types of the hydrogen-bonded C102-(phenol), complexes were found (Figure
3.5). In the presence of both gas phase and solvent medium, DFT and TD-DFT calculations
were applied on these complexes to understand the excited state H-bonding behaviours in

addition to the ground state and their ability to undergo fluorescence quenching.

Although two different functionals have been used, the geometry of the complexes
does not depend much on the functional or on the inclusion of the solvent model. The
optimised H-bonded geometry obtained in presence of PCM solvent (cyclohexane as
solvent) is almost similar with respect to H-bond length and angle to the optimised H-bond
geometry obtained in the gas phase. The optimised geometry of complexes are same for
different functionals and in the presence of solvent model. It was found that both the

isolated C102 and phenol molecules have the planar conformations. However, the phenol
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molecule resides out of the plane of C102 molecule in both types (linear 1:1:1 and
branched 1:2) of C102-(phenol). complexes. In both the conformations, the hydrogen bond
C=0---H-0O remains in the plane of the C102 molecule. The gas phase optimised structures

using the B3LYP functional are shown in Figure 3.6 (a) and (b).

Figure 3.6. Optimized ground state (So) and excited state (Ss) structures of the hydrogen-
bonded cumarin102-(phenol). complexes are gas phase - (a) linear type structure (1:1:1)
cumarin102-phenol-phenol complex, (b) bifurcated H-bonding of two phenols with one
C102. It is evident that H-bond in (a) is shorter than in (b) complex in both states, and H-
bond shortens in the excited state than in the ground state.
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It was observed that the H-bond distance between C102 and phenol in the linear type
(1:1:1) complex is found to be 1.728 A (Figure 3.6 (a)). The distances of the two hydrogen
bonds are 1.819 A and 1.830 A for the bifurcated hydrogen-bonded C102-(phenol)z
complex (Figure 3.6 (b)). It indicates stronger C102-phenol H-bonding interaction
between phenol and C102 in the linear 1:1:1 complex than in the 1:2 complex. Upon photo-
excitation (So —Ss), the two H-bonds of 1:2 complex is shortened from 1.819 A to 1.745
A and 1.830 A to 1.763 A, respectively. Similarly, for 1:1:1 complex the H bond between
carbonyl group (C102) and hydroxyl group (phenol) is drastically shortened to 1.597 A
from 1.728 A. The shortening of these bond lengths should be attributed the significant
strengthening of the intermolecular hydrogen bond C=0s+++H-O in the photo-excited state.
In addition, the relative strengths of these hydrogen bonds were also calculated. The
hydrogen bond binding energies of C=0---H-O are calculated to be 50.5 kJ/mol for 1:1:1
complex, whereas in the case of 1:2 complex, it is 34.4 kJ/mol considering both H-bonds
are of equal strengths by using BSSE corrections. Comparing this binding energy values,
we can predict that the H-bond strength is higher for 1:1:1 than 1:2 complex in the ground
state. These results agree with the more frequent occurrence of 1:1:1 complex compared

to 1:2 complex in the MD snapshots.

Table 3.2. Calculated H-bond lengths (A) for the H bonded 1:1 complex in the electronic
ground state and the excited state using different hybrid functionals.

C102-Phenol (1:1) B3LYP/ CAM-B3LYP/ | BP-86/TZVP?
6-31G(d,p) 6-31G(d,p)
Ground state (gas) 1.789 1.770 1.786
Ground state (cyclohexane) 1.760 1.742
Excited state (gas) 1.718 1.717 1.691
Excited state (cyclohexane) 1.678 1.678

8From ref 20

H-bonding in 1:1 C102-phenol complex was thoroughly investigated earlier by Zhao
and Han.?° They applied GGA functional BP-86 and TZVP basis set in the gas phase. In
this work, B3LYP and CAM-B3LYP hybrid functional was applied with 6-31G(d,p) level
of theory, which is computationally inexpensive and hence could be extended to the lager
1:2 complexes. In addition, the solvent model (IEFPCM, cyclohexane) was included in
some calculations. Both in the ground and the excited state, the H-bonding distances in the
1:1 complex are very consistent with that reported by Zhao and Han, and significant
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shortening of the H-bond is noticed in the excited state compared to the ground state. All
the H-bond distances are given in Table 3.2. The H-bond distances obtained from B3LYP
and CAM-B3LYP functionals are very similar. Note that upon application of the solvent
model, H-bond distances are slightly shorter than the gas phase. Vertical transition
energies and corresponding oscillator strengths were also calculated for first three
electronic transitions from the optimized ground-state structures. Our B3LYP/6-31G(d,p)
results qualitatively agree with that of Zhao and Han for the gas phase. In the 1:1 complex,
the So — S transition is found to be the strongest transition, and the S state is found to be
CT character (Table 3.3 (a)). Zhao and Han concluded that although free C102 is excited
to the S; state but the 1:1 complex may be excited to the Sy state. The internal conversion
from LE (S2) to CT (S1) was proposed as a possibility for fluorescence quenching.
However, when the solvent model (IEFPCM, cyclohexane), was included in the same
calculation, the energy of the LE (S1) state was found to be lower than the energy of the
CT (S2) state (Table 3.3 (b)). Thus, internal conversion from the LE to the CT state may
not be feasible in this case as CT is now higher in energy than the LE state. For the CAM-
B3LYP calculations, the CT state was found to be higher in energy than the LE state even
in the gas phase (Table 3.3 (a)). It is important to note that if the energy gap between two

states are close enough, then we can still get transition during short times.

Table 3.3. (a) Electronic excitation energies (in nm) and corresponding oscillator strengths
(in the Parenthesis) of the low-lying electronically excited states calculated from the
optimized ground state of hydrogen-bonded C102-phenol (1:1) complexes in gas phase.

C102-Phenol TDDFT/B3LYP/6- TDDFT/CAM-B3LYP/
(1:1) 31G(d,p) 6-31G(d,p)
S 392.33 (0.001) 309.59 (0.514)
S 352.57 (0.400) 268.87 (0.013)
Sz 299.18 (0.000) 266.95 (0.001)
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(b) Electronic excitation energies (in nm) and corresponding oscillator strengths (in the
Parenthesis) of the low-lying electronically excited states calculated from the optimized
ground state of hydrogen-bonded C102-phenol (1:1) complexes in cyclohexane solvent

(using IEFPCM model).

C102-Phenol (1:1)

TDDFT/B3LYP/
6-31G(d,p)/IEFPCM

TDDFT/CAM-B3LYP/
6-31G(d,p)/IEFPCM

S 367.54 (0.491) 330.32 (0.657)
S, 363.63 (0.006) 272.90 (0.011)
S 298.11 (0.022) 254.63 (0.001)

Furthermore, the vertical transitions from the optimized excited-state structure
representing fluorescence transitions were calculated (Table 3.4). Both B3LYP and CAM-
B3LYP showed significantly strong fluorescence transition from the S; states when the
solvent model was included in the calculation. Thus, the simple LE to CT conversion
formalism may only valid for some particular calculations, and the relative energies of LE
to CT found to vary abruptly for the two functionals B3LYP and CAM-B3LYP.

Table 3.4. Electronic excitation energies (in nm) and corresponding oscillator strengths
(in the Parenthesis) of the low-lying electronically excited states calculated from the
optimized excited state of hydrogen-bonded C102-phenol (1:1) complexes in cyclohexane
solvent (using IEFPCM model).

C102-Phenol (1:1) TDDFT/B3LYP/6- TDDFT/CAM-B3LYP/
31G(d,p) 6-31G(d,p)
S 401.34 (0.395) 354.13 (0.677)
S 408.54 (0.003) 279.83 (0.001)
S 321.25 (0.091) 273.89 (0.001)

Although the energies of the excited state differ significantly, we noticed a
significant strengthening of the H-bond compared to the ground state for all complexes
irrespective of the level of calculations. The excited H-bond lengths were similar for the
1:1and 1:1:1 complex and are much shorter compared to their ground state values (Table
3.5). For the 1:2 complex also the H-bond becomes shorter compared to its ground state

but significantly longer than the 1:1 and 1:1:1 complex.
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Table 3.5. Calculated H-bond lengths (A) for the H-bonded 1:1:1 & 1:2 complexes in the
ground state and excited states by using CAM-B3LYP hybrid functional in cyclohexane
solvent (using IEFPCM model).

Electronic state C102-(Phenol)2 (1:1:1) C102-(Phenol)2 (1:2)
CAM-B3LYP/ CAM-B3LYP/
6-31G(d,p) 6-31G(d,p)
Ground state 1.681 1.774
(cyclohexane) 1.766
Excited state 1.63 1.720
(cyclohexane) 1.719

Thus, the possible reason for the fluorescence quenching could be facile internal
conversion from Sz to So state rather than internal conversion from S; to S; state. Excited-
state strengthening may play a crucial role in the process. However, a more detail

investigation with a higher-level theory is required to reveal the exact mechanism.

3.3. SUMMARY AND CONCLUSION

In this chapter, we provided an overview of the H-bonding environment around the
fluorophore C102 at various phenol mole fractions in the phenol-cyclohexane mixture
from our MD simulation study. The overall fraction of C102-phenol hydrogen bonding
continuously increases with the increase of the phenol mole fraction and saturates at a
significantly higher mole fraction than that corresponds to maximum fluorescence
quenching. However, it was found that at higher mole fraction, a C102 molecule may
simultaneously form H-bonding with more than one phenol molecules. If we only consider
the subset of H-bonding complexes where H-bonding occurs between one C102 with one
phenol, then we obtained an excellent correlation with the experimentally observed critical
mole fraction. Thus, it was found that the single C102-phenol H-bonding is very important
to inducing fluorescence quenching. TD-DFT calculations indicate that the H-bonding in
the ground state becomes shorter in the excited state. Moreover, in the excited state C102-

phenol H-bonding in the 1:1 and 1:1:1 complex is shorter than the 1:2 complex. It may be
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proposed that H-bonding may induce faster internal conversion from the S1—So state.

Furthermore, isotopic substitution effect may add more valuable information in this issue.
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Proton Coupled Electron Transfer as a
potential Fluorescence Quenching Mechanism
in H-bonded C102-Phenol Complex*
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*This work has been published in J. Phys. Chem. A 2018, 122 (9), 2394-2400.
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Chapter 4: Proton Coupled Electron Transfer as a potential
Fluorescence Quenching Mechanism in H-bonded C102-Phenol

Complex

4.1. INTRODUCTION

Excited-state H-bond strengthening may trigger photoinduced electron transfer
between an H-bonded donor and an acceptor molecule, which has been reviewed in
chapter 1 (see section 1.1.4).2%%-2% The H-bonded coumarin 102 (C102)-phenol complex
IS an attractive system to understand the influence of H-bonding on photophysical
processes. The C=0 group of C102 forms an H-bond with the —OH group of phenol. Using
time-dependent density functional (TD-DFT) methods Zhao and Han, for the first time,
proposed that a strong H-bond strengthening occurs in the excited state and also proposed
the possibility of fluorescence quenching in the complex. They obtained a charge transfer
(CT, Sy) state lying below the locally excited (LE, S>) state in the gas phase calculations
which propelled them to the proposal of a facile internal conversion (IC) from LE to CT.%°
Later, the methodology was adopted in numerous H-bonded complexes.?283-284 Recently,
our group have experimentally confirmed fluorescence quenching in the H-bonded C102-
phenol complex.®® The fluorescence intensity of C102 is drastically quenched upon
addition of phenol in a non-interacting solvent cyclohexane (nonpolar and aprotic).
However, in our previous chapter 3, when we applied TD-DFT calculations, it was found
that the energy ordering of the LE and CT states depends critically on the choice of the
functional and solvent model.?*® The popular B3LYP function undermines the CT energy
and the LE state was found to be higher in energy than the CT state. However, the use of
long-range corrected CAM-B3LYP hybrid functional, which are usually recommended for
excited states with charge transfer characteristics, leads to a dramatic switching of LE and
CT energy ordering.?®” Now, the LE state has lower energy than the CT state, and thus, the
suggested internal conversion pathway (LE to CT) may not be feasible here. Previously,
Tian and his group performed TD-DFT calculation on C102-ethanol complex using
B3LYP/6-311++G(d,p) with CPCM solvent model.?®® They also found that S; state is a

locally excited state for the C102-ethanol complex.

Therefore, these studies influenced us to further investigate the C102-phenol system.
In this chapter, we revisited the C102-phenol system to find an alternative mechanism of

fluorescence quenching and to offer new insights on H-bond guided photophysics. We
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investigated whether proton-coupled electron transfer (PCET) can occur in this H-bonded
complex which could be a probable fluorescence quenching pathway. A lot of studies are
mentioned about the PCET in chapter 1 (see section 1.3.9). Experimentally, it was found
that the fluorescence quenching behaviour of the C102-phenol system is indeed dynamic
in nature.®® Thus, an excited state mechanism must be considered for the fluorescence

guenching event.

4.2. RESULTS AND DISCUSSION

4.2.1. Potential Energy Surface of the H-bonded Complex:

The optimized ground state structure of the C102-phenol complex computed using
CAM-B3LYP/6-311++G** including cyclohexane (IEFPCM) solvent was presented in
the Figure 4.1. To describe the H-bonding parameters, a labelling scheme was shown in
the Figure 4.1. The optimized H-bond distance is 1.744 A in the electronic ground state
of the C102-phenol complex.

Phenol

Figure 4.1. The energy minimized ground state structure of the C102-phenol complex
computed using CAM-B3LYP/6-311++G** and IEFPCM solvent (cyclohexane) model.
The atoms involved in the H-bonding are labelled for representing the potential energy
surface along the H-bond coordinate.

In pursuit of new low energy structures, the potential energy surfaces (PES) of the
electronic states were calculated along the H-bond coordinate. The complete H-bond
coordinate ((C102)O*s«HO?(phenol)), which involves the transfer of H atom from the
phenol —OH group to the O atom (O?) of C102, was scanned. The distance between the H
and O! was varied from 1.894 A to 0.894 A with an interval of 0.05 A in both the So and
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S; states. During the scan, only the O'eseH distance was fixed at different preset values,
while all other coordinates of the complex were optimized (Figure 4.2). In this relaxed
scan, the solvent model (cyclohexane, IEFPCM) was also included. Previously it was
found that inclusion of the solvent model makes the S; state bright (contrary to the S state
in the gas phase), and this could be accessed by direct excitation.?®® Hence, our attention
is only on the S and So states for consideration of H-bond dynamics. Zhao and Han had
already applied a relaxed scan for the H-bonded C102-phenol complex using GGA
functional BP86, but was restricted to a shorter range and also in the gas phase. In fact, we
checked that such functional fails to calculate structures properly beyond a certain scan

range.
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Figure 4.2. Potential energy surfaces of the C102-phenol complex in cyclohexane solution
as a function of the H-atom transfer coordinate ((C102)O%s«HO?(phenol)) using CAM-
B3LYP/6-311++G**(IEFPCM, cyclohexane). GS, ES1, ES2 and ES* respectively denote
ground state minimum, two minima and barrier maximum in the first excited state.

In the relaxed potential energy surface (PES) for ground state (So), the energy of the
complex continuously increases upon both shortening and lengthening of the distance
between the H (initially belongs to phenol) and the O! (of C102) atoms. Note that a very
close OeseH approach actually corresponds to the abstraction of H atom from phenol to
C102 moiety but is energetically disfavoured in the ground state (Figure 4.2).
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Interestingly, a very unique behaviour of the S; state PES was observed. Two different
excited state structures were found corresponding to two minima- one at higher energy
(local minimum, ES1) and other at lower energy (global minimum, ES2). The ES1
structure is very similar to that of the GS complex, but with a significantly shorter H-bond
distance (1.694 A) supporting the excited state H-bond strengthening phenomena of Zhao
and Han.?® However, in the ES2, H atom is bonded to C102 rather than to phenol and thus,
corresponds to complete H atom transfer. The two minima are separated by a potential
energy barrier. For the CAM-B3LYP computed PES, an intermediate structure (ES*) was
found at 1.194 A with corresponds to a maximum in the PES. Moreover, the electronic
excitation of the H-bonded complex to S: state may progressively modify the bond and
angle parameters of the complex (Table 4.1). The C102 protonated form ES2 of the C102-
phenol complex lays 6.48 kcal mol™t below the energy of the normal ES1 form. The
potential energy barrier between ES1 and ES* is 9.38 kcal mol™. This amount of energy
barrier may be accessible by the excited complex. However, for PBEO functional this
potential energy barrier for S; state reduces to a very lower value of 0.48 kcal mol™ and
for M06-2X functional, the energy barrier between ES1 and ES* is found to 8.16 kcal mol
L(Figure 4.3).
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Figure 4.3. Potential energy surfaces of the C102-phenol complex in cyclohexane solution

as a function of the H-atom transfer coordinate ((C102)Qes«HO?(phenol)) using CAM-
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B3LYP/6-311++G(d,p),

PBE0/6-311++G(d,p) and MO06-2X/6-31G(d,p) including
cyclohexane solvent (IEFPCM) in the ground state as well as excited state.

Table 4.1. Variation of the distance and angle parameters of the excited state complex
during the scan along the O*eseH distance (CAM-B3LYP functional is used with basis set
6-311G ++ (d,p) in cyclohexane).

O'H (A) O%H (A) 0102 (A) C-0O! (A) C-0%(A) | ZOHO? (°)
1.844 0.977 2.821 1.221 1.353 178.65
1.794 0.979 2.774 1.233 1.352 179.57
1.744 0.983 2.726 1.233 1.351 179.28
1.694 0.986 2.680 1.235 1.350 178.59
1.644 0.990 2.635 1.236 1.348 178.16
1.594 0.996 2.590 1.237 1.347 177.84
1.544 1.003 2.547 1.238 1.345 17757
1.494 1.011 2.505 1.240 1.344 177.31
1.444 1.021 2.465 1.242 1.342 177.08
1.394 1.035 2.428 1.244 1.339 176.82
1.344 1.052 2.395 1.246 1.336 176.39
1.294 1.073 2.366 1.249 1.333 176.21
1.244 1.101 2.344 1.253 1.330 175.89
1.194 1.137 2.330 1.258 1.326 175.70
1.144 1.393 2.532 1.319 1.261 172.72
1.094 1.504 2.501 1.326 1.257 170.89
1.044 1.621 2.652 1.332 1.255 168.27
0.994 1.732 2.702 1.336 1.253 164.25
0.944 1.841 2.745 1.339 1.252 159.34
0.894 1.924 2.768 1.341 1.251 156.75

To further check the correctness of the observation, the structures corresponding to

each minimum in the excited state were fully optimized. All the bonds (even the HO?Y)

were allowed to be optimized. The minimization was confirmed by the absence of

imaginary frequency. All the optimized structures are shown in Figure 4.4.

TH-2442_156122043
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ES1 | ES2

Figure 4.4. Optimized structures of two excited state minima (ES1 and ES2) calculated
using CAM-B3LYP functional with 6-311++G(d,p) basis set.

4.2.2. Calculations of Electronic Charges and Dipole Moment Across Potential

Energy Surface:

CTI;
=
N o~ ol
AP o
A (aceptor) H atom D (donor)

Scheme 4.1. Schematic representation of the grouping of the C102-phenol complex into
different parts (A, H and D).

What is the actual nature of the H-atom transfer process in the excited state? Is it a
proton transfer (PT) or a proton-coupled electron transfer (PCET)? Kaila and co-workers
utilized electrostatic potential (ESP) charge calculation to explain excited state PCET
process in a nice way for H-bonded p-nitrophenyl-phenol/t-butylamine complex.?t®
Similarly, Lee and co-workers also showed a variation of Mulliken charges of the donor
phenol along the H-bond coordinate in the ground state as well as in the excited state.?%
Therefore, the ESP charges over individual atoms on all the structures across the potential
energy surface were calculated. For convenience, the charges were grouped over three
units A-H-D representing the complex as A(Q%)....H....(0?D (scheme 4.1).
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Figure 4.5. The ESP charge variation during the potential energy scan obtained by CAM-
B3LYP/6-311++G(d,p). The charges are grouped into three segments A-H-D.

The positive charge of the H atom varies moderately over the PES; first grows up
from + 0.496 to + 0.589 as the OleseH distance decreases from 1.74 A to 1.29 A but upon
further shortening of the distance the magnitude of the charge diminishes (Figure 4.5).
The ESP charges of the H at the two minima (ES1 and ES2) are very similar. Upon
scanning the OteesH distance, we found very different variation of the charges of D (phenol
unit without H) and A (C102) units in the ground and in the excited state. In both the
ground and in the excited state, the overall charge of the D becomes progressively negative
as the Olse<H distance decreases (up to 1.19 A) with concomitant accumulation of positive
charge over the A. In the ground state, the charges continue to grow upon further
shortening of OeseH distance (Figure 4.5). This implies that at the very short OleesH
distance, C102 becomes protonated (charge ~ +1), and the phenol becomes deprotonated
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(~-1). Thus, in the ground state the process should be perceived as proton transfer, but this
is energetically highly unfavourable. However, in the excited state, strong exchange of
electronic charge between the D and A units occurs at OleseH distance of 1.19A. Thus, the
proton transfer is definitely associated with electron transfer, rendering the overall process

as proton-coupled electron transfer or PCET.

Furthermore, the variation of the dipole moment of the C102-phenol complex in the
So and S; PES were also calculated (Figure 4.6). The dipole moment of the ground state
increases steadily as the H atom is moved towards the acceptor oxygen (O?) of C102. The
continuous increase of the dipole-moment may be due to the charge separation as the

proton is being transferred from the phenol to coumarin.
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Figure 4.6. The variation of dipole moment of the C102-phenol complex during the
potential energy scan obtained using CAM-B3LYP/6-311++G(d,p) in a dielectric
continuum that mimics cyclohexane.

However, for S; state, the picture is totally different. The dipole moment first
increases from 17.94 D (proton attached to phenol), then reaches a maximum value of
22.30 D (ES*) and thereafter decreases to 6.29 D at protonated C102-phenol complex
(ES2). Earlier, we showed that at the transition state (ES*), where the proton is transferring
from phenol to coumarin molecule, an electronic charge is also transferred between them.

This charge transfer neutralizes the positively charged protonated C102 and negatively
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charged deprotonated phenol units in the excited state. The neutral character of the
complex may be reflected as low dipole-moment at the ES2 configuration. This supports

our conclusion that ES2 is a PCET state in the excited state.

4.2.3. PCET Rate Constant:

Once we established PCET as the possible mechanism for the C102-phenol system
in the excited state, the PCET rate can be estimated using the obtained transition energy
barrier for the process and applying transition state theory. To estimate the theoretical
lifetime of the ESPT process of the C102-phenol complex in cyclohexane solution, the

rate constant (k) is calculated using the transition state theory.

k= kBTT exp (_ITATE) (4.1)

Where, kg is the Boltzmann constant, h is the Planck constant, R is the universal gas
constant, AE is the activation free-energy and T is the temperature. All the experiments
are performed at a temperature of 300 K. For calculations also we use a temperature of
300 K. We assume the energy difference between the energy of transition state ES* and

the energy of local minima ES1 as AE. The calculated rate constant (k) are presented below

(Table 4.2).
Table 4.2. Calculated values of the potential energy barrier, rate constant using different
functionals.
Calculation level AE (kcal molt) | Rate constant (S?)
CAM-B3LYP/6- 9.38 8.33x10°
311++G(d,p)
MO06-2X/6-31G(d,p) 8.16 6.51x10°
PBE0/6-311++G(d,p) 0.48 2.73x10%

It was observed that the barriers heights are quite different at different level of
calculations, and consequently a significant variation is noticed on the predicted rate
constant. Experimentally we observed a 400-600 ps component in the fluorescence
transient for the quenching process.®® Thus, the calculations either underestimate (CAM-
B3LYP and MO06-2X) or overestimate (PBEO functional) the decay rates. Thus, more
accurate excited state calculation may be needed for better agreement with the

experimental results.
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4.2.4. Electronic Relaxation and Fluorescence Quenching in the Excited Complex:

Figure 4.2 shows the minimum energy pathway for the excited state proton transfer
from the phenol -OH group to the O atom of the carbonyl group of the coumarin. For a
detailed discussion of the electronic excitation and relaxation, the transition nature of the

excited states (LE, CT) are presented along the H-bond coordinate in Figure 4.7.
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Figure 4.7. Potential energy states (GS, LE, CT) as a function of the H-bonding coordinate
(C=0'+esH-0?, in A) of C102-Phenol complex. CAM-B3LYP functional is used with
basis set 6-311G++(d,p) in a dielectric continuum that mimics cyclohexane.

It is interesting to note that the PES of LE and CT states approaches each other, and
there is a switching of the energy order at a certain O'es+H distance (1.194A). This point
also corresponds to the maximum in the S1 PES, and this point is defined as a transition
state (ES*) for the electronic relaxation. For better understanding, the nature of the states
and its effect on fluorescence quenching, oscillator strengths (f) of the LE and CT states
with respect to H-bond coordinate of the C102-phenol complex are listed out (Table 4.3).
Electronic excitation energies of the low-lying excited states are calculated from the

optimized excited state H-bonded complex and presented in the appendix Table A.4.1.

LE and CT states denote mainly the bright (high oscillator strength) and dark (very
low oscillator strength) states, respectively. Later the LE and CT nature of these states

were confirm by orbital analysis. If we excited the H-bonded complex from its optimized
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ground state, it can directly excite the complex to the S; state. At this point, the Sz is a
locally excited (LE, f = 0.697) state, whereas S; is a charge transfer (CT, f = 0.002) state.
After excitation, the complex may move to shorter OlsesH distance to reach the ES1 state.
At this point also LE state (f = 0.698) is lower in energy than CT (f = 0.002). As the proton
is transferred towards the C102 moiety, the oscillator strength gradually decreases up to
the TS (ES*). When the proton crossed the transition state (ES*) barrier then the oscillator
strength goes down and tends to a very low value. Subsequently, a very low value of “f’
(0.0037) was observed for the lowest energy excited state (Sz) at a OleesH distance of 1.094
A. However, for the next higher energy excited state (Sy), f is quite high value (0.5775) at
the same OleseH distance. This abrupt interchange of the oscillator strength strongly
indicates the switching of energies of the LE and CT states at the transition state (ES*).
That means that the CT state becomes lower in energy than LE state at ES2.

Table 4.3. Excited state oscillator strength (f) values with respect to distance throughout

the S1 potential energy surface curve. We applied CAM-B3LYP functional with basis set
6-311G++(d,p) in cyclohexane (IEFPCM) solvent.

Distance (A) Oscillator strength Oscillator strength
(at S state) (at Sz state)
1.74 0.697 0.002
1.59 0.698 0.002
1.49 0.698 0.003
1.39 0.697 0.001
1.29 0.693 0.001
1.19 0.680 0.003
1.09 0.004 0.578
0.97 0.001 0.082

4.2.5. Molecular Orbital Analysis of the Excited State Complex:

Frontier molecular orbital analysis was also performed on both ES1 and ES2
configurations. From Figure 4.8, it is evident that at the ES1 structure, the lowest energy
HOMO—LUMO transition is LE type where electron density is mostly localized over the
n orbitals of C102 only. However, in the ES2 minima, the HOMO—LUMO transition

involves charge transfer (CT) from deprotonated phenol to protonated C102 moiety. All
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the involved molecular orbitals (LUMO, HOMO, HOMO-1 and HOMO-2) of the ES1 and
ES2 are presented in the Figure 4.8.

HOMO LUMO

HOMO-1

HOMO-2

Figure 4.8. Frontier molecular orbitals of C102-phenol complex of the ES1 and ES2
configurations in the excited state (S1). CAM-B3LYP functional was used in combination
with the basis set 6-311G++(d,p) in a dielectric continuum that mimics cyclohexane.

4.3. SUMMARY AND CONCLUSION

In this chapter, we have found a new H-bond assisted fluorescence quenching
pathway for the C102-phenol H-bonded complex via PCET. From a relaxed potential
energy scan, it was found that in the excited state not only the H-bonded strengthened
stable minimum (ES1) is favoured, but the further shortening of the OlsesH distance may
result in another stable minimum (ES2) where the H atom is completely transferred from
phenol to coumarin. Through ESP charge and dipole moment calculations, we established

that at a certain O'eseH distance, both a proton and an electron were transferred together
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from phenol to coumarin in the excited state. At this point, the lowest excited state also
changes its character from LE to CT-type after passing a potential energy barrier. Thus,
the ground state complex is first excited to the LE state and thereafter, H-bond
strengthening occurs to reach the first minima and finally, the complex reaches to the
second minima. Once the complex crosses the maximum, the nature of the lowest excited

state alters to a CT state, and hence fluorescence can be quenched.
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Chapter-5

Proton-Coupled Electron Transfer Vs.
Photoinduced Electron Transfer in
Methylbipyridine/Phenol Complexes*

*This work has been published in J. Phys. Chem. A 2019, 123 (38), 8122-8129.
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Chapter 5: Proton-Coupled Electron Transfer Vs. Photoinduced
Electron Transfer in Methylbipyridine/Phenol Complexes

5.1. INTRODUCTION

The importance of proton-coupled electron transfer (PCET) is substantially realized
in many biophysical and catalytic processes.18 219.299-301 | the past few years, a lot of
PCET systems investigated experimentally and theoretically as discussed in chapter 1 (see
section 1.3). Concerted electron and proton transfer are essential to avoid high energy
intermediates.?%% 217. 302-306 However, the signatures of the PCET process are not too
different from the conventional charge transfer (CT) or electron transfer (ET).2% The
similarity of features between PCET and ET often creates confusion to track down the
actual nature of the process. One such system is the complex between N-methyl-4, 4'-
bipyridinium cation (MQ") and phenol.?%% 23 Gagliardi et al. performed steady-state and
ultrafast transient absorption measurements on the complex of N-methyl-4, 4'-
bipyridinium cation (MQ") with different phenols- tyrosine, 4-methyl phenol, and 4-
methoxy phenol.?’! They used equimolar N-methyl-4,4 -bipyridinium and 4-methyl phenol
in the concentration range of 5 to 50 mM, in 50 mM tris buffer at pH 8.5. They observed
a weak red-shifted absorption band at 375 nm, which was attributed to the H-bonded
complex between MQ™ and phenol. Upon excitation at this new band, they observed
transient absorption bands at 360 nm, 440 nm, and 560 nm. The transient bands were
designated to the absorption of radical ions, which were proposed to occur via hydrogen
bond (H-bond) aided PCET. MQ" accepts both proton and an electron from the phenol
moiety (Scheme 1.15a).2* However, performing a similar set of experiments at two
different pHs (2 and 8.5), Tyburski et al. attributed the process as conventional charge
transfer between the MQ*/methoxyphenol system in the excited state rather than PCET.
They also suggested that the charge transfer may be mediated by donor-acceptor

interaction.2®®

In the previous chapter 4, we have demonstrated the hydrogen-bond guided
fluorescence quenching mechanism of the C102-phenol complex via PCET. Here, in this
chapter, density functional theory (DFT) and time-dependent density functional theory
(TD-DFT) were implemented on the MQ*/phenol system to reveal the nature of the excited
state process, PCET or PET, and also to elucidate the nature of donor-acceptor interaction.
Both protonated (HMQ?*) and deprotonated (MQ*) forms of MQ* were considered. The
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nature of interaction and excited-state properties of their complexes with 4-methoxyphenol

were compared.
5.2. RESULTS AND DISCUSSION

5.2.1. Design Principles and Geometric Configurations:

Hammarstrom and co-workers investigated MQ*/methoxyphenol complex at two
different pH in a water medium.2®® Since the pKa of HMQ?* is 3.5 (Scheme 1.15b), they
chose pH at 2 and 8.5, respectively, to deliberately select the protonated (HMQ?*) and
deprotonated (MQ™") forms. At higher pH (8.5), N-atom of the pyridyl group will remain
deprotonated, and there is a definite scope for the phenolic proton of 4-methoxyphenol to
form H-bond with it. However, at pH = 2, the N atom of the pyridyl group of the MQ™ will
be protonated to form HMQ?*. Therefore, the chance to form H-bond between N atom of
the HMQ?* and —OH of methoxyphenol is restricted. However, there is a possibility of H-
bonding between O atom of the phenolic hydroxyl and the H atom of HMQ?".

ot (a)

Figure 5.1. The optimized ground-state structures of the H-bonded (a)
MQ*/methoxyphenol and (b) HMQ?*/methoxyphenol complexes computed using CAM-
B3LYP-D3/6-311++G**/SMD (a dielectric continuum that mimics water).

In the present study, both forms of MQ™ - deprotonated (MQ™) and protonated

(HMQ?*) were considered as a representative at two different pH values. Recently, Pino
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and coworkers observed that H-bonded and r-stacked isomers are almost isoenergic for p-
aminophenol - p-cresol complex in the ground state.*” Similarly, both hydrogen bonding
and r-stacking interaction between MQ™ and 4-methoxyphenol were considered. The
optimized ground state structure of the H-bonded complexes of MQ*/methoxyphenol and
HMQ?*/methoxyphenol are presented in Figure 5.1. CAM-B3LYP-D3/6-311++G**
including water (SMD) solvent were used for the computation. The optimized H-bond
distance (N...H) is 1.714 A, and the angle (/N...H—O) between the participating atoms
is 173.2° in the electronic ground state of the MQ*/methoxyphenol complex (Figure 5.1a).
In the case of HMQ?*/methoxyphenol complex (Figure 5.1b), the N-atom of HMQ?" is
already protonated. Hence, there is no chance to form an H-bond between phenolic proton
and N-atom of HMQ?* in the ground state. However, an H-bonding of interaction (O...H-
N*) is present between the proton attached to the pyridine N of HMQ?* and the oxygen of
the hydroxyl group of 4-methoxyphenol. The optimized H-bond distance (O...H) is 1.778
A, and the angle (£/N—H...O) between the participating atoms is 169.3° in the electronic
ground state of the HMQ?*/methoxyphenol complex (Figure 5.1b).

5.2.2. Possibility of PCET in the H-bonded MQ*-Methoxyphenol Complex:
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Figure 5.2. Potential energy surfaces of the MQ*/methoxyphenol complex in a dielectric
continuum that mimics water as a function of the H-atom transfer coordinate
((MQ"N...HO(phenol)) using CAM-B3LYP-D3/6-311++G** (water, SMD) in the
ground state and the excited state, respectively. The optimized structure of the excited state
minima (ES2) of MQ*/methoxyphenol complex has been shown (“side" and "top" views)
on the right side.
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Taking the optimized H-bonded complex between MQ™ and methoxyphenol (Figure
5.1a) as initial structure, a relaxed potential energy scan was performed by varying the
distance between the N at 4-position of MQ™ and the H of the hydroxyl group of 4-
methoxyphenol. In the optimized ground state structure, this distance was 1.714 A (Figure
5.1a). The complete H-bond coordinate ((MQ™)N...HO(phenol)), which involves a
transfer of H-atom from the —OH group of methoxyphenol to the N atom of MQ", was
scanned (Figure 5.2). The distance between the H and N was varied from 1.764 A to 0.964
A with an interval of 0.05 A in both the Spand S; states. The N...H distance was only fixed
at different preset values during the scan leaving all other parameters free.

In the ground state, the energy of the MQ*/methoxyphenol complex continuously
increases upon shortening the distance between the H (initially belongs to phenol) and the
N (of MQ") atoms. Thus, in the potential energy surface (PES), a very high energy
structure is generated when the H atom is fully transferred to the N atom (of MQY) in
comparison to the starting structure (where the H atom belongs to 4-methoxyphenol). This
implies an unfavorable proton transfer in the ground state. Interestingly, a unique behavior
of the PES was observed in the excited state (S1); an unusual stacking between the aromatic
rings of the methoxyphenol and MQ* was observed in addition to the H-bonding
interaction. Thus, the starting structure of the excited complex (ES1) was very different in
appearance compared to the ground state starting structure (Figure 5.2). In the PES scan,
the energy of the S; complex first increases upon the shortening of the H-bond coordinate
up to a particular N...H distance. The intermediate excited state structure (ES*), which
corresponds to a maximum on the PES of the S; state has a N...H separation of 1.364 A.
In this structure, the H atom is almost equally shared between the N of MQ* and O of 4-
methoxyphenol (N..H distance is 1.364 A whereas O...H distance is 1.15 A). The
potential energy barrier between the ES* structure and the initially excited state structure
(ES1) is 4.11 kcal mol™. With further lowering of the N...H distance, energy of the
complex decreases, and PES reaches to a lower energy minimum structure (ES2), which
corresponds to a complete proton transfer from 4-methoxyphenol to the N atom of MQ™.
The ES2 structure is energetically more stable compared to the ES1 structure by 24.93 kcal
mol. This result indicates a moderately favorable exothermic H atom or proton transfer
in the excited state (S1) from methoxyphenol to MQ* with a small potential energy barrier.
We also calculated and compared the relaxed PES, especially for S; state by using another
functional M06-2X (Figure 5.3). Quite similar PES was observed for this M06-2X
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functional and nearly identical energy barrier of 4.43 kcal mol™ between ES1 and ES*.
Furthermore, some critical structural parameters of the complex (H-bond length and bond
angle of the involved atoms), which vary during the scan, were listed out in Table 5.1.

Table 5.1. Variation of distance and angle parameters in the excited state complex during

the scan along the N...H distance (CAM-B3LYP-D3 functional is used with basis set 6-
311G ++ (d,p) in SMD (a dielectric continuum that mimics water) solvent model.

N...H (A) O-H (A) N...O (A) C-O(&) | «N...H-O (°)
1.764 1.003 2.653 1.323 145.47
1.714 1.010 2.623 1.323 147.53
1.664 1.018 2.594 1.322 149.48
1.614 1.028 2.564 1.322 151.19
1.564 1.041 2.535 1.321 152.72
1.514 1.057 2.508 1.319 154.02
1.464 1.079 2.483 1.316 154.83
1.414 1.108 2.464 1.313 155.14
1.364 1.149 2.454 1.309 154.83
1.314 1.217 2.463 1.302 153.33
1.264 1.357 2.524 1.292 148.68
1.214 3.341 3.565 1.259 90.55
1.164 3.337 3.570 1.259 91.88
1.114 3.334 3.574 1.259 93.23
1.064 3.340 3.578 1.259 94.15
1.014 3.348 3.585 1.259 95.15
0.964 3.359 3.595 1.259 96.29

To further check the correctness of the excited state H-atom transfer, the minimum
energy structure (ES2) was optimized without any restriction using TD-DFT methods at
the same level of calculation. The absence of imaginary frequency confirms the
correctness of the minimization process. The excited state optimized ES2 structure of
MQ*/methoxyphenol is shown in Figure 5.2. The two molecular units are top of each other

and also maintain a parallel arrangement.
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Figure 5.3. Computed relaxed PES as a function of the H-atom transfer coordinate (N...H-
0, in A) on non-adiabatic excited state (S1) by using CAM-B3LYP-D3 and M06-2X
functional with standard 6-31G(d,p) basis set in a dielectric continuum that mimics water

(SMD model).

Does the H-atom transfer associate with simultaneous electron transfer? To answer

this question, the variation of atomic charges during the transfer process were determined.

ESP charge of each atom of the MQ*/methoxyphenol complex was calculated across the

potential energy surface for both the ground state and the excited state. For convenient

representation, the calculated ESP charges were grouped into three units - donor (D),

acceptor (A), and H-atom representing the complex as A(N)...H...D(O) (Scheme 5.1).

H-N/ \

\

Aceptor (A)

\

L

O

Donor (D)

Scheme 5.1. Schematic representation of the grouping of the MQ*/methoxyphenol
Complex into Different Parts (A, H and D).
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The ESP charge on the H-atom remains close to zero in the ground state as well as
in the excited state in the PES scan. Upon scanning the N...H distance, a different type of
variation of the ESP charges of D (phenol without H) and A (MQ™) units were noticed in
the ground and the excited state. In the ground state, the charges of the D and A fragments
continue to grow upon shortening of the N...H distance (Figure 5.4). The results indicate
that at the very short N...H distance, MQ" becomes protonated (i.e., the charge of HMQ?*
~ +2) and methoxyphenol becomes deprotonated (charge ~ —1). Thus, in the ground state,
the process should be considered as proton transfer, but obviously, it is energetically highly
unfavorable. However, in the excited state, the scenario is quite different; an active
exchange of electronic charge between the D and A units occurs at the N...H distance of
1.286 A. Furthermore, it was observed that the amount of charge transfer from
methoxyphenol to MQ™ is 0.98e in the ES2 complex. Thus, the proton transfer is associated

with electron transfer, and the overall process can be defined as proton-coupled electron

transfer or PCET.
1.6
; So
1.2 <
0.8 —_ —— Aceptor
0.4 —&— Donor
B —&— H atom
o 0.0 4 L i A — AN # s e 2
E’ -
& -0.4- .—‘/.—,*”*_._.__,___.__—0—0
i p
n‘-: -0.8
| ! I 4 I ! I !
@B o8- S

0.6 1 —i— Aceptor
—&— Donor
0.4 - —A— H atom
0.2
A e — T G SR A A—d
0.0 l L] ' T I L} I L}

1.0 1.2 1.4 1.6 1.8
(MQ")N++++HO(phenol) (A)

Figure 5.4. The ESP charge variation during the potential energy scan for the ground state
(top panel) and excited state (bottom panel) was obtained by CAM-B3LYP-D3/6-
311++G(d,p) in a dielectric continuum that mimics water (SMD). The charges are grouped
into three segments A-H-D.
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5.2.3. Photoinduced Electron Transfer in m-stacked HMQ?*/Methoxyphenol

Complex:

As the N atom of HMQ?* is already protonated in the ground state, it can no longer
accept a further proton from methoxyphenol and thus, there is no question of excited-state
PCET process. To investigate the excited-state behavior of the complex, the structure of
HMQ?*/methoxyphenol has been fully optimized in the S1 electronic state using the TD-
DFT method. Interestingly, it was observed that the H-bonded configuration altered to a
n-stacked configuration in the excited state for the HMQ?*/methoxyphenol complex
(Figure 5.5). This complex is similar in appearance to the m-stacked excited-state of
MQ*/methoxyphenol complex (ES2) observed as a result of PCET (Figure 5.2).

Side view

Top view

Figure 5.5. The excited state optimized structure of HMQ?*/methoxyphenol complex has
been shown in the side and top views by using CAM-B3LYP-D3 functional with 6-
311++G(d,p) basis set in a dielectric continuum that mimics water (SMD solvent model).

To check the possibility of photoinduced electron transfer (PET) in the
HMQ?*/methoxyphenol complex, the ESP charges over individual atoms of the complex
were determined in the H-bonded ground state and the n-stacked excited state,
respectively. The amount of charge transfer from donor methoxyphenol to acceptor

HMQ?* were calculated in the ground state and the excited state, respectively. It was
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observed that the conventional charge transfer (PET) from methoxyphenol to HMQ?" is
only present in the excited state. The amount of charge transferred is 0.95e from
methoxyphenol to HMQ?* in the electronically excited state. However, only a negligible
amount (0.06e) of electron transfer was noticed in the ground state. Hence, we can
conclude that PET is the primary photophysical process for the HMQ?*/methoxyphenol

complex in the excited state.

5.2.4. m-stacking Parameter of the Complex:

Now Figure 5.2 and 55 show that MQ*/methoxyphenol (ES2) and
HMQ?% /methoxyphenol complexes form n-stacked dimer configuration in the excited
state. Both MQ* and HMQ?" form perfectly face-to-face n-m stacking dimer with
methoxyphenol complex in the electronically excited state (S1). To describe the structure
of the n-stacked complex, we calculated two important structural parameters — (i) inter-
planar stacking distance, and (ii) the inter-planar angle between two m-stacked
MQ*/HMQ?" and methoxyphenol molecules (Table 5.2). Two pyridine rings of MQ* (or
HMQ?") were labelled as ‘A’ and ‘B’ respectively; the ring which is attached to the methyl

(3

group is assumed as ‘A’ and the other one is ‘B’. Similarly, the aromatic ring of

methoxyphenol is mentioned as the ‘C' ring (Figure 5.6).

Figure 5.6. Assignment of rings for MQ™ and 4-methoxyphenol.

The inter-planar distance is calculated by considering the distance between the
centroid of ‘A+B’ rings of MQ*/HMQ?" and centroid of ‘C’ ring (benzene ring) of
methoxyphenol molecules (Figure 5.7). The calculated inter-planar distances are 3.16 A
and 3.13 A, respectively for MQ*/methoxyphenol and HMQ?*/methoxyphenol complexes
in the excited state. Similarly, the inter-planar angle is measured by considering the angle
formed between the plane of ‘A+B’ rings of MQ*/HMQ?" and the plane of ‘C’ ring of
methoxyphenol molecules (Figure 5.7). Since the n-stacked molecules are aligned nearly
parallel to each other, the inter-planar angle is close to zero degrees. The measured inter-
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planar angles in the excited state are 2.3° and 2.8° for MQ*/methoxyphenol and
HMQ?*/methoxyphenol complexes, respectively. Moreover, it was found that the angle
between two pyridine rings ‘A’ and ‘B’ of MQ* and HMQ?* molecule is reduced from
~35° of the H-bonded ground state to ~5° to 6° in the n-stacked excited state. Thus, in the
n-stacked configuration of the complexes, both the pyridine rings of MQ*/HMQ?* almost

reside in a common plane.

MQ*/methoxyphenol (PCET) HMQ**/methoxyphenol

Inter-planar distance

f=2.31° 6=2.82°

Inter-planar angle

Figure 5.7. Representation of the inter-planar distance and angle of the excited state =-
stacked structure of the MQ*/methoxyphenol (ES2) and HMQ?*/methoxyphenol
complexes, respectively.

Furthermore, to confirm the m-stacking interaction between MQ*/HMQ?* and
methoxyphenol in the S; state, the distribution of critical points (CP) were investigated
using Atoms in Molecules (AIM) analysis by using the Multiwfn 3.6 program.®® The wave
functions used for the AIM analysis was calculated at the CAM-B3LYP/6-
311++G(d,p)/water (SDM) level. The red, yellow, and green spheres represent positions
of the bond critical points (BCPs), ring critical points (RCPs) and cage critical points
(CCPs), respectively (Figure 5.8).
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Table 5.2. Excited state optimized structural parameters (inter-planar angle and distance)
of the m-stacked MQ*/methoxyphenol (ES2) and HMQ?*/methoxyphenol complexes.
Calculations are done by using CAM-B3LYP-D3/6-311++G** with SMD (water) model.

Structural parameter MQ*- 4- HMQ?*- 4-
methoxyphenol methoxyphenol
Distance between two centroids 3.16 3.12

of two rings (A+B) and C (A)

Angle between two planes of 2.31 2.82
rings (A+B) and C (°)

Angle between two rings A and 6.03 5.02
B of MQ* (°)

Figure 5.8. Distribution of bond, ring, and cage critical points (red, yellow and green
spheres respectively) and bond paths for the excited state complexes of
MQ*/methoxyphenol (ES2) (a) and excited state HMQ?*/methoxyphenol (b) complexes.
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Seven and six intermolecular bond CPs (red spheres) and bond paths were observed
for MQ*/methoxyphenol and HMQ?*/methoxyphenol complexes, respectively.
Furthermore, m-stacking interaction was confirmed by the presence of several ring CPs
(yellow spheres) and cage CPs (green spheres) in the complexes as it is common for r-
stacking interaction. One and two cage critical points (CCP) were observed between the
rings for MQ*/methoxyphenol and HMQ?*/methoxyphenol complexes, respectively.
Interestingly, one C-H...w interaction has been characterized by one bond critical point
and bond path along with the =...7m interactions. The C-H...w interaction is present
between the H-atom of the —OMe group of the methoxyphenol and one carbon atom of the
aromatic pyridine ring ‘A’ of MQ*/HMQ?*. This C-H... interaction is observed for both

complexes.

5.2.5. Possibility of Formation of non-H-bonded n-stacked Complex in the Ground
State:

Since m-stacked structure was already found for the excited state
HMQ?*/methoxyphenol complex, and also in the excited state of MQ*/methoxyphenol
complex after PCET, we are curious to know if a non-H-bonded ground state r-stacked is
possible for MQ*/methoxyphenol and HMQ?*/methoxyphenol complexes. For this, a
reasonable m-stacked type input structure was prepared for both the complexes and
optimized them in the ground state at the same calculation level. Interestingly, stable =-
stacked structures were found for both the complexes in the ground state (Figure 5.9).
Thus, apart from H-bonding complexes, the nt-stacked configuration may also be possible.
Complexation energies were calculated for both the H-bonded and =-stacked configuration
of MQ*/methoxyphenol and HMQ?*/methoxyphenol complexes in the ground state (Table
5.3). Surprisingly, it was observed that the magnitude of complexation energy of the -
stacked structures is higher than H-bonded structures for both the MQ*/methoxyphenol
and HMQ?*/methoxyphenol complexes. In the case of the ground-state of H-bonded
MQ*/methoxyphenol complex, complexation energy is —3.75 kcal/mol, whereas for
ground state nt-stacked complex it is —14.81 kcal/mol. Similarly, the n-stacked complex is
energetically more stable than H-bonded by 4.04 kcal/mol for the HMQ?*/methoxyphenol
complex in the ground state. Thus, we can conclude that n-stacked is more favorable for

both MQ*/methoxyphenol and HMQ?*/methoxyphenol complexes in the ground state.

118
TH-2442_156122043



Chapter 5

Note that when computing the complexation energy of a complex, an appropriate
solvent model is critical.231 |n this case, water is both polar and H-bonding solvent. In
literature, several studies tested the performance of continuum, discrete, and a mixture of
both continuum and discrete models. The use of a continuum model is a minimum
requirement to account for the polar and H-bonding effect but a mixed discrete-continuum
model can further improve the accuracy.>*® Here, we applied the polarizable continuum
model (PCM) which is an implicit solvent model. In implicit solvents or continuum
solvents, no solvent molecules or no solvent coordinates are present. In continuum solvent,
only a small number of parameters mainly the dielectric constant (¢) are used to represent
the solvent. In this work, we used the widely applicable solvation model based on density

(SMD) to mimics the dielectric continuum of water.

(a)

Side view Top view

Figure 5.9. The ground state energy minimized =-stacked structures of the
MQ*/methoxyphenol (a and b) and HMQ?*/methoxyphenol (c and d) complexes have been
shown in the side and top views using CAM-B3LYP-D3/6-311++G** with SMD solvent
(water) model.
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Table 5.3. Ground state complexation energies of the MQ*/methoxyphenol and
HMQ?*/methoxyphenol complexes. Calculations are obtained using CAM-B3LYP-D3/6-
311++G** including SMD solvent (Water) model.

Complex Type Complexation Energy (kcal/mol)
MQ*- 4-methoxyphenol | HMQ?*- 4-methoxyphenol

H-bonded -3.75 -11.80

n-stacked -14.81 -15.84

Furthermore, a close inspection of the ground state and excited state structures of the
n-stacked configuration reveals that the aromatic ring of the methoxyphenol is displaced
from a perfect face-to-face aligned structure with MQ™ observed of the excited state
(Figure 5.9). Also, due to such displacement, the inter-planar distance is increased from
3.16 Ainthe S; state to 3.61 A in the So state. Hence, in the ground state, the shortest inter-
planar distance is now considered as the distance between centroids of ‘C’ ring and C4
atom of the ‘A’ pyridine ring (Figure 5.10). The measured inter-planar distances are 3.48
A and 3.50 A for both the MQ*/methoxyphenol and HMQ?*/methoxyphenol complexes,
respectively. Similarly, the inter-planar angle is measured by considering the angle formed
between the plane of ‘A’ ring of MQ*/HMQ?* and the plane of ‘C’ ring of methoxyphenol
molecules (Figure 5.10). The measured inter-planar angles are 4.90° and 3.87° for
MQ*/methoxyphenol and HMQ?*/methoxyphenol complexes, respectively. The angle
between two pyridine rings ‘A’ and ‘B’ of MQ™ and HMQ?" were also calculated for both

the complexes and these are 29.4° and 34.3° for MQ* and HMQ?*, respectively.
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MQ*/methoxyphenol HMQ*/methoxyphenol

Inter-planar distance

Inter-planar angle

Figure 5.10. Representation of the inter-planar distance and angle of the ground state =-
stacked structure of the MQ*/methoxyphenol and HMQ?*/methoxyphenol complexes,
respectively.

5.2.6. Computation of Absorption Spectra of the Complexes, H-bonded vs. =-

stacked:

To get more information about the photophysical properties of the
MQ*/methoxyphenol and HMQ?*/methoxyphenol complexes, the absorption spectra of
these complexes were computed for both w-stacked and H-bonded structures (Figure
5.11). The computed and experimental absorption maxima for the first electronic transition
(So — Sy) are listed in Table 5.4. It was found that the absorption maxima calculated by
two functionals (CAM-B3LYP and M06-2X) agree well with each other (see Appendix,
Figure A.5.1.).
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Figure 5.11. Calculated absorption spectra of MQ*/methoxyphenol complex (top panel)
and (b) HMQ?%*/methoxyphenol complex (bottom panel) are presented. All the spectra
were calculated using TD-DFT method using CAM-B3LYP-D3/6-311++G** and SMD
solvent (water) model on the ground state optimized structures.

Gagliardi et al. reported the UV-visible absorption spectrum of MQ* and p-
methoxyphenol complex in aqueous solutions containing equimolar concentrations of each
species. They observed a low-energy shoulder at ~375 nm, which they assumed to occur
due to the H-bonded complex.2°* On the other hand, Tyburski et al. reinvestigated the same
system at two different pH values (pH 2 and 8.5) and observed nearly identical spectrum
at both pHs.2%% They suggested that the low energy absorption band may be attributed to
charge transfer.?®® Our computed UV-visible spectra for the n-stacked
MQ*/methoxyphenol complex shows a low energy shoulder peak at 349 nm while the H-
bonded complex shows much more blue-shifted absorption band at 284 nm. Since, the
absorption band of the n-stacked complex matches with the experimental absorption
spectra, we may conclude that -stacked complex is the main species in the ground state
and the absorption band is due to charge transfer occurring in this complex. Likewise,
Tyburski et al. observed an absorption band around 400 nm at pH 8.5 for the
HMQ?*/methoxyphenol complex.2%® Our computed absorption spectrum of the n-stacked
HMQ?*/methoxyphenol complex shows a lower energy band centered at 397 nm, which is
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almost identical to the experimental one. However, there is no absorption band near 400
nm for the H-bonded HMQ?*/methoxyphenol complex. Thus, we may conclude that the
absorption band at around 400 nm is solely due to w-stacked configuration rather than the
H-bonded complex.

Table 5.4. Calculated vertical excited energies (nm), corresponding oscillator strengths (in

the parenthesis) and major contribution for the complexes of MQ*, HMQ?" with 4-
methoxyphenol in water medium using TD-DFT/CAM-B3LYP-D3/6-311G++(d,p) level.

System configuration S1 Experimental
value (nm)

MQ*- 4- H-bonded 284.0 (0.001) 375
methoxyphenol H — L (96%)
n-stacked 349.0 (0.022)
H — L (99%)

HMQ?*- 4- H-bonded 308.2 (0.001) 400
methoxyphenol H — L (94%)
n-stacked 397.3 (0.027)
H — L (98%)

5.2.7. Excited State Behavior of the n-stacked MQ*/Methoxyphenol Complex:

Excited state geometry optimization of HMQ?*/methoxyphenol complex leads to the
exactly same n-stacked structure (Figure 5.5) irrespective of the ground state starting
structure, H-bonded (Figure 5.1b) or n-stacked (Figure 5.9b). It indicates that n-stacked
structure is overwhelmingly favored in the excited state. To investigate the behavior of the
n-stacked MQ*/methoxyphenol complex after optical excitation, the ground state 7-
stacked complex has been fully optimized in the electronically excited state using TD-DFT

method at the same level of calculation.
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Side view

Top view

Figure 5.12. Excited state optimized structure of MQ*/methoxyphenol complex obtained
after optimization of the ground state n-stacked structure using CAM-B3LYP-D3
functional with 6-311++G(d,p) basis set including SMD (water) solvent model,
respectively. Both the side and top view of the structure are given for clarity.

Surprisingly, in the case of MQ*/methoxyphenol, different types of excited state -
stacked structure were found depending upon run on the initial ground state structure type,
the H-bonded, and r-stacked. From ground state H-bonded complex, a r-stacked structure
was found in the excited state where simultaneous proton and electron transfer occur from
methoxyphenol to MQ™ (ES2, Figure 5.2). However, when excited state optimization was
initiated from the n-stacked structure, we did not found any transfer of H-atom from
methoxyphenol to MQ™ (Figure 5.12). This observation agrees well with the prediction of
Tyburski's that no PCET occurs in such complexes.?%® Furthermore, it was found that the
non-PCET mr-stacked complex is more stable than the PCET complex by 4.4 kcal/mol in
the S; state. Structural parameters, including the inter-planar distance and angle, were
calculated for this n-stacked MQ*/methoxyphenol complex (Table 5.5). The calculated

inter-planar distance is 3.12 A, and the measured inter-planar angle is 2.94° for
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MQ*/methoxyphenol complex. Furthermore, the AIM analysis also confirms r-stacking

interaction present in the complex (Figure 5.13).

Figure 5.13. Distribution of bond, ring and cage critical points (red, yellow and green
spheres respectively) and bond paths in the excited state MQ*/methoxyphenol complex,
which undergoes PET.

Table 5.5. Excited state optimized structural parameters (inter-planar angle and distance)
of the n-stacked MQ*/methoxyphenol (no PCET) complex. Calculations are obtained by
using CAM-B3LYP-D3/6-311++G** with SMD solvent (water) model.

Structural parameter MQ*- 4-methoxyphenol
Distance between two 3.12
centroids of two rings (A+B)
and C (A)
Angle between two planes of 2.94

rings (A+B) and C (°)

5.2.8. Charge Transfer Analysis of the n-stacked MQ*/Methoxyphenol Complex:

To understand the charge transfer process (CT), ESP charges over individual atom
of the complex were calculated on the ground state and excited state optimized n-stacked
structure of MQ*/methoxyphenol complex. The exact amount of charge transfer from
donor methoxyphenol to acceptor MQ™ was determined for the ground state and excited

state (Figure 5.14). In the ground state, almost no charge transfer (0.004e) was found from
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donor methoxyphenol to acceptor MQ* molecule. On the other hand, the observation is
quite different in the S; state. An obvious charge transfer was found from the aromatic ring
of the methoxyphenol to electron-deficient MQ* moiety. Amount of charge transfer is
close to one (0.914e), which implies one electron gets transferred from the aromatic rings

of the methoxyphenol to electron-deficient MQ™ moiety (Figure 5.14).

0914 ¢

0.086 e

0.004 ¢

0.996 ¢

Figure 5.14. Calculated ESP charge on the So state (bottom panel) and S; state (top panel)
optimized structures of MQ*/methoxyphenol by using CAM-B3LYP-D3/6-311G++(d,p)
with SMD (water) solvent model.

5.2.9. Molecular Orbital Analysis of the Excited State n-stacked Complexes:

Furthermore, to confirm the charge transfer process, frontier molecular orbital
analysis of the S; state of the complexes was performed by TD-DFT methods. From Table
5.4, we found that HOMO to LUMO charge transfer is solely responsible for So — S1
transition. From Figure 5.15, it is evident that HOMO — LUMO transition involves
charge (electron density) transfer from electron-rich methoxyphenol (donor) to electron-
deficient MQ™ molecule (acceptor). This observation also supports our ESP charge

calculation results.
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HOMO LUMO

MQ" - 4-methoxyphenol
(PCET- Sy)

MQ" - 4-methoxyphenol
(PET- S))

HMQ? - 4-methoxyphenol
(PET-S))

Figure 5.15. Frontier molecular orbitals of MQ*/methoxyphenol and
HMQ?*/methoxyphenol complexes in the ground state and the excited state (S1). CAM-
B3LYP-D3 functional was used in combination with the basis set 6-311G++(d,p) in a
dielectric continuum that mimics water (SMD).

5.3. SUMMARY AND CONCLUSION

In this chapter, we presented a thorough investigation of the excited-state processes
of the MQ*/methoxyphenol and HMQ?*/methoxyphenol complexes. Our results show that
two types of configuration are possible for both the complexes- H-bonded and n-stacked.
PCET may take place only in the H-bonded MQ*/methoxyphenol complex. We found clear
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evidence of charge transfer within n-stacked complexes in the excited state. In the ground
state, the m-stacked complexes are energetically more favorable than the H-bonded
complex. Thus, standard charge transfer within the n-stacked complex is much more
favorable than the PCET process in the MQ*/methoxyphenol. Since the energy difference
between the H-bonded and r-stacked MQ*/methoxyphenol complex is very high (~11.0
kcal/mol), the possibility of both processes occurring together can be ignored at room

temperature.
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Chapter-6

Effect of Photoacid Strength on Fluorescence
Modulation of 2-Naphthol Derivatives inside

B-Cyclodextrin*

Fluorescence

Wavelength ——

*This work has been published in J. Phys. Chem. B 2019, 123 (44), 9291-9301.
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Chapter 6: Effect of Photoacid Strength on Fluorescence Modulation of
2-Naphthol Derivatives inside B-Cyclodextrin

6.1. INTRODUCTION

Proton transfer (PT) is an elementary process occurring in diverse chemical and
biological processes.3'1-1* Excited-state proton transfer (ESPT) is a variant of PT triggered
by photo-excitation of an aromatic fluorophore.343!” These molecules often termed as
photoacids, are generally weak acids in the ground state but become strong acid in the
excited electronic state and donate a proton to solvent medium (usually water). The ESPT
process depends critically on the availability and the hydrogen bonding nature of water

molecules around the photoacid.*!8-%21

When a photoacid is encapsulated within a macrocyclic host, it may show a very
different fluorescence response from that in water. The modified response, in turn, offers
valuable insights about the microenvironment. A lot of studies are discussed in chapter 1
(see section 1.2.5). Various photoacids, e.g., 1-naphthol and 2-naphthol derivatives,
amino- and hydroxypyrene derivatives, etc., have been implemented to study ESPT inside
CD cavity.!48 152 231 322 However, the applicability of strong photoacids to report the
characteristics of microenvironment inside organized assemblies, remain mostly
unexplored. Moreover, different photoacids may report a different degree of fluorescence
modulation upon inclusion. For example, Hansen et al. showed that ESPT rate increases
for 1-aminopyrene but decreases for 1-naphthol inside p-CD.*® Herein, we intended to
study the link between fluorescence modulation and the strength of a photoacid inside a

confined medium.

In this work, we deliberately chose 2-naphthol (20H) and its two derivatives: 6-
sulfonate-2-naphthol (6SOs-20H) and 6-cyano-2-naphthol (6CN-20H) and investigated
their fluorescence modulation upon complexation with 3-CD (Scheme 6.1). The photoacid
derivatives differ by the substitution at the 6-position and have very different pKa," values
(Table 6.1). We measured the pKa and pKa~ value of the photoacids, which are close to the
literature values (see Chapter 2 and Appendix Figure A.6.1, A.6.2, and A.6.3). 2-Naphthol
is a well-investigated photoacid and reportedly forms 1:1 inclusion complex with B-CD.4-
146,323 Apdel-Shafi investigated the inclusion of 6503—20H within the p-CD cavity by

steady-state fluorescence and NMR spectroscopy and reported significant modulation of
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fluorescence spectrum inside the nanocavity.3?* However, ESPT of 6CN-20H has never

investigated within p-CD.

J &

B-CD (side view) B-CD (top view)

Scheme 6.1. Molecular structure of the photoacids: 2-napththol (20H), 6-sulfonate-2-
napththol (6SO3-20H), 6-cyano-2-naphthol (6CN-20H) and B-CD host (side and top
Views).

Table 6.1. pKa and pKa of the free (in water) and complexed (with B-CD) photoacids.

Photoacid Free Complexed
pKa pKa" pKa pKa”
20H 9.61+0.03 3.32 10.00 £ 0.01 3.89
(9.457 9.52°, | (2.8%,3.05") (10.0°) (3.60°)
9.59
6S03-20H 9.52+0.03 3.06 9.65 +0.10 3.03
(9.16%, 9.4%) | (1.7¢3.39
6CN-20H 8.55+0.02 0.63 8.42 £0.02 0.18
(8.4%) (0.2, -0.4°%

ataken from ref.!1 :btaken from ref.1#®;¢ taken from ref.314 ;9 taken from ref.324 ; € taken from ref.3%
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132




Chapter 6

6.2. RESULTS

6.2.1. Steady-State Emission Measurements:

20H

— water
—00.5 mM RCD
—1mM
—2 mM
—4 mM
—6mM
— 9 mM
12 mM

Normalised Intensity

(c) i
1.0 - 6CN-20H
0.8 < R Water
§ \ —— 1mMRCD
1 f \ —4mM
0.6 - / ——6mM

0.4

0.2 5

0.0 L —r—= T . T . T . .
360 400 440 480 520 560
Wavelength (nm)

Figure 6.1. Emission spectra of (a) 2-OH, (b) 6S03-20H, and (c) 6CN-20H in water and
in the presence of various concentrations of -CD (Aex = 310 nm). Emission spectra were
normalized at the strongest band.

In water, all the photoacids exhibit two emission bands representing emission from
the protonated and deprotonated species. In aqueous medium, emission maxima of the
protonated band were at 354 nm, 358 nm, and 360 nm, respectively, and emission maxima
of the deprotonated band were at 410 nm, 430 nm, and 440 nm, respectively for 20H,
6S03-20H, and 6CN-20H. For 20H, the intensity of the protonated band is much stronger
than the deprotonated band; the deprotonated band appears to be a shoulder to the
protonated emission band. However, for both 6S03-20H and 6CN-20H, the protonated
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emission band is much weaker than the deprotonated one. For 6CN-20H, the protonated
emission band is so weak that the emission spectrum appears to be a single band
constituting only of the deprotonated emission. The relative intensity of the emission bands
depends on the timescale of ESPT relative to the lifetime of the photoacid. In the case of
very fast ESPT, initially excited protonated form converts almost instantaneously into the
deprotonated form, which leads to a negligible emission from the protonated form. Thus,
the very weak protonated band for 6CN-20H indicates that ESPT may occur in ultrafast

timescales.

In the presence of B-CD, the emission spectra alter substantially for both 20H and
6S03-20H.1%° 324 The emission contribution of the deprotonated form suppresses
significantly compared to the protonated form (Figure 6.1a). In other words, the emission
contribution of the protonated form enhances significantly compared to the deprotonated
form (Figure 6.1b). In contrast, the emission spectrum almost remains unchanged for
6CN-20H in the absence and presence of B-CD (Figure 6.1c). To visualize the changes
that occurred on the emission spectrum due to inclusion, we normalized the emission
spectra at the stronger band. Area-normalized emission spectra are also added in the
Appendix (see Figure A.6.4), which automatically corrects the error due to a slight
difference in the concentration of fluorophores in different sets. All the emission spectra
display clear isoemissive point, which indicates that the protonated and deprotonated
bands are originating as the expense of each other.

The fluorescence quantum yield of 2-naphthol in aqueous solution is 0.2 (+0.01) and
in presence B-CD quantum yield increases to 0.24 (+0.01). The fluorescence quantum yield

of 6-sulfonate-2-naphthol in aqueous solution (pH < 7) is 0.31 (£0.03).

6.2.2. Time-Resolved Fluorescence Measurements:

Fluorescence decays of the photoacids were measured in water and in the presence
of 12 mM B-CD to evaluate the effect of confinement on the ESPT dynamics of the
photoacids. Two characteristic wavelengths,340 nm (or 350 nm) and 440 nm (or 470 nm),
were selected for the protonated and deprotonated forms, respectively. It is important to
emphasize that IRF of our set up (~700 ps) limits quantitative estimation of the ESPT

dynamics.

In water, fluorescence decay of the protonated form (Aem = 340 nm) of 20H is

exponential with a time constant of 4.8 ns (Figure 6.2a). The exponential nature of the
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decay was attributed to the irreversible ESPT (i.e., no re-protonation occurs in the excited
state)!*®; the observed time constant (o) can be related to the intrinsic lifetime (tn) and
deprotonation time constant (tq) by the equation,#°

To Tn Td

Tn can be obtained from the decay time of the photoacids in highly acidic conditions (e.g.,
in 1-2M HCI) where ESPT is practically impossible. However, this may be complicated
under additional quenching by the anions of the acids, and the quenching effect should be

considered carefully (see Appendix Figure A.6.5 and A.6.6).1%°

——Free (d)
complex

20H —free (a)
— complex

1000 4

Aex= 440 nm

100

10 5

—1free (e)

6S03-20H —free 4
—— complex

— complex

1000

hex= 350 nm

hex= 470 nm

Counts

1004

e, i

T M

10

—free (f)
— complex

6CN-20H

1000

hex = 350 nm

1004

10

4 8 12 16 20 2 28
Time (ns) Time (ns)

Figure 6.2. Fluorescence decays of the protonated (a-c) and deprotonated (d-f) forms of
20H, 6S03-20H and 6CN-20H in water (free) and their complexes with B-CD ([B-CD] =
12 mM), upon excitation Aex = 292 nm.

The decays of the protonated form (Aem = 350 nm) of both 6S03-20H and 6CN-20H
were not entirely exponential; a major fast component is followed by a minor slow
component (Figure 6.2b and 6.2c). The minor component, although negligible, is
necessary to get a reasonable fit. This small component may be a signature of geminate
recombination, which is usually observed for strong photoacid.®?6-32” Taking the major
component as the observed lifetime, we can calculate the deprotonation time constants in
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water using equation (6.1). The deprotonation time is very long in the case of 20H,
moderate for 6SO3-20H; however, very short for 6CN-20H (Table 6.2). The vast
differences in the deprotonation times are expected from substantial differences in the pKa~

values.

Table 6.2. Fluorescence decay parameters of protonated and deprotonated forms of
photoacids and their complexes with B-CD (12 mM). 11 and 12 represent the decay
components and ai and az respectively denote their relative contributions. tn and tq are
intrinsic lifetime of the protonated form and the deprotonation time of the photoacids,
respectively.

System Aem (NM) a1 a |ti(ns) [t2(ns) | %* | T (NS) | td (nS)

20H 340 1.0 - 4.8 - 1.04 7.2 14.4
440 -0.44 | 0.56 | 4.50 94 0.99 -

20H:BCD 340 0.26 | 0.74| 3.90 7.2 1.03 9.28 33.1
440 -0.44 | 0.56 | 4.40 11.5 1.04 -

6S0s3- 350 0.98 | 0.02| 1.10 7.7 1.04 6.7 1.3
20H 470 -0.44 | 0.56 | 0.80 11.5 1.04 -

6S03- 350 0.96 | 0.04 | 2.60 6.1 1.08 7.0 4.1
20H:BCD 470 -0.47 | 053 | 2.20 11.6 1.09 -

6CN-20H 350 0.99 | 0.01| 0.16 5.20 1.02 4.8 0.17
470 -0.30 | 0.70 | 0.17 5.88 1.01 -

6CN- 350 0.99 | 0.01| 0.18 6.54 1.12 6.4 0.19
20H:BCD 470 -0.23 | 0.77 | 0.25 7.20 1.14 -

§ taken from ref.14°

In the presence of B-CD, the decay of 20H becomes significantly slower and bi-
exponential with components of 3.9 ns and 7.2 ns. The former component may be due to
free 20H, which may be slightly quenched in the presence of 3-CD. The slower component
was attributed to the decay of complexed 20H.1*® A clear rise indicative of ESPT is
observed in the emission transient (Aem = 440 nm or 470 nm) of the deprotonated form,
both in water and in the presence of B-CD (Figure 6.2d). However, no difference was
observed in the rise times of the deprotonated transients in the presence (t1 = 4.4 ns) and
absence (11 = 4.5 ns) of B-CD, although a clear difference was noticed at the long-time

tails (Table 6.2). A similar magnitude of the rise components, in the presence and absence
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of B-CD, implies that the rise component may only occur due to deprotonation of free
20H. Deprotonation time of the complexed 20H is beyond the lifetime of 20H and hence,

may not contribute in the measured decay.*®

For 6SO3-20H, the fluorescence decay at 350 nm is significantly slower in the
presence of B-CD compared to that in water. The rise component of the deprotonated form
(Aem = 470 nm) of 6SO3-20H is also significantly slower in the presence of B-CD,
indicating a marked slowing down of ESPT (Figure 6.2e). The decay time of protonated
transient is quite similar to the rise time of the deprotonated form. However, for 6CN-
20H, hardly any change was observed for the emission transients recorded in the presence
and absence of B-CD. Likewise, we did not observe any significant difference in the rise
component of the deprotonated form (Aem = 470 nm) before and after the addition of B-CD
(Figure 6.2f).

Thus, steady-state and time-resolved fluorescence measurements illustrate that
fluorescence modulation is significant for 20H and 6SO3-20H, but almost none for 6CN-
20H upon inclusion inside B-CD. Now, we are interested to understand the origin of the
differential modulation within the family of 2-naphthol photoacids. The possibilities could
be as follows: (1) The binding pattern (i.e., binding constant or binding mode) of the
photoacids with B-CD may be different, and hence, each photoacid may experience a
different degree of confinement. (2) Perturbation of the hydrogen-bonding network of
water molecules around the proton donation site (hydroxyl group) of the photoacid may
be different for different photoacids. (3) The ESPT modulation may be intrinsically linked
to the acidities of the excited state. In the following sections, we will dissect each of these
possibilities.

6.2.3. Isothermal Titration Calorimetry (ITC) Measurements:

ITC measurement was performed to acquire thermodynamic binding parameters of
the photoacid:f-CD complexes. Figure 6.3 depicts the heat burst curves obtained from
titration of aqueous solutions of different photoacids with B-CD. The thermodynamic
parameters— enthalpy (4H), entropy (4S) and association constants (Ka) obtained from

the ITC measurements are given in Table 6.3.

A single site model implying a 1:1 binding stoichiometry for all the host-guest
systems can fit the raw ITC data satisfactorily. For all the complexes, a favorable

exothermic enthalpic (negative 4H) contribution is coupled with an unfavorable entropic
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contribution. However, the net free energy change is negative (4G < 0), which is
characteristic of the spontaneous inclusion process (Table 6.3). Two types of hydrophobic
interactions— classical and non-classical are generally considered for host-guest
complexations.332 An entropy-driven process (74S > 0) is known as classical
hydrophobic interaction, whereas an enthalpy-driven process (4H < 0) is considered as
non-classical hydrophobic interaction. Thus, the inclusion process for the photoacids here
is driven primarily by non-classical hydrophobic interaction. It is important to note that
the binding nature and the binding constants are comparable for all three photoacids
(Table 6.3). Thus, the drastic variation in the fluorescence modulation, observed for
different photoacids upon inclusion within $-CD, cannot be explained from their binding

thermodynamics.
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Figure 6.3. ITC profiles for the titration of three photoacids (20H, 6SO3 -20H and 6CN-
20H) vs. B-CD in terms of molar ratio ([photoacid] / [B-CD]) at 298 K. Upper part of the
ITC diagram is primary heat burst curves after correction of heat of dilution, and bottom
part is ITC enthalpograms. The solid lines passing through the points are the best fit lines
of the one-site binding model to the raw data.

Table 6.3. Thermodynamic binding parameters of different photoacids with B-CD
obtained from ITC measurements.

photoacid | Ka (10> M?) | AH (kcal mol?) | T4S (kcal mol?t) | AG (kcal mol?)
20H 2.83 + 0.08 -8.63+ 0.18 -5.29 -3.33
6S03-20H | 4.18 + 0.28 -5.39+ 0.02 -1.81 -3.58
6CN-20H | 5.81 + 0.08 -9.07+ 0.07 -5.29 -3.78
138
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6.2.4. Molecular Dynamics (MD) Simulation:

Although ITC provides binding affinities of the photoacids towards -CD, molecular
insights of the binding mode is essential to ascertain if there are any discernible changes
in the binding pattern. MD simulation is generally used to reveal insight into the host-guest

geom etry. 290, 330-331
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Figure 6.4. Initial configuration (t = 0 ns) of the Photoacid:f-CD “up” and “down”

complexes are shown, respectively. Water molecules are omitted for clarity.

First, it was checked if there was any preferred "up" or "down" configuration for the
photoacid:B-CD inclusion complex. The initial configurations of both “up” and “down”
complexes are presented in Figure 6.4. It was found that the “down” complex is very
stable for all the photoacid:3-CD complexes; the photoacids remain inside the cavity
throughout the MD trajectories. However, the “up” complex was found to be unstable for
both 20H and 6CN-20H. In this configuration, 20H came out of the cavity after an
interval and subsequently remained outside. 6CN-20H also escapes; however, it enters
into the cavity again in the reversed configuration. Thus, MD simulations indicate “down”
configuration as a preferred mode for the inclusion of 20H and 6CN-20H. However, no
mode preference was observed for 6SO3-20H. A possible reason is that the host-guest
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exchange time for this complex may be beyond our simulation period. Using NMR
spectroscopy, Abdel-Shafi et al. predicted that the binding mode of 6SO3-20H as "down
configure".32* Since all the photoacids are stable in the down configuration, henceforth,

only the down complex are discussed.
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Figure 6.5. Representative MD simulation snapshot of the 3-CD inclusion complexes of
(@) 20H, (b) 6S03-20H, and (c) 6CN-20H after 20 ns simulation. Water molecules
present within 5 A around the photoacid are displayed.

Visual inspection of the snapshots of photoacid:B-CD confers almost complete
insertion of the photoacids inside the B-CD cavity (Figure 6.5). The naphthalene ring of
the photoacids remains inside the hydrophobic cavity of B-CD throughout the simulation
period (20 ns). Entropy effect arising from the removal of water molecules from B-CD
cavity may dominate the inclusion of naphthyl guest into the B-CD cavity. The hydrophilic
hydroxyl group (-OH) of the photoacids tends to protrude from the cavity through the
narrower ring. The other functional groups (-SOs~ and -CN) also extrude out from the wide

rim.

6.2.4.1. Distance between Center of Mass (COM) of B-CD and the Center of the
Central C-C Bond of the Naphthalene Ring:

To check the depth of the inclusion of each photoacid, the distance between COM
of B-CD and the center of the C-C bond present at the center of the naphthalene ring were
plotted against number of frames in the Figure 6.6. This separation may be a better
descriptor of the inclusion depth than the usual COM/(host)-COM(guest) separation,

because the COM of the photoacids may present at different locations due to different
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substitutions. The Figure 6.6 shows the stability of the photoacids inside the cavity of the
cyclodextrin throughout the simulation period. Furthermore, quite short distances were
found for all the three photoacid:B-CD complexes during simulation times (Table 6.4),

which values imply complete insertion of photoacids into the cavity of host 3-CD.

[—20H

——6S0,20H

Distance )

—— BCN-20H

0 T T T T 1
0 4000 8000 12000 16000 20000

Frame

Figure 6.6. Distance between center of mass (COM) of -CD and the center of the central
C-C bond (C3-C4) of the naphthalene ring of the photoacids versus frame.

Table 6.4. Distance (in A) between center of mass (COM) of B-CD and the center of
central C-C bond of the naphthalene ring of the photoacids.

20H:BCD 6S03-20H:BCD | 6CN-20H:BCD

1.186+0.005 1.042+0.004 1.174+0.005

6.2.4.2. Radial Distribution of Water Molecules Around the Hydroxyl Group of

Photoacids:

To get a clear idea of the distribution of water molecules around the hydroxyl group

(-OH) of the photoacids both in the presence and absence of 3-CD, the radial distribution
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function (RDF) was determined. RDF involving oxygen(O) of the hydroxyl group of
photoacid and oxygen(Ow) of water may be useful (Figure 6.7).

(i) Photoacid:p-CD (i) Free Photoacid
20 24
Lo 20H —0n
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Figure 6.7. Radial distribution function (upper panel) and running coordination number
(lower panel) involving oxygen atom (photoacid)-oxygen atom (Ow) of water situations in
the (i) presence and (ii) absence of B-CD.

There is remarkable similarity among the RDFs of different photoacids both in water
and inside B-CD, but the RDF of a photoacid within the 3-CD complex is remarkably
different from that in bulk water. The O-Oy RDF shows a distinct maximum at ~2.75 A
for all three photoacids both in the presence and absence of B-CD (Figure 6.7i, and 6.7ii).
The height of the 1% peak, which is proportional to the number of water molecules present
in the first hydration shell, follows a moderate variation in the order 20H> 6SO3-20H>
6CN-20H. However, this variation in the order is common in the absence and presence of

B-CD. This confirms that this variation is not due to CD cavity. The height of the first peak
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decreases in the presence of B-CD compared to that in water. This implies that the hydroxyl
group is less hydrated upon inclusion inside the cavity. It is also clear from the RDF that
the availability of water molecules around the photoacid inside B-CD is much less
compared to that in neat water. The distribution of water molecules become severely

perturbed at least up to three solvation layers around the hydroxyl group of the photoacid.

To find out the exact number of water molecules closely distributed around the
hydroxyl group of the photoacids, the running coordination number (RCN) was calculated
around the O atom of the hydroxyl group of different photoacids in the first and second
coordination shells (Table 6.5). The running coordination number ni(r’) of a particular
solvent (i) present within a specified distance r' from a defined site (o) of the acceptor may

be defined as

ny(r') = 4mp; [ gai(r)ridr (62)

Where pi is the average number density of the solvent i in the system. We took the cut off
distance for 1%t and 2" water shells as 3.35 A and 5.75 A, respectively which correspond
to the 1%t and 2" minima in the RDF.

Table 6.5. The average number of water molecules in the first and second water shells for

three photoacid:3-CD systems (in the parenthesis presented the number of water molecules
in the absence of 3-CD for the same).

Guest molecule 15t water shell 2"d water shell
20H 2.242 (3.172) 11.474 (21.986)
6S03-20H 2.192 (3.102) 11.401(21.934)
6CN-20H 1.836 (2.970) 10.696 (21.781)

In the present study, we are mainly interested in the water molecules residing in the
1st solvation shell molecules as these may form H-bond with the photoacids and could
directly participate in ESPT. Average numbers of water molecules within the first
solvation shell around 20H, 6SOs-20H, and 6CN-20H are 2.24, 2.19, and 1.84,
respectively, inside the cavity, which is significantly lower compared to that in bulk water
(Table 6.5). The total number of water molecules present up to the second solvation shell
around the photoacid is reduced by a factor of two inside the 3-CD cavity from that in

water.
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6.2.4.3. Water Density Contour Plot:

Figure 6.8 depicts the density of water within 3.4 A of the O-atom of the hydroxyl
group of the photoacids both in the presence and absence of -CD. The water density plots
suggest that the hydroxyl group of the guest molecules are protruding out of the cavity and
are easily accessible by water molecules. The water densities around the hydroxyl group
of photoacids are quite similar. However, the water density around the photoacids

markedly decreases upon inclusion into the cavity for all the photoacids.
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Figure 6.8. Contour plots of water density within 3.4 A around the oxygen atom of the
hydroxyl groups of the photoacids - photoacid in the presence of B-CD, i.e., photoacid:
“down” complex (1:1) (top), photoacid in the absence of B-CD (bottom). For clear
visualization, the remaining water molecules are left off.

6.2.4.4. Hydrogen Bonding Analysis:

Hydrogen-bond analysis was performed to understand the probability and nature of
the H-bonding. The hydroxyl group of the photoacids can act as both donor and acceptor
sites for H-bonding. Moreover, there can be two different types of H-bonds: photoacid-
water and photoacid-p-CD (hydroxyl group of B-CD) H-bonds. However, we are interested
primarily in the H-bonding between photoacid and water, since we are concerned with the
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ESPT dynamics of photoacids. The criteria of H-bond formation were set such that the
maximum oxygen—oxygen interatomic distance rpa < 3.4 A (1 RDF g(r) minima between
oxygen atom (photoacid)-oxygen atom of water) and the angle £/D-H-A > 135°. The
average number of photoacid-water H-bonds are given in Table 6.6. It was found that the
average number of hydrogen bonds formed by each photoacid in the presence of B-CD is

reduced drastically compared to bulk water.332

Table 6.6. The average number of photoacid—water hydrogen bonds (data of neat water in

the parenthesis).

Avg. Number 20H:pCD | 6SO3-20H:pCD | 6CN-20H:pCD
H-bond
Photoacid(O1)- 1.950 (2.487) 1.760 (2.191) 1.419 (1.942)
Water(O)

From MD simulation analyses including calculation of the extent of inclusion of
photoacids into CD cavity, radial distribution function (RDF), running coordination
number (RCN) and H-bonding, we can conclude that the difference in the fluorescence
modulation upon inclusion with -CD cannot be attributed to the difference in the binding

process.

6.3. DISCUSSION

Fluorescence measurements, together with ITC experiments and MD simulations
were carried out to investigate and rationalize the fluorescence modulation behavior of
three 2-naphthol derived photoacids inside the B-CD cavity. From steady-state and time-
resolved fluorescence measurements, we observed significant modulation of the emission
spectra for both 20H and 6SO3-20H upon the addition of B-CD. In contrast, no modulation
was observed for 6CN-20H upon complexation with B-CD. From these observations, one
may argue that the photoacids may bind differently to f-CD; 20H and 6SO3-20H may
bind favorably, while 6CN-20H may not bind at all. However, the ITC investigation
confirms that all the photoacids form 1:1 complex with comparable binding constants.
Moreover, ITC measurement also confirms that the host-guest complexation is governed

by enthalpy-driven non-classical hydrophobic interaction.
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MD simulation revealed that a down configuration is stable for all the photoacids.
The extent of inclusion is quite similar for all the complexes. The aromatic ring remains
inside the cavity; the center of the naphthol ring remains close to the center of the f-CD
cavity. Calculation of RDFs further presents the distribution of the water molecules around
the oxygen atom of the hydroxyl group of the photoacid in the B-CD complexes. The nature
of the RDFs (peak position and peak strength order) is quite alike for all the photoacids.
However, the RDFs are remarkably different inside the B-CD compared to water. The
height of the peaks, especially second and third, decrease dramatically in the presence of
B-CD compared to that in bulk water, implying that the hydroxyl group is less hydrated
upon inclusion inside the cavity. RDF plot shows a sharp peak at ~ 2.75 A for all three
complexes in B-CD solution and in bulk water indicating the possibility of H-bond
formation between the oxygen atom of the photoacid (PA(O1)) with the oxygen atom of
water molecules (Ow). Furthermore, the number of water molecules present in the first
hydration shell follows a moderate variation in the order 20H> 6S03-20H> 6CN-20H,
and this variation in the order is common in the absence and presence of f-CD. A similar
trend suggests that variation is intrinsic in nature. To get an exact quantitative estimation
of the number of water molecules present around the O-atom of the photoacids for the 1%
and 2" solvation shell running coordination number (RCN) was accounted. This finding
is also in accordance with the RDF results. It is found for all three photoacids that the
number of water molecules around the O-atom of the photoacids for the 1% and 2™
solvation shell decreases in the presence of -CD compared to that in water. This finding
is further visualized from water density map, which also reveals less water density in the
1%t solvation shell around O-atom of the photoacids inside B-CD compared to that in water.
Moreover, the water densities around the hydroxyl group of all three photoacids are quite
similar. Hydrogen bond analysis was performed to get an exact idea of hydrogen bonding
nature of the O-atom of the photoacids with water molecules, it was observed that the
average number of hydrogen bonds formed by each photoacid with water molecules is

reduced drastically in the presence of 3-CD compared to bulk water.

Thus various analyses of MD simulation, including the extent of inclusion, radial
distribution function (RDF), running coordination number (RCN) and H-bonding, confirm
that nothing special in the binding pattern of 6CN-20H to -CD with respect to other two
photoacids 20H and 6S03-20H. The limitation of classical MD simulation is that it can

only predict the distribution of water molecules around the photoacid in the ground state.
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One may use excited state charges of the photoacids to add further insight into the
arrangement of water around the excited photoacid.** However, classical MD simulation
still cannot predict whether ESPT occurs or not. Ab initio simulations can be more
appropriate but may not be possible to perform for such large systems.33

Our results may be compared with the results of Hansen et al.*® They investigated
two photoacids with very different natures- 1-aminopyrene, a very strong cationic
photoacid and 1-naphthol, a moderately strong neutral photoacid. For the neutral photoacid
1- naphthol, pKa and pKa~ shift to higher values upon complexation compared to water,
while the ESPT rate becomes retarded. On the other hand, the pKa and pKa" of the cationic
photoacid move to lower values upon complexation and the rate of ESPT increases relative
to bulk water. Thus, the electronic structure of the photoacid may depict the effect of

complexation within the non-polar cavity of B-cyclodextrin.#

In our case, 20H is a neutral weak photoacid and complexation increases both the
pKa and pKa~ due to the destabilization of the conjugate photobase anion in the cavity
(Table 6.1). The 6SO3-20H is a negatively charged photoacid and hence, complexation
may be affected by the destabilization of the doubly charged photobase anion and
enhanced charge transfer to the naphthalene ring induced by the negatively charged SO3z~
group. However, we found that the pKa~ shifts to a little lower value inside the B-CD cavity
compared to water. This unexpected result may be due to the presence of the negative
charges at two opposite ends, which may be staying outside the cavity and may be solvated
effectively in the complexed form. For 6CN-20H, we found that pK, and pKa™ do not
follow the same trend as that of 20H, despite both are neutral photoacids. The pKaand
pKa" values shit to lower values compared to water. The electronegative —CN group may
drag charges from the deprotonated hydroxyl group, and the charge transfer state may be
more stabilized inside the f-CD compared to that in water. However, detailed studies are

needed to fully comprehend the behavior at the molecular level.

Finally, we try to rationalize the observed variation in the ESPT rate from the
generalized free energy correlation between pKa™ and logarithm of ESPT rate (Figure
6.9).120: 124,335 |t was found that 20H, in both free and complexed form, correlates nicely
to the correlation plot reported by Spies et al. using various photoacids.'®* The
complexation makes 20H significantly weaker photoacid, and hence, it may deprotonate
at a slower rate compared to that in water. The free energy correlation is also valid for
6CN-20H:B-CD complex; although it follows an opposite behaviour to that of 20H. The
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complexation makes 6CN-20H somewhat stronger photoacid and hence, deprotonates at
a faster rate compared to that in water. Although we do not have sufficient time resolution
to discriminate the rate constants of the free and complex forms quantitatively, the free
energy correlation supports our observation that the deprotonation is faster in the
complexed form. The anionic photoacid 6SO3-20H seems to violate the free energy
correlation, since pKa™ decreases upon complexation while the ESPT rate is suppressed.
However, if we incorporate the extra energy required for charge separation in the case of
the charged photoacids in the free energy correlation, the results may be justified. The

|z 2] e?
€kgT

energy of separation of charges is given by 2’% where, Rp is the Debye radius (=

where z1 and z are charges for proton and the conjugate base; e charge of electron, ¢ is
static dielectric constant) and a is the contact radius. The contact radius can be very
different for the free and complexed form. If we assume a to be 5.5 A and 8A, respectively
in the free and the complexed form and Rp to be 14.2 A,*?* then it can be shown that the
effect pKa~ is higher in the complexed form and hence, slower deprotonation is justified

from the free energy correlation (see appendix Figure A.6.7).
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Figure 6.9. The proton dissociation rate constant of the photoacids (20H, 6SO3-20H and
6CN-20H) in water and in the presence of 3-CD are included to the free-energy correlation
reported by Spies et al.'?* The solid symbols denote their data (1a, 1b, DCN2, NM6HQ+,
HPTS, HPTA and 5C1N in water) while the open symbols denote our data.
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6.4. SUMMARY AND CONCLUSION

In this chapter, we have shown that fluorescence modulation of the photoacids is not
due to very different modulation of the hydration environment around the deprotonation
site (hydroxyl group) but rather, is related to the intrinsic chemical nature (pKa") of the
photoacids. Thus, an optimum choice of photoacid is necessary to effectively sense the
change in the local arrangement of water around the photoacid and consequently, to obtain
the best fluorescence modulation. Too strong photoacid does not require any favourable
arrangement of water and thus may be insensitive towards the slight alteration of water
arrangement upon confinement. For too weak photoacid, ESPT is quite unfavourable even
in bulk water or deprotonation is very slow compared to its lifetime, and hence, such a
photoacid cannot sense minute changes occurred in water rearrangement. Thus, in
conclusion, a moderate strength photoacid may be more useful; however, the strength may

depend on the type of confinement under study.
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Chapter 7: Contrasting pKa Shift and Fluorescence Modulation of 6-
Cyano-2-Naphthol inside a- and g-Cyclodextrins

7.1. INTRODUCTION

Macrocyclic host-guest complexes have gained research attention due to their
widespread applications across various fields, e.g., drug delivery, the pharmaceutical and
food industries, sensing, catalysis, etc.3%¥ Most importantly, inclusion complex
formation can dramatically alter the acid-base nature of a guest molecule. The modulation
of the acid-base properties, as indicated by a pKa shift, may have an enormous impact on
the bioavailability of a guest drug molecule. Thus, it is very important to develop a clear
understanding of the structure-function relationship, which causes the pKa shift.

Several intriguing observations on the inclusion-induced pKa shift have already
inferred some valuable insights. 4 339-340 The pK, shift depends mainly on the electrostatic
nature of the guest molecule at different protonation states and the type of the host
macrocycle. For example, Hansen et al. showed that complexation with B-cyclodextrin (j3-
CD) lowers the pKa of the guest 1-aminopyrene, whereas raises the pKa of 1-naphthol.14®
As a result, the ESPT rate increases for 1-aminopyrene but decreases for 1-naphthol inside
B-CD.!*8 Shaikh et al. shows that complexation with cucurbit[7]uril (CB7, pKa = 12.7) and
B-CD (pKa =9.1) induces opposite pKa shifts for acridine orange (AQO), which may exist
either as a cationic or neutral form with pKa of 9.8 in water.3*® The guest becomes less
acidic in CB7, because it preferentially stabilizes the protonated form by ion-dipole
interaction, whereas, B-CD makes the guest more acidic by favorably stabilizing the

neutral form over the cationic form.

Inclusion complex formation may also have a pronounced effect on the photophysics
of aromatic guest fluorophores (photoacid), whose acidity increases markedly after
photoexcitation. These photoacids eject a proton to the surrounding water molecules and
this process is known as the excited-state proton transfer (ESPT). ESPT dynamics depends
on the availability and the H-bonding nature of the water molecules. Inclusion complex
formation can modulate the hydration environment around the photoacid and hence, can
modulate the ESPT process. Generally, CD inclusion complex formation leads to
suppression of ESPT rates compared to water for many photoacids, e.g., for 1- and 2-

naphthol,*?2323 or naphthylamines,®*! hydroxypyrene derivatives.'®> 231 392 However,
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enhancement of the deprotonation rate of the photoacid inside CD cavities is also reported

343 148

as for carbazole,”* or aminopyrene.

In the previous chapter 6, we showed that 2-naphthol derivatives show a different
amount of pKa shifts inside B-CD.3** The opposite pKa shift basically results from the
choice of the guest or the host that can stabilize either the neutral or the charged form of
the guest and hence, a significant dissimilarity should be present between the chosen guests
or hosts. Following our previous work, in this chapter, we have compared the pKa shift of
6-cyano-2-naphthol (6CN-20H) in two chemically similar cyclodextrins (a-CD vs. -
CD). a-CD has six glucopyranoside units, while 3-CD has seven glucopyranoside units
and interconnected by glycosidic o(1—> 4) linkages.>® 3% o-CD is smaller in size than p-
CD. The internal cavity diameter of a-CD is 5.3 A. In contrast, for B-CD, it is 7.5 A3 It
would be interesting to see the nature of fluorescence modulation of the 6-cyano-2-
naphthol with two cyclodextrins a-CD and B-CD, which may form different types of

inclusion complexes.

7.2. RESULTS AND DISCUSSION

7.2.1. Absorption Spectra and pKa Measurements:

The spectral features of 6CN-20H in the presence of a-CD are distinctly different
from that of B-CD. The absorption spectra of 6CN-20H in water (pH = 5.8) exhibits
an absorption maximum at 300 nm, which is the characteristic peak of the
protonated form of 6CN-20H. The absorption spectra undergo distinct changes
upon change of pH. It was observed that the contribution of the lowest energy
absorption band centered at ~300 nm decreases while a new band at ~326 nm
gradually emerges with an increase in pH. (see appendix Figure A.7.1). The
isosbestic point at ~306 nm indicates a transformation between protonated and
deprotonated forms. The plot of the absorbance at a longer wavelength (360 nm),
exclusively representing the deprotonated form against pH conveniently provides
the pKa (Figure 7.1). In the water, the ground-state pKa value of 6CN-20H was
found to be 8.55 (Table 7.1), which is almost close to the earlier reported value (in
the parentheses).'!! The variation of the absorption spectrum of the photoacid in the

presence of a-CD was quite similar to that in water, but the transition from the
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protonated to deprotonated form occurs at a much higher pH (Figure 7.1). Thus,
the pKa becomes higher by more than two units from 8.55 to 10.76 after forming
the inclusion complex with a-CD, in contrast to our earlier observation with 3-CD
whether inclusion lowers the pKa compared to that in water (Table 7.1).3* Hence,
the enhancement of pKa value in the presence of a-CD indicates that neutral form
(protonated) of 6CN-20H binds favourably with o-CD, whereas reduction of pKa
value in the presence of 3-CD implies anionic form (deprotonated) is more stable

inside the cavity.
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Figure 7.1. The plot of absorbance of the deprotonated (or base) form against pH of the
solutions for 6CN-20H, (a) 6CN-20H:-CD, and (b) 6CN-20H:a-CD (absorbance at 360
nm).

Table 7.1. pKa and pKa~ of the free photoacid (in water) and complexed (with B-CD and

a-CD).
Water B-CD complex a-CD complex
PKa pPKa" pKa pKa" pKa PKa"
8.55+0.03 0.63 8.42 +0.02 0.18 10.76 + 3.77
(8.4%) (0.2%) 0.02

@Taken from ref 106.

7.2.2. Steady-State Fluorescence Emission Measurements:

To get a clear insight into the complexation process, emission profiles of the

photoacid 6CN-20H were recorded in the presence of a-CD and B-CD having

different cavity sizes (Figure 7.2a and 7.2b).
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Figure 7.2. In the presence of various concentrations of 3-CD and o-CD steady-state
emission spectra of 6-cyano-2-naphthol (6CN-20H) (a and b); and 2-naphthol (20H) (c
and d), respectively (Aex = 310 nm).

A protonated photoacid undergoes deprotonation in the excited state and usually
shows two distinct bands representing emission from both the protonated and deprotonated
form. However, the protonated emission band is so weak compared to the deprotonated
band that the emission spectrum of 6CN-20H in water almost appears to be a single band
emission (Figure 7.2). The emission maximum of the deprotonated band of 6CN-20H
exhibits a peak at 440 nm in water. We noticed different modulation of the fluorescence
spectrum of 6CN-20H in the presence of a-CD and 3-CD. We observed almost no change
in the emission spectrum of 6CN-20H in the presence of B-CD (Figure 7.2a).3* However,
the modulation of the emission spectrum in the presence of a-CD is quite significant; the
protonated emission peak at ~ 370 nm becomes prominent and the deprotonated emission
peak becomes narrower and shifted to higher wavelength upon gradual addition of a-CD.
A clear isoemissive point at 398 nm confirms the presence of the coexistence of both
protonated and deprotonated forms in the excited state. It is important to note that the
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distinct differential fluorescence modulation of the parent 2-naphthol (20H) was not found
for the a-CD and B-CD inclusion complexes.*> The ESPT process of 20H was suppressed
for both CDs complexes; however the extent of suppression is more for 1:2 20H:(a-CD)>

complexes than 1:1 20H:3-CD.

In order to check whether the excited state acidity (pKa") of 6CN-20H is
affected or not in the presence of a-CD and B-CD, the excited-state pKa,~ value of
6CN-20H was calculated using the Forster cycle.'% The pKa” is found to be 0.63 in
water. In the presence of a- vs. B-CD, the pKa™ shows a different shift similar to the
ground-state pKa shift. The pKa" increases to 3.77 inside a-CD, whereas it decreases
to 0.18 inside 3-CD compared to water (see Table 7.1 and appendix Figure A.7.2).
Thus, we observed a different modulation of photoacidity of 6CN-20H in the
presence of a-and B-CD.

7.2.3. Time-Resolved Fluorescence Decay Measurements:

Modulation in radiative properties of 6CN-20OH upon interaction with a- and 3-CD
Is illustrated by time-resolved fluorescence lifetime measurements. 6-cyano-2-
naphthol (6CN-20H) is a strong photoacid and undergoes ultrafast ESPT in water. We
know that ultrafast fluorescence decay measurement could reveal the detailed scenario of
the ESPT dynamics and should be measured in a femtosecond up-conversion set up. But
unfortunately, we do not have a femtosecond up-conversion setup in our lab and at this
excitation wavelength (third harmonic of Ti-Saphire laser), it may available in few places.
Since we are interested more about the comparison rather than the absolute dynamics,
regular TCSPC measured fluorescence decays can serve the purpose satisfactorily.
Fluorescence decays of 6CN-20H were measured at two wavelengths of 350 nm
and 470 nm for the protonated and deprotonated forms, respectively. All

fluorescence decays can be fitted to a bi-exponential function (Table 7.2).

In water, the decay of the protonated form (Aem = 350 nm) of 6CN-20H shows a
major fast component of 0.16 ns (99%), and a minor component of 5.20 ns (1%) (Figure
7.3 upper panel and Table 7.2). The minor component may be due to geminate
recombination, which is usually reported for strong photoacids in water.326327 The
deprotonation time constant of 6CN-20H in water was found to be is 0.17 ns.3** In the

presence of B-CD, the fluorescence decay (Aem = 350 nm) did not show any change,
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but a significant slowing down was observed in the presence of a-CD. The fast
lifetime component (major) increases from 0.16 ns in water to 1.72 ns at maximum
a-CD concentration. Increased lifetime of 6CN-20H in the presence of a-CD

indicates retardation of the ESPT process inside the nanocavity of a-CD.
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Figure 7.3. Fluorescence decays of 6CN-20H of the protonated (upper panel, emission at
350 nm) and deprotonated (bottom panel, emission at 470 nm) forms in water, the presence
of B-CD ([B-CD] = 12 mM) and a-CD ([a-CD] = 85 mM), respectively, upon excitation
Aex =292 nm.

No significant difference is observed in the rise component of the
deprotonated form (Aem = 470 nm) in the absence and presence of B-CD. However,
the rise time of the deprotonated form (Aem = 470 nm) of 6CN-20H increases to
1.82 ns in the case of a-CD, indicating a marked slowing down of ESPT (Figure 7.3
bottom pannel and Table 7.2). Furthermore, we found that the deprotonation time of
6CN-20H increases from 0.17 ns in water to 2.4 ns in the presence of the a-CD but
almost none for B-CD (see appendix Figure A.7.3 and A.7.4). As an outcome of the
fluorescence lifetime measurements, 6CN-20H exhibits more vivid changes in

lifetime profiles (deprotonation time) in the presence of a-CD compared to 3-CD.
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Table 7.2. Fit parameters of fluorescence decays of 6CN-20H in water and in the presence
of B-CD (12 mM) and a-CD (85 mM) at emission wavelengths of 350 nm and 470 nm.

System Aem a1 a2 | t1(ns) | T2(ns) 2 | w(ns) | td (ns)
(nm)
water 350 0.99 0.01 0.16 5.20 1.02 4.8 0.17

470 -0.30 0.70 0.17 5.88 1.01

BCD 350 0.99 0.01 0.18 6.54 1.12 6.4 0.19

470 -0.23 0.77 0.25 7.20 1.14 - -

a-CD 350 0.94 0.06 1.72 7.80 1.06 6.06 2.4

470 -0.47 0.53 1.82 8.38 1.03

7.2.4. Time-Resolved Fluorescence Anisotropy Decay Measurements:

Time-resolved fluorescence anisotropy decay of 6CN-20H was measured to
understand how CD inclusion affects the rotational motions of the 6CN-20H.
Anisotropy decay profiles of 6CN-20H in water and in the presence of a- and -
CD host molecules are shown in Figure 7.4 and Table 7.3. Since the fluorescence
intensity of 6CN-20H at 350 nm is very low in the water, hence the anisotropy
decay was measured at 470 nm. 6CN-20H exhibits mono exponential anisotropy
decay in water with a rotational relaxation time of ~ 330 ps. However, it is important
to mention that the measured rotational relaxation time in water may not be
measured accurately by using our TCSPC setup due to the low time resolution of
our set up. The rotational relaxation becomes significantly slower in the presence
of both the CDs. The rotational relaxation times are 650 ps and 1100 ps in the
presence of 3-CD (12 mM) and a-CD (130 mM), respectively. In the presence of
CD host molecules, the rotational relaxation time of 6CN-20H increases because
of increased rigidity due to the formation of an inclusion complex with the host.
Furthermore, higher rotational relaxation time in the presence of a-CD implies that
6CN-20H is more restricted inside the a-CD cavity compared to 3-CD, due to the

smaller cavity size of the former host. The hydrodynamic diameter of the overall
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system is much higher when the photoacid 6CN-20H confines itself inside the CD
cavity. To estimate the size of these CD complexes, we calculated the hydrodynamic
radius (r7,) using the rotational relaxation time constant. The rotational relaxation time
constant of anisotropy decay (tg) is related to the hydrodynamic radius (r;,) by the

stokes—Einstein equation,3*’

_ 47n;r,f

TR = (7.2)

where 1y, is the hydrodynamic radius of the CD complexes, 1 is the viscosity of the medium
(1.336 and 1.026 mPa S at 298 K for a-CD and B-CD, respectively),3*® and k the

Boltzmann constant and T is the experimental temperature which is 298 K.
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Figure 7.4. Fluorescence anisotropy decay of 6CN-20H (Aem =470 nm and Aex = 292 nm)
in water (blue) and in the presence of B-CD (12 mM, red) and a-CD (130 mM, green),
respectively.

In the case of the 6CN-20H:a-CD complex, the estimated hydrodynamic radius
() is 9.3 A. Thus, the estimated diameter of the 6CN-20H:0-CD complex is ~ 18.6 A.
Since the reported height of the cyclodextrins are 7.9 A 3% hence the diameter of the
complex (~18.6 A) is roughly equal or greater than the sum of the height of two o-CD

molecules. Therefore, we can conclude that 1:2 complex is formed between 6CN-20H and
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0-CD, i.e., 6CN-20H:(a-CD). The estimated hydrodynamic radius (r},) is ~ 8.5 A for
6CN-20H:B-CD complex. This corresponds the calculated diameter (2r3,) to be 17 A,
Previously, we confirmed 6CN-20H forms 1:1 complex with 3-CD from our ITC and
fluorescence measurement.®** Therefore, this high value of diameter implies that a large
portion of the probe is projected out of the cavity of -CD.

Table 7.3. Parameters of fluorescence anisotropy decay of 6CN-20H in water, 12 mM f3-
CD, and 130 mM a-CD.

System o r (ps) x

Water 0.05 330 1.05
B-CD (12 mM) 0.12 650 1.05
a-CD (130 mM) 0.20 1100 1.10

7.2.5. Isothermal Titration Calorimetric Measurements:

To compare the binding affinity of the 6CN-20H between a-CD and p-CD,
we performed isothermal titration calorimetry (ITC) measurement. ITC
measurement confirmed that 6CN-20H forms 1:1 inclusion complex with p-CD
with a moderate binding constant of 580 M. The binding process is enthalpy-
driven (AH = —9.07 kcal mol™) process with a negative entropy change (AS=—5.29
kcal molt), and the overall process is a spontaneous one (AG= —3.78 kcal mol?)
(Figure 7.5a and Table 7.4).3* In contrast, the obtained ITC data of the interaction
between 6CN-20H and a-CD can be fitted by a two-site sequential binding model
(Figure 7.5b). Therefore, the complexation between the photoacid 6CN-20H and a-
CD may be of 1:2 type.

Upon gradual addition of a-CD, at first, a 1:1 complex (K3) is formed, and
then the 1:2 complex (K>) is formed. For the first 1:1 complexation (6CN-20H:a-
CD), the binding constant (K1) value is 0.51 x 102> M™. It was observed that a
favorable exothermic enthalpic (AH < 0) contribution is coupled with an
unfavorable entropic (negative AS) contribution for 6CN-20H:a-CD complex
(Table 7.4) as earlier observed for 6CN-20H:3-CD complex. The Gibb’s free
energy of formation of 6CN-20H:0-CD complex is —2.26 kcal mol™?. In the
literature, two types of hydrophobic interactions are reported for the host-guest

161
TH-2442_156122043



Chapter 7

system- classical hydrophobic interaction (entropy-driven process (TAS > 0)), and
non-classical hydrophobic interaction (enthalpy driven process (AH < 0)).328 34
Therefore, we found a non-classical hydrophobic interaction for the 1% 1:1 binding
of 6CN-20H:a-CD. Dominant enthalpic contribution (AH < 0) over entropic
contribution can be rationalized by the displacement of the cavity water molecules.
These water molecules are extremely disordered owing to their inability to form a
hydrogen-bonding network inside the a-CD cavity. Due to complexation, these
trapped water molecules are released from the cavity and form new hydrogen bonds
with bulk water. This leads to a decrease in the disorder. As a result, the entropy of

the system decreases.®*-%!
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Figure 7.5. ITC profiles for the titration of 6CN-20H vs. CD in terms of molar ratio
([6CN-20H] / [CD]) at 298 K (a) B-CD and (b) a-CD. The upper part of the ITC diagram
is the primary heat burst curves after correction of the heat of dilution, and the bottom part
is ITC enthalpograms. The solid lines passing through the points are the best fit lines for
one-site and two-site sequential binding model to the raw data of (a) f-CD and (b) a-CD,
respectively.

For the 2" sequential step (6CN-20H:(a-CD)z), the binding constant (K) is
9.82 x 10% M. Interestingly, we found that the 2" binding step is entropy-driven
(|TAS|>|AH|) with spontaneous Gibb’s free energy change (AG= -2.97 kcal mol™).

In literature, these entropy-driven interactions are known as classical hydrophobic
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interaction. In the 2" step, the positive entropy change can be explained by the
dehydration of the ordered water molecules. The structured water molecules surrounding
the 6CN-20H and a-CD collapse due to complete insertion into the cavities and attain a
more random conformation.®* Therefore, the entropy of the system increases (AS > 0).
Thus, interaction of 6CN-20H with a-CD
thermodynamically favourable process. Furthermore, the overall binding constant value
(K = K1xK3) obtained from ITC measurement is 50082 M2,

the overall is an entropy-driven,

Table 7.4. Thermodynamic binding parameters of photoacid 6CN-20H with 3-CD and a-
CD obtained from ITC measurements.

System K1 AH1 TAS1 AG1 K2 AH2 TAS2 AG2
(MY | (keal (kcal (kcal | (M) | (kcal | (kcal | (kcal
mol?) | mol?) | mol?) mol?) | mol?) | mol?)
B-CD 5.81 -9.07 -5.29 -3.78 - - - -
(+0.08) | (+0.07)
x 107
a-CD 0.51 -40.69 | —38.43 | -2.26 9.8 32.76 35.73 | -2.97
(£0.03) | (+2.22) (£0.5) | (x2.34)
x 10? x 10?

7.2.6. Molecular Dynamics Simulation:

To get a molecular picture of the 1:2 complex as well as to gain insight into
the stability inclusion complex, we performed molecular dynamics simulation. We
prepared three different types of configurations depending upon a-CD orientation
(see appendix Figure A.7.5). Out of these three possible types of the 1:2 6CN-
20H:(a-CD)2 complexes, we found that the ‘Type 1’ and ‘Type 3’ configurations
are stable throughout the 80 ns MD trajectories (Figure 7.6). However, in the case
of ‘Type 2’ configuration, 1:2 complex releases one CD unit after ~ 20 ns, and after
that remains as 1:1 complex (6CN-20OH:a-CD) for the rest of the simulation period.
Thus, only two types (‘Type 1’ and ‘Type 3°) of 1:2 complexes may be possible,
and hence, all the post-simulation analyses are performed taking the last 20 ns
frames of these simulations. Details of the MD simulations of 6CN-20H in water

and inside different CDs have been discussed in chapter 2 (see section 2.3).
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Figure 7.6. Representative MD simulation snapshot of ‘Type 1’ and ‘Type 3’configuration
of the 1:2 inclusion complexes of 6CN-20H after 80 ns simulation. Water molecules are
presented as a CPK model within 5 A around the photoacid.

The stability of the 1:2 inclusion complex during the simulation was further
checked by calculating the separation distance between the center of masses (COM)
of the two a-CD rings (see appendix Figure A.7.6). Nearly invariant COM-COM
distance in all the frames suggests that the 1:2 complexation remains intact
throughout the simulation period. Furthermore, average COM-COM distances are
very similar for both ‘type 1’ (7.70 = 0.001 A) and ‘type 3’ (7.67 + 0.002 A)

configurations.

7.2.6.1. Radial Distribution of Water Molecules Around the Hydroxyl Group of

Photoacids:

The distribution of water molecules around the proton donating hydroxyl group may
be most important in the ESPT process. Therefore, we calculated the radial distribution
function (RDF) between the O-atom of the hydroxyl group of 6CN-20H and O-atom of
the water molecules, and compared the result with the RDF obtained in water and the 1:1

-CD inclusion complex (Figure 7.7 (a)).

The O-Ow RDF of 6CN-20H shows a strong peak at ~2.70 A, and the first

RDF minimum (limit of the first hydration shell) is observed at 3.35 A in all cases
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(Figure 7.7a). The sharp first RDF peak of O—Oy of 6CN-20H at ~2.70 A indicates
the possibility of hydrogen bond formation between the hydroxyl group of 6CN-
20H and water molecules (O—H:--Ow). The height of the 1% peak is proportional to
the number of water molecules present in the first hydration shell of 6CN-20H. The
1%t peak height follows a moderate variation in the order - water > 3-CD > oa-CD
Type 3 > a-CD Type 1. This order implies that the hydroxyl group of 6CN-20H is
less hydrated upon inclusion inside the CD cavity, and perturbation of the water
density is more for a-CD compared to B-CD. Furthermore, among the two
configurations of ‘Type 1’ and ‘Type 3’ of a-CD complex, we observed that the 1%
RDF peak strength of ‘Type 1° is very small compared to ‘Type 3’. This is possibly
due to the fact that the O-atom of the hydroxyl group of the 6CN-20H of ‘Type 1’
configuration strongly forms a hydrogen bond with the O-atom of the secondary
hydroxyl group of the a-CD (see Appendix, Figure A.7.7, and A.7.8). But such kind
of interaction is absent in the ‘Type 3’ configuration. Since the hydroxyl group of
the 6CN-20H is already engaged with the secondary hydroxyl group of the a-CD,
hence —OH group of the 6CN-20H is less available towards water molecules for
‘Type 1°. It is important to note that the distribution of water molecules becomes
severely perturbed for 2" and 3" solvation shells around the hydroxyl group of the
6CN-20H in the presence of the CD cavities compared to bulk water. Hence, 2"
and 3" RDF peaks due to 2" and 3 solvation shells are less profound in the presence
of CDs.

(a) — Water — Water (b)
—p-CD | —p-CcD
—a-CD "Type 1" ——a-CD "Type1”
—a-CD "Type 3" 8| —a-CD "Type3”

gir)

0.8 -

0.4 -

Y e EMESIE——————— N : . .
o 2 4 & 8 10 12 14 2 4 &

Distance {A) Distance ()
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Figure 7.7. (a) Radial distribution function, and (b) running coordination number
involving oxygen atom (of 6CN-20H) - oxygen atom (Ow) of water situations in neat
water, B-CD and a-CD.

7.2.6.2. Running Coordination Number:

To get more insights into the solvation of 6CN-20H molecule by water molecules,
the running coordination number (RCN) around the O atom of the hydroxyl group of the
6CN-20H was determined for the 1% solvation shell. In Figure 7.7b, the change in the
RCN value of the O-atom of 6CN-20H was plotted as a function of the distance between
O-Ow. The average number of water molecules present around hydroxyl oxygen atom of
6CN-20H was determined using site-site distribution function, gqs(r), by the following

equation,

ny(r') = 4mp; [y 8ai(r)rdr (7.2)

Where pi is the average number density of the solvent i in the system. We took the cut off

distance for 1% water shells as 3.35 A, which corresponds to the 1 minima in the RDF.

In the current study, we are focused on the 1% solvation shell water molecules
as these water molecules may directly engage with the 6CN-20H to form hydrogen
bonds and participate in the ESPT process. The average number of water molecules
within the first solvation shell of the 6CN-20H in water is ~ 2.97. Previously, it was
found that the average number of the first solvation shell molecule decreases to 1.84
in the 1:1 6CN-20H:B-CD complex.®** Here, in the presence of a-CD cavities, the
average number of the first solvation shell water molecules are 0.38 and 1.15 for
‘Type 1’ and ‘Type 3’ configurations, respectively (Table 7.5). It is evident from
the RCN value that the number of water molecules in the 1% solvation shell is
markedly lesser for a-CD complexes (especially for Type 1) compared to B-CD

complex and neat water.

Table 7.5. The average number of water molecules in the first water shell in neat water,
6CN-20H:B-CD, and 6CN-20H:(a-CD)2 system for two different configurations.

Solvation shell | Neat water B-CD a-CD Type | a-CD Type
1 3
1% 2.97 1.84 0.38 1.15
166

TH-2442_156122043



Chapter 7

7.2.6.3. Hydrogen Bonding Analysis:

To get more quantitative information about the hydrogen bonding interaction
between 6CN-20H and water molecules in neat water and the presence of CDs, we
performed the hydrogen bond analysis between the hydroxyl group of 6CN-20H
and water molecules. It is important to note that the hydroxyl group of 6CN-20H
can act as both - hydrogen bond donor and acceptor. Moreover, in our present
system, they can form hydrogen bonds at two different sites — (i) bulk water or (ii)
the primary and secondary hydroxyl group of CD. Since our primary interest is to
study the perturbation of ESPT dynamics of 6CN-20H inside hydrophobic cavities
of CD, hence we are mainly focused on the hydrogen bonding between 6CN-20H
and water. The applied geometric criteria for hydrogen bond formation is the
maximum oxygen—oxygen interatomic distance is less than or equal to 3.35 A (1%
RDF minima between oxygen atom (6CN-20H)-oxygen atom of water) and,
simultaneously, the angle O-H---Oy is greater than or equal to 135°. The average
number of 6CN-20H-water hydrogen bonds for ‘Type 1° and ‘Type
3’configurations of o-CD are 0.21 and 0.97, respectively (in Table 7.6). The
hydrogen bonding analysis results are in accordance with RCN and RDF results.
Moreover, we also observed that compared to bulk water and B-CD, the average
number of hydrogen bonds formed by 6CN-20H is reduced drastically in the

presence of a-CD.

Table 7.6. The average number of photoacid—water hydrogen bonds.

H-bond Neat water B-CD a-CD Type | a-CD Type
(6CN:0O1-Water:0O) 1 3
Total fraction 1.94 1.42 0.21 0.97

Thus, MD simulations showed that the perturbation of the H-bonding network of
water molecules around the hydroxyl group of 6CN-20H is more significant in the

presence of a-CD (especially for Type 1) than 3-CD.
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7.3. SUMMARY AND CONCLUSION

In this chapter, we have demonstrated contrasting pKa shift and different
fluorescence modulation of the strong photoacid 6CN-20H inside the nanocavity
of two cyclodextrins, a-CD, and B-CD. The pKa and pKa" of the 6CN-20H increases
upon complexation with a-CD, while decreases upon complexation with B-CD
compared to water. In bulk water, 6CN-20H exhibits a single emission peak, which
is originated from the deprotonated form (RO™*). Interestingly, the emission
intensity of the protonated form (ROH*) of 6CN-20H increases with the gradual
addition of a-CD but almost no change in the presence of B-CD. Fluorescence
decays show that the ESPT dynamics is retarded inside the a-CD cavity. In contrast,
we did not observe any change in the decay component in the presence of -CD.
ITC measurement confirms that a-CD forms 1:2 inclusion complex with 6CN-20H,
whereas B-CD forms 1:1 complex. Strikingly, the binding affinity for B-CD
complexation is less compared to a-CD complexation. Time-resolved fluorescence
anisotropy decay shows significantly lower the rotational motion of 6CN-20H for
the a-CD complex compared to the B-CD complex. This result indicates that 6CN-
20H is entirely trapped inside the hydrophobic cavity of the capsule formed by two
a -CD molecules. Finally, the molecular picture of the 1:2 and 1:1 inclusion
complex of 6CN-20H with a-CD and B-CD are obtained by MD simulation.
Moreover, MD simulation analysis showed that the distribution of water molecules
around the proton-donating hydroxyl group of the 6CN-20H decreases in the order
— water> 3-CD > a-CD. Based on all the above observations, we may propose that
the retardation of EPST dynamics of 6CN-20H inside the a-CD cavity compared
to B-CD may be due to the complete encapsulation of 6CN-20H by two a-CD
cavities. As a consequence, the number of water molecules engaged in the ESPT of
6CN-20H decreases, and the hydrogen-bonding network of water molecules with
6CN-20H disrupt in the presence of a-CD. Thus, the significant essence of this
study is that the fluorescence modulation of the 6CN-20H is different in different

confined environments.

168
TH-2442_156122043



Appendix

Appendix

169
TH-2442_156122043



Appendix

170

TH-2442_156122043



Appendix

For Chapter 3.
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Figure A.3.1. Potential Energy of simulated systems at different mole fractions of phenol.
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Figure A.3.2. The variation of density within the simulation period for different the
systems at various mole fractions of phenol.
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Table A.4.1. Electronic Excitation Energies (in eV) and Corresponding Oscillator
Strengths (in the Parenthesis) of the Low-Lying Electronically Excited States Calculated
from the Optimized Excited State of Hydrogen-Bonded C102-phenol (1:1) Complexes in
cyclohexane solvent (using CAM-B3LYP functional with basis set 6-311G++(d,p) in
cyclohexane (IEFPCM) solvent)

Distance (A) First Excited state Second Excited Third Excited
(S1)eVv state (S2) eV state (Ss3) eV

0.970 1.451 (0.001) 3.019 (0.082) 3.187 (0.434)
1.094 1.969 (0.004) 3.223 (0.576) 3.747 (0.003)
1.194 3.325 (0.680) 3.587 (0.003) 4.327 (0.008)
1.294 3.355 (0.693) 3.943 (0.001) 4.338 (0.005)
1.394 3.375 (0.697) 4.208 (0.001) 4.345 (0.003)
1.494 3.389 (0.698) 4.339 (0.003) 4.425 (0.000)
1.594 3.399 (0.698) 4.345 (0.002) 4.587 (0.000)
1.744 3.41 (0.697) 4.347 (0.002) 4.731 (0.000)
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Figure A.5.1. Calculated absorption of HMQ?* with 4-methoxyphenol is presented. All

the spectra were calculated using TD-DFT method using CAM-B3LYP-D3/6-311++G**
and M06-2X/TZVP with SMD (water) solvent model.
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Figure A.6.1. Absorption spectra of different photoacids and their complexes with 3-CD
at different pH values — (a) 20H, (b) 20H:B-CD, (c) 6S03-20H, (d) 6S03-20H:B-CD, (e)
6CN-20H, (f) 6CN-20H:B-CD.
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Figure A.6.2. The plot of absorbance of the deprotonated (or base) form against pH of the
solutions for (a) 20H and 20H:B-CD (absorbance at 342 and 348 nm respectively), (b)
6S03-20H and 6SO3-20H:B-CD (absorbance at 348 nm), (c) 6CN-20H and 6CN-20H:j-
CD (absorbance at 326 and 330 nm respectively). The solid line represents a fit equation

(4).
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Figure A.6.3. Normalized absorption and emission spectra of the protonated (or acid) and
deprotonated form of (a) free 20H and (b) complexed 20H with CD (measured at pH 0.7
and pH 10.8 respectively), (c) free 6SO3-20H and (d) complexed 6SO3-20H with BCD
(measured at pH 0.2 and pH 10.2 respectively), (e) free 6CN-20H and (f) complexed 6CN-
20H with BCD (measured at pH 0.2 and pH 9.9 respectively). 0-0 energy was measured
from the wavelength where two curves intersect.
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Figure A.6.4. Area-normalized emission spectra of (a) 2-OH, (b) 6SO3-20H, and (c) 6CN-
20H in water and in the presence of various concentrations of B-CD (Lex= 310 nm).
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Figure A.6.5. Fluorescence decays of the protonated 6SOs-20H (top) and protonated
6CN-20H (bottom) in water (a) and 12 mM B-CD solution (b) by varying concentration
of HClI at 350 nm.
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Figure A.6.6. Variation of a lifetime of 6CN-20H with the concentration of HCI (M) in
water and in the presence of 12 mM BCD. The data were fitted with a straight line and the
intercept present the intrinsic (tn) lifetime used in table 6.2.
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Figure A.6.7. The proton dissociation rate constant of the photoacids (20H, 6SO3-20H
and 6CN-20H) in water and in the presence of B-CD are included to the free-energy
correlation reported by Spies et al.*?® 1?4 335 The solid symbols denote their data (1-
naphthol derivatives, 5-sulfamide substituent of 1-naphthol (1N-5SA), 2-naphthol (2N))
while the open symbols denote our data.

2
In Figure A.6.7, Rp is the Debye radius R, = 'Zelkz—“; (where z; and z; are charges for
B

conjugate base and the proton; e charge of electron, ¢ is static dielectric constant) and ‘a’

is the contact radius.
In case of 20H and 6CN-20H, z1=-1,z2=1.
In case of 6S03-20H, z1=-2,22=1.

For photoacids (20H, 6S0Os-20H and 6CN-20H) in water, we have considered contact
radius ‘a’> = 5.5 A.

For photoacids (20H, 6SO3-20H and 6CN-20H) in the presence of 3-CD, we have
considered roughly contact radius ‘a’ = 8 A.
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Appendix

For Chapter 7.

6CN-20H

6CN-20H:a-CD

Absorbance

Absorbance

Figure A.7.1. Absorption spectra of 6CN-20H photoacid and it’s complex with a-CD at
different pH values — (left side) 6CN-20H and (right side) 6CN-20H:a-CD.
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Figure A.7.2. Normalized absorption and emission spectra of the protonated (or acid) and
deprotonated form of (left side) free 6CN-20H and (right side) complexed 6CN-20H with
a-CD (measured at pH 0.1 and pH 11.5 respectively). 0-0 energy was measured from the

wavelength where two curves intersect.
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Figure A.7.3. Fluorescence decays of the protonated 6CN-20H 120 mM a-CD solution
by varying concentration of HCI at 350 nm.
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Figure A.7.4. Variation of lifetime of 6CN-20H with concentration of HCI (M) in the
presence of 120 mM a-CD. The data were fitted with a straight line and the intercept
present the intrinsic (tn) lifetime used in Table 7.2.
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Figure A.7.5. Capsule-like initial structure of ‘Type 1°, ‘Type 2°, and ‘Type
3’configuration of the 1:2 inclusion complexes of 6CN-20H with a-CD for MD
simulation.
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Figure A.7.6. Distance between center of masses (COM) of two a-CD rings versus frame.

Radial distribution of O-atom of the hydroxyl group of the 6CN-20H and the
different O-atoms (04, O5, and O6) of the a —CD:

We calculated the radial distribution function g(r) between O-atom of the hydroxyl
group of the 6CN-20H and the different O-atoms (04, O5, and O6) of the a —CD. From
the RDF plot Figure A.7.7, we interestingly observed a strong sharp first peak appears at
around 2.76 A with a small board second peak at ~5.5 A for O6 atom (O-atom of the
secondary hydroxyl group of a-CD) of the ‘“Type 1’ configuration. In the case of O4 and
05 atoms no strong sharp peak was found within 3 A, and a board peaks at ~ 4.1 to 4.6 A
for O4 and O5 atoms was observed of the ‘Type 1’ configuration. In the case of ‘Type 3’

configuration, we found similar board peaks within ~ 4.3 to 4.7 A for all three O-atoms
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(04, 05, and 06) of the, and no sharp peak was noticed within 3 A region. In the case of
‘Type 1’ configuration, the sharp first peak at 2.76 A indicates a possibility of strong
hydrogen bond present between O-atom of the hydroxyl group of the 6CN-20H and the
O-atom of the secondary hydroxyl group of the a-CD. Furthermore, from H-bond analysis
between O-atom of the 6CN-20H and the O6-atom of the a-CD, the average number of
hydrogen bonds was observed between O-06 is 0.76 for the ‘“Type 1° configuration. This
observation confirms that a hydrogen bonding interaction is present between O-atom of
the 6CN-20H and O6 atom (O-atom of secondary hydroxyl group) of the a-CD. Moreover,
distance vs. simulation frames plot between H-atom of the hydroxyl group of 6CN-20H
and O6 atom of a-CD also depicts that the number of frames show close contact (between
2 to 3 A) between them (Figure A.7.8). Therefore, we can predict that since the hydroxyl
group of the 6CN-20H engages with the hydroxyl group of the a-CD through H-bonding,

—OH group of the 6CN-20H is less available towards water molecules for solvation.

(i) Type 1 (ii) Type 3
350 200
Type 1 =% Type 3 —04
—05 ] —05
3004 —08 —06
150
250
200
% S 100
150 | o
100
50 -
50 |
0 T T T T 0 T T T T
0 2 4 6 8 10 0 2 a 6 8 10
distance (A) distance (A)

Figure A.7.7. Radial distribution function involving oxygen atom (of 6CN-20H) - oxygen
atoms (04, 05, and O6) of the a —CD - (i) ‘Type 1’ and (ii) ‘Type 3’ configurations.
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Figure A.7.8. Distance between H-atom of the hydroxyl group of 6CN-20H and O6 atom
of a-CD versus frame.
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