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Abstract

Two of the most important classes of natural heterocycles are nitrogen containing
nucleic acid bases (purines and pyrimidines), and indoles. Purines and pyrimidines
are building blocks of our genetic information carrier deoxyribonucleic acid
(DNA). Indole plays functionally important roles as structural units present in
proteins and the biopigment melanin. This thesis presents structural and
photodynamical studies on these two important macromolecules of life. DNA
bases are highly photostable under ultraviolet radiation due to the ultrafast sub-
picosecond (ps) lifetimes of electronic excited states associated with their
absorption band centered at ~260 nm. With a combination of resonance Raman
(RR) intensity analysis and quantum chemical computation, | have demonstrated
that sub-100 femtosecond (fs) dynamics leads to distinct structural distortions in
purines following photon absorption to two different singlet states, Ly (~260 nm)
and Bp (=210 nm). These instantaneous distortions do not lie along
photochemically active, lesion-forming coordinates.

Melanins are an important class of biomacromolecules that are known to
have versatile functionalities, e.g., acting as natural sunscreen to the entire animal
kingdom, pattering and radical scavengers. They also have important technological
applications. Unfortunately, the structure is not completely understood. | have
obtained spectroscopic evidences that help in deriving an integrated kinetic model
of enzymatic and non-enzymatic melanin formation. Using density functional
theory (DFT), novel eumelanin fundamental building blocks that are inspired by
experimentally detected small oligomers are proposed. Merits and demerits of
these structural scaffolds in explaining several experimental observables of
melanin are discussed vis-a-vis other reported models. Using a bottom-up approach
and three-dimensional topographic imaging with atomic force microscopy (AFM),
I have demonstrated that synthetic melanin has an organizational hierarchy that is
similar to that present in natural melanin.
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Synopsis
Introduction

Unarguably, the most important classes of natural heterocycles crucial to life are
nitrogen containing purines and pyrimidines, and indoles. These molecules are the
building blocks of nucleic acids, and natural amino acids respectively. Adenine and
guanine (purines), and thymine, cytosine, and uracil (pyrimidines) are the structural
components of our genetic information carrier deoxyribonucleic acid (DNA) and
Ribonucleic acid (RNA). Natural nucleobases are extraordinarily photostable
molecules owing to intrinsic sub-picosecond (ps) lifetimes of their singlet excited
states located in the ultraviolet (UV) region of radiation at ~260 nm.'® These
molecules do not spend enough time on reactive excited states for photodamage to
occur because of ultrafast internal conversion (IC) to ground electronic state.” Apart
from a few xanthine derivatives and methylated bases,® a majority of modified ones
have longer excited state lifetimes, and exhibit fluorescence. Citing these reasons, UV-
induced photostability has been argued as one of the selection pressures responsible
for the natural choice of canonical nucleobases as building blocks of DNA and RNA
in the prebiotic era.>** All nucleobases absorb photons in the 200-230 nm wavelength
region more strongly than in the 260-280 nm region. However, there are no previous
reports concerning photodynamics of the electronic states lying within the 210 nm
absorption band of any nucleobase system. Thus, in order to comprehend overall UV-
induced photostability, photophysics on the high energy electronic states of
nucleobases are to be investigated and compared with that of low-lying electronic
states.

Another important class of biomaterials is melanin.***> Other than DNA
nucleobases, melanin is one of the abundant light-absorbing macromolecules in the
animal kingdom. Apart from generally accepted three major macromolecules that are
essential for life; (i) RNA and DNA, (ii) proteins and (iii) carbohydrates, melanin
which is ubiquitous throughout the whole biosphere, has remained structurally and
functionally less understood.’*™® Melanins are highly cross-linked polymers made
from covalent and non-covalent interactions of indolic moieties and have
supramolecular structural architecture.?>?® In mammals, melanin is present in skin,
eyes, hair and also in the brain. Melanin is produced in melanosomes, vesicles
localized inside melanocytes with the help of a dicopper containing oxidase known as
tyrosinase.?® Tyrosinase catalyzes the oxidation of a monophenol (i.e. tyrosine) or a
diphenol (i.e. 3,4-dihydroxyphenylalanine or dopa) into dopaquinone. These quinones
are very reactive and produce 5,6-dihydroxyindole (DHI) or 5,6-dihydroxyindole, 2-
carboxylic acid (DHICA) depending on the presence or absence of specific enzymes.



Melanin performs biologically important functions, such as chelation of metal ions,
acting as a heat sink by converting solar ultraviolet (UV) radiation into non-lethal
thermal energy and acting as a reservoir of free radicals. In recent times, melanin and
other similar materials, for example, polydopamine®”=? are being explored as an active
functional component in optoelectronics, biosensors, and other technological
applications.*>** Melanin is a fundamental macromolecule of life and has potential as
a next generation optoelectronic material and establishment of structure-function
relationships in melanin will be of immense value to these fields.

Motivation and Specific Goals

After photoexcitation within the 260 nm absorption band, natural nucleobases relax to
their electronic ground state in less than 1 ps. This ultrafast internal conversion is
experimentally probed with techniques having sub-ps time resolution such as transient
absorption® and fluorescence upconversion® in solution state, and with pump-probe
ionization®* and time-resolved photoelectron spectroscopy in gas phase.® As natural
bases and their nucleotides are very weakly emissive (quantum yield, ¢ = 0.68-1.54 x
10, fs fluorescence upconversion has been applied to measure the lifetimes of first
singlet states directly. In parallel, theoretical ab initio calculations; computation of
minimum energy paths on the excited state potential energy surface (PES) and
dynamical simulations have been applied to probe early events after
photoexcitation.*"**8 |t has been found specific kind of out-of-plane distortions lead
to the crossing of ground and excited state PES known as a conical intersection (ClI)
through which electronically excited population decays.

To the blue side of 260 nm absorption band, all nucleobases have mrn*
transitions within 210-120 nm of UV wavelength. These transitions are much stronger
than those lying within ~ 260 nm band (L, and Ly). However, there is no published
literature on the effects of UV-C radiation (< 230 nm) on the photophysics of any
nucleobase system. As all UV radiation and specifically those with high energy are
potentially mutagenic to our gene, investigation of the high-lying electronic states are
necessary to comprehend the overall effect of UV radiation on DNA bases.
Furthermore, photoabsorption by these high energy states might have played important
role during early biotic era when amount of UV flux on earth’s surface below 240 nm
of wavelength was critically high compared to today’s value.*

Following photoexcitation, a vibronically excited nucleobase relaxes on its
PES along very specific vibrational coordinates and through interaction with the
surrounding solvent. Thus, time-resolved vibrational techniques such as ps infrared
(ps-TRIR) spectroscopy, femtosecond (fs) transient absorption and fluorescence
upconversion have been routinely applied to understand mode specific decay
mechanisms.*>*? However, these techniques are not suitable to probe the excited states
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lying within UV-C region at ~ 210 nm. Another important methodology to study
excited state structural dynamics of a photoexcited chromophore is through analysis of
experimental resonance Raman (RR) excitation profiles.*** RR intensities of a
chromophore are sensitive to structural changes that happen within 100 fs of photon
absorption and interaction with the local environment. Modeling of Raman excitation
profiles (REP) using time-dependent formulation of RR intensities has been applied to
extract ultrafast structural dynamics of all natural and several substituted nucleobases
in their low energy L, and L, excited states.**™>3

I have employed RR intensity analysis to extract ultrafast structural dynamics
three purines, viz., adenine (Ade), guanosine 5’-monophosphate (GMP) and a
halogenated purine, 6-chloroguanine (6-CIG) in their high energy By, electronic state.
RR intensity analysis is unique in the sense that it can be readily applied to any
electronic state of a chromophore depending on availability of laser sources.
Additionally, through modeling of solute-solvent interaction within the Brownian
oscillator spectral density model,> the time scale and amplitude of the inertial
component of solvation were also extracted for all the three bases and were compared
with those reported for other analogs. Specific roles of high-lying By (~ 210 nm) state
in driving initial excited state dynamics of these purines are derived through a detailed
comparison with previously published excited state dynamics on low energy L, and Ly,
states. Additionally, the role of specific exocyclic substituents in tuning different
spectroscopic properties of excited states of purines are derived.

Melanin has been studied extensively over the past seventy years with the help
of a plethora of experimental techniques, such as nuclear magnetic resonance (NMR)
in solid and solution state, electron paramagnetic resonance (EPR), UV/vis
absorption,?** small and wide-angle x-ray and neutron scattering,***>° vibrational
spectroscopy,®®®’ mass spectrometry,® > and topography imaging??#2*%8.74-76 ang
also with ab initio computation.”® These studies have aimed at deciphering the
structure of basic building unit (protomolecule) of melanin, and the structural
organization from few nanometers (nm) to microns (um) in length scale. The majority
of these studies have used (i) melanin extracted from ink sack of Sepia Officinalis
(referred as Sepia melanin hereafter), and (ii) melanin made through oxidation of dopa
and tyrosine using tyrosinase or other oxidative agents. Comparatively, investigations
on the kinetics of the melanization process itself have been limited in number.® The
majority of these studies have used UV/vis absorption spectroscopy to detect evolution
of structural intermediates in the tyrosinase-catalyzed oxidation of a precursor, either
dopa or tyrosine. Due to the absence of narrow and well-separated absorption
signatures of each of the intermediates, application of a kinetic model, such as the one
proposed by Foster® has not been achieved. | have used UV excited RR (UVRR)
vibrational signatures as chemically exclusive molecular fingerprints and determined



rates of formation and decay of reaction intermediates in a self-oxidized and enzyme
assisted oxidation of dopa. Time evolution of the width of the vibrational band
associated with melanin is used to quantify structural heterogeneity of formed
polymers.

Over the course of the last decade, the structural models that emerged as the
probable fundamental unit of melanin are (i) four to eight monomers that are
connected to each other through C-C bonds, are rotated with respect to each other; %
(i) four monomers are organized in a porphyrin ring-like arrangement with a site for
metal binding;"* (iii) monomers are not connected via covalent bonds, instead are
held together by non-covalent interactions such as, hydrogen and ionic bonds, dipole-
dipole interactions.®>%°" Based on d'Ischia and coworkers' organosynthetic work,**
I have explored novel structural models of eumelanin. Using first principle density
functional theory (DFT) spectroscopic and structural properties of these small
oligomers are computed and compared against available experimental data. A critical
comparison of all published structural models is also presented. Furthermore, atomic
force microscopy (AFM) imaging in tapping mode is applied to probe self-assembly
mechanism of autoxidized dopa-melanin, the most used synthetic model for the natural
pigment.

Key Findings
Vibrational Reorganizations in Substituted Purines (Chapter 3)

With the help of UVRR spectroscopy and DFT calculations, effects of exocyclic
substitutions on the vibrational and electronic reorganization of five purines; Adenine
(Ade), 2-aminopurine (AP), 2, 6-diaminopurine (DAP), guanosine monophosphate
(GMP), and 6-chloroguanine (6-CIG) are investigated. | have established NgH form as
predominant tautomer of AP at neutral pH through isotope edited vibrational analysis.
Time-dependent density functional theoretical (TD-DFT) calculations reveal unlike
ordering of low energy electronic states, such as, La, Ly, and 'na* at ~250-280 nm
range, energies of the transitions located in deep UV at ~200-220 nm range are not
significantly affected by substitution. Relative intensity patterns of 225 and 260 nm
excited UVRR spectra reveal distinct vibronic characters of the low energy (~ 260
nm) and high energy (~ 210 nm) excited states in these purines. It is found that
exocyclic heavy substitution such as chlorine (CI) on pyrimidine moiety leads to
significant amount of coupling of C-ClI vibration with modes localized on another part
(imidazole) of the purine. Upon 225 nm photoexcitation, the initial excited state
structural dynamics of these bases are expected to occur along the purine ring
stretching coordinates associated with the observed RR bands.



Ultrafast excited state dynamics of 6-chloroguanine within the
Bb electronic state (Chapter 4)

Quantitative measurements of the resonance Raman cross-section across the By
absorption band (210-230 nm) of 6-CIG is performed and REPs of all RR active
modes are constructed. | have simulated the REPs and absorption cross-section using
time dependent wave packet propagation (TDWP) formalism to extract initial excited
state dynamics of 6-CIG within 30-50 fs after photoexcitation. We find that imidazole
and pyrimidine rings of 6-CIG undergo expansion and contraction respectively
following photoexcitation to the By, state. The amount of distortions of the excited state
structure from that of the ground state is reflected in total internal reorganization
energy that is determined at 112 cm™. The contribution of inertial component of
solvent response towards the total reorganization energy was obtained at 1220 cm™.
Additionally, our simulation also yields an instantaneous response of the first solvation
shell within an ultrafast timescale, t < 30 fs, following photoexcitation. It is worthy to
note here that, though theoretically predicted, the inertial component of solvation that
occurs within few tens of fs has been detected in very few experimental reports.*®%*
The low internal reorganization energy of this purine is ascribed to population transfer
process to other close lying electronic states, occurring in the same time scale as that
of the RR process.

Ultrafast Nuclear Dynamics of Photoexcited Guanosine
Monophosphate (GMP) (Chapter 5)

To understand the role of oxygen substituent (O6) at C6 site in the parent nucleobase
of 6-CIG, experimental Raman excitation profiles of guanosine 5'-monophosphate
(GMP) within 210-230 nm of absorption band (B, state) is modeled. Deduced
structural changes of the purine ring upon photoabsorption by the B, state are
compared with those obtained for the two lowest lying nn* (L, and L, at 280 and 248
nm respectively) excited states of GMP. We find that excitation to L, state lengthens
C6—N1 and C2=N3 bonds which lie along the formation coordinate of various
oxidative adducts but By, excitation does not. We also find that photoabsorption by By
state weakens Cg—Ng bond and thus might assist imidazole ring opening via cleavage
of the same bond. Electronic excitation to different nn* states of the guanine
chromophore results in contrasting structural changes; while absorption by L, and Ly
state induces expansion of pyrimidine and contraction of imidazole rings, By excitation
results in overall shrinkage of both the rings. Computed absolute changes in internal
coordinates imply that photoexcitation to none of the three singlet states of GMP does
not lead to the formation of a cation radical of guanine. In comparison to 6-CIG (112
cm™), a large (980 cm™) internal reorganization contribution was determined.



Excited state structural dynamics of Adenine in La and Bb
Electronic States (Chapter 6)

To have a concise understanding on photodynamics of purines on their high-lying By
excited state, Ade is also investigated employing the same methodology. Obtained
structural distortions of Ade following photoabsorption by By, state are analyzed vis-a-
vis the low energetic nn* state (L,) that lies within the 260 nm absorption band of
Ade. Electronic excitations to two different nn* states of Ade bring about distinct
structural changes: while L, excitation causes minor overall expansion of the
pyrimidine ring, the By, state induces major overall contraction of the same. We find
that photoexcitation to By, state leads to major distortions that are localized on the
pyrimidine ring. On the contrary, the imidazole ring suffers maximal changes
following L, excitation. Deduced changes in internal coordinates imply that neither L,
nor By, state absorption distort the Ade structure along the formation path of its cation.
The higher value of total reorganization energy (2171 cm™) of Ade on By, excited state
in comparison with that (168 cm™) previously reported for the same chromophore on
L, state is attributed to very low total vibrational reorganization energy in case of the
latter. This internal reorganization energy of 168 cm™ in L, state is credited to its
intrinsic photostability, arising from ultrafast state crossing mechanisms in Ade. Detail
investigation of initial photodynamics on By, excited states shows that the properties of
higher-lying electronic transitions are severely different than those on low energy (L,
and L) states of purines.

Kinetics of Enzymatic and Non-enzymatic Melanin Formation
(Chapter 7)

I have investigated the kinetics of melanin formation from dopa in presence and
absence of enzyme through electronic absorption, infrared absorption, and ultraviolet
resonance Raman (UVRR) spectra at several excitation wavelengths. From these
experiments, we observed kinetics of the formation of different species en route to
melanin  polymerization. Exclusive chemical signatures of monomer 3,4-
dihydroxyphenylalanine (dopa), intermediate dopachrome (DC) and early time
polymer are established through their vibrational bands at 1292, 1670 and 1616 cm™
respectively. These Molecule-specific vibrational markers allowed us to follow the
fates of intermediates that have similar absorption spectra. Direct evidence of
enzymatic control of the heterogeneity of melanin oligomers by tyrosinase is provided
from experimental measurements of vibrational bandwidths (full width at half maxima
or FWHM). Small oligomers made with density functional theory show that the linear
homopolymeric structures of DHI can account for experimentally observed
wavenumbers and broad bandwidth in Raman spectra of dopa-melanin. Fitting of RR
derived kinetics with first order reaction model reveals the formation of at least two
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distinct intermediates preceding pigment formation. We capture RR signature of DC,
the intermediate stabilized by the enzyme tyrosinase for the first time in an enzyme-
assisted melanization reaction using 488 nm excitation wavelength and propose that
this wavelength can be used to probe the reaction intermediates of melanin formation
in solution. We explain the position (1616 cm™) and width (50-60 cm™) of
experimentally observed Raman band of melanin as an outcome of intrinsic structural
heterogeneity due to a distribution of tetrameric oligomers.

Structural models of eumelanin protomolecules (Chapter 8)

Starting from experimentally identified and similar covalently linked dimeric and
tetrameric species of DHI; we propose and test a hierarchical assembly as the structure
of possible eumelanin protomolecules. I have shown that this structural model is able
to capture three crucial physical properties of melanin, viz., broad optical absorption,
sharp features of experimental X-ray structure factor, S(q) and radial distribution
function (RDF), and most importantly position and relative intensities of experimental
Raman bands. As there are multiple small oligomeric models that explain broad
optical spectra, | propose and validate the use of vibrational signatures as a more
rigorous constraint on any proposed structural model. 1 have found that in-plane
benzene Dewar and C2-C3 pyrrole stretching modes are always coupled with inter-
unit C—C stretching in small oligomers (up to octamer). These vibrations do not
change normal mode character in the course of polymerization, but shows a saturation
and later decrease in their intensities with growing chain length. The observation of
saturation of width of the Raman band at 1616 cm™ during the melanization reaction is
explained as an intrinsic structural heterogeneity. This heterogeneity arises from
chemically dissimilar coupling sites in our model. Specific types of tetrameric and
octameric units have been identified to reproduce the first sharp feature in S(q) spectra
and also the peak at 3 A in experimental RDF of eumelanin.

Structural Hierarchy and Aggregation Dynamics of Self-
assembled dopa-melanin (Chapter 9)

In this part of the thesis, | have investigated the self-assembled supramolecular
organization of synthetic dopa-melanin using tapping mode (TM) atomic force
microscopy (AFM) imaging. Dopa-melanin is prepared from oxidative polymerization
of dopa in 50 mM Tris-HCI buffer (pH 7.4). A model for the self-assembled structural
organization of dopa-melanin is derived based on a bottom-up synthesis approach and
tapping mode (TM) atomic force microscopy (AFM) imaging. The time evolution of
size distribution is found by imaging the deposited aqueous solution at different time-
points of the melanin formation reaction. The dopa-melanin particles reveal
intermediate structures that connect planner sheets to form both fibrillar and globular



aggregates. At an early stage of melanization, the height distribution of the disc-
shaped planar structures show peak-to peak-separation of 3.66 A, which clearly
indicates characteristic m-n stacking of individual sheets of protomolecules. We
determine the rate of the stacking process by monitoring decay of the populations
consisting two layer thick sheets into taller structures to be Kk = 0f 1.12 X 10° min™.
Four different types of nano-aggregates are detected; (i) a few to tens of layers thick
disks (D: 30-50 nm and H: 0.5-2 nm), (ii) barrel-like aggregates (D: 50-110 nm and H:
1.5-15 nm), (iii) globular agglomerates (D: 1-2 um and H: ~100 nm) and (iv) microns
long parallel running stick-like structures (D: 85-180 nm and H: 10-80 nm). Based on
AFM topographs we propose that the disc-shaped aggregates form barrel-like
structures through -7 stacking. Further, these self-assemble in edge-to-edge fashion to
form several microns long filamentous structures. While providing conclusive direct
evidence for m-m stacking in eumelanin, our results also present an alternative method
of analyzing formation pathway of secondary and tertiary structures in synthetic
melanins and similar self-assembled systems.

Importance and Future Perspective

Following photoexcitation within the 210-230 nm (UV-C) absorption band (By), this
thesis examines the excited state structures and solvation dynamics of purine
nucleobases for the first time. The results presented show that sub-100 fs dynamics of
natural purines are significantly different in low energy L,, and high energy By, states.
The obtained structural distortions of different internal coordinates of the purine ring
are analyzed in the context of lesion formation. Results presented in this thesis show
that despite the significantly high absorption cross-section, B, excited state does not
directly assist photoinduced damage within hundred fs of photoabsorption. The
amplitude of the inertial response of water solvation is found to be strongly dependent
on instantaneous charge redistribution of the chromophore in a particular excited state.
Additionally, these investigations determine the presence of a sub-50 fs response time
of the fastest component of water solvation. Results presented in this thesis set the
stage for further theoretical and experimental photodynamic investigations of less
explored By, and higher excited states of nucleobases. It is also established that unlike
conventional transient absorption or fluorescence upconversion techniques, resonance
Raman intensity analysis is readily applicable to probe deep-lying electronic states
(below 230 nm) of biomolecules in solution. In addition to 260 nm absorption band, to
develop a comprehensive understanding of how our genetic material responds to UV
radiation, it is of paramount importance to investigate these high energy singlet states
of nucleobases.

In the second part of the thesis, a kinetic model of melanin formation using
absorption and vibrational spectroscopies is derived, and protomolecular structural



model of eumelanin is proposed. The work done in this thesis establishes a method of
using molecule specific vibrational signatures to probe chemical kinetics of the very
fundamental and yet poorly understood melanization process. The method of using
260 and 488 nm resonant excitations to probe the rates of formation and decay of
kinetic intermediates can be readily applied to the case of melanins made from other
precursors, such as tyrosine and DHI. Using tyrosinase from mammalian sources, it
would be possible to address the definitive but yet unknown role of this enzyme in
controlling heterogeneity of small oligomer populations and also in the stabilization of
dopachrome. Such experiments have the potential to provide insights that would
translate into a deeper understanding of the role of tyrosinase in skin disorder such as
oculocutaneous albinism and hyperpigmentation and eventually in developing
therapeutic strategies. Computational results presented in this thesis also point out that
it is extremely important to constrain any proposed, but not experimentally verified
eumelanin structural model with all available high resolution experimental data,
especially, vibrational spectra and X-ray radial distribution functions. The employed
bottom-up approach of probing melanin aggregation can be readily applied to a variety
of melanization processes using different precursors for developing a general model of
the synthetic pigments. Detection of the uniform population of ultra-thin disks in dopa-
melanin nano-aggregates might guide us to a new avenue of using melanin-like
materials in optoelectronics. It opens up the opportunity of examining conducting and
nano-mechanical properties of these 2-dimensional (2D) structures, and their possible
future technological applications.
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Introduction

Heterocyclic compounds are ubiquitous molecules constituting almost half of the all
known organic molecules. Organic molecules containing all carbon atoms in the ring,
for example, benzene, are known as carbocyclic compounds. If at least one atom in the
ring is not carbon, then the compound is a heterocyclic one. Amongst the two types of
heterocyclic compounds, viz., aliphatic and aromatic, the latter one is of particular
interest, because of its wide presence in natural and synthetic systems. Among these,
the most common ones are nitrogen, sulfur and oxygen containing aromatic
compounds, that generally follow Hiickel's 4n + 2 7 electrons rule of aromaticity™.
Hence, these compounds are known as heteroaromatic compounds. These nitrogen and
sulfur-containing heterocycles are essential to developing antibacterial, antiviral and
antifungal drugs. Large numbers of heterocyclic compounds that play crucial roles in
the metabolism of living cells primarily include five of six-membered rings having one
to four heteroatoms.

Unarguably, the most important classes of natural heterocycles are nitrogen
containing pyrimidines and purines that are structural cores of nucleic acids,' and
indole and imidazole groups which are building blocks of natural amino acids."
Pyrimidine is a six-membered ring, containing two nitrogen atoms and purine is made
from a fusion of pyrimidine and another five-membered heteroring with two nitrogen
atoms known as imidazole. (Fig. 1.1) Nucleobases that are derivatives of purines and
pyrimidines are the structural components of our genetic information carrier
deoxyribonucleic acid (DNA) and Ribonucleic acid (RNA). Imidazole ring is the core
of natural amino acid histidine, neurotransmitter histamine and of many important
drugs, such as antifungal agent metronidazole. Two fundamental pigments that are
essential for the existence of life on earth are chlorophyll and heme. Chlorophyll is a
family of green pigments present in plants and cyanobacteria, which helps plants
capturing solar energy, and heme, the pigment that is responsible for red color of
blood, and is a cofactor of oxygen carrying hemeproteins. Both of these are derivatives
of heteroaromatic porphyrin rings, which are made from five membered nitrogen
containing pyrroles. (See Fig. 1.1)
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Fig. 1.1 Structure of a few naturally occurring and synthetically prepared biologically
important heteroaromatic molecules.

Indole, another biologically important aromatic molecule is building unit of
tryptophan, a structurally functionally important natural amino acid. Flavonoids, the most
important plant pigment other than chlorophylls and an important ingredient of our
everyday diet have single oxygen containing tetrahydropyran moiety.[® (Fig. 1.1)
Alkaloids, which are another important class of naturally occurring chemicals with large
pharmacological applications, invariably have nitrogen, sulfur or oxygen containing
heteroaromatic skeletons.[”? Conducting polymers having poly-pyrrole or poly-thiophene
and many other heteroaromatic cores as structural motifs are widely used for industrial
applications in optoelectronics and devices® " in super capacitors,*? designing novel
biosensors™®* and in applications in biomedical engineering.*®! Most of the common
fluorescent dyes used in tissue imaging and as photophysical probes are composed of one
or more heterocycles,*® e.g. methylene blues. (Fig. 1.1)

1.1 Importance of photophysics of heterocyclic compounds

Spectroscopic investigations of these types of heteroaromatic systems are necessary to be
able to translate basic knowledge into making devices and also to understand many
fundamental processes of life. For example, (i) live imaging of neurotransmitters, such as,
serotonin™” and dopamine® in brain tissue; (ii) probing packing interactions of proteins
along folding and unfolding pathways using intrinsic amino acid probe, such as,
tryptophant**? and synthetically incorporated ones, such as cyanotryptophans,?? (iii)
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capturing local conformational changes and dynamics of base-pair and DNA in protein
environment using location-sensitive fluorescent probes, such as 2-aminopurine (AP),[-
281 8_vinyl adenosine,'?"?! and other designer base analogues,?*=*? (iv) understanding the
origin of photostability of five natural DNA and RNA nucleobases through ultrafast
photodynamical measurements on the natural and their modified forms,**=! (v) designing
heterocyclic polymers for improved two-photon absorption (TPA) cross-section®" to be
used in bio-imaging and photodynamic therapies,*! (vi) controlling and measuring
photoinduced electronic properties of organic polymers that can be used in solar cell and
as active materials in organic electronics.™+*"]

1.2 Electronic structure of heteroaromatics

At the fundamental level, optical properties of these heterocycles depend on their ground
and excited state electronic structures. Comparison with the electronic structure of
prototype carbocyclic molecules, benzene and naphthalene are inevitably drawn while
discussing excited states of any aromatic system. Electronic excited states of these two
highly symmetric aromatic systems were first studied by Platt using a linear combination
of atomic orbital (LCAO) theory.¥! Platt’s original nomenclature for first four mm*
excited states of these two molecules involved highest occupied molecular orbital
(HOMO), HOMO-1, lowest unoccupied molecular orbital (LUMO) and LUMO+1, and
are designated as 'Ly, 'L, 'Bp and 'B,. One single configuration, HOMO — LUMO and
HOMO -1 — LUMO + 1 give rise 'L, and ‘B, states respectively. On the other hand, L,
and !By, states are described by symmetric and antisymmetric configurational mixing of
HOMO — LUMO + 1 and HOMO -1 — LUMO respectively. Use of this nomenclature in
the case of heterocyclic molecules, such as indole, pyrimidines, purines and even their
prototype molecule indene becomes meaningless due to their reduced symmetry.
However, these symbols are useful for comparisons of equivalent electronic states across
different heterocycles and those of benzene or naphthalene. Fig. 1.2 shows how the
degeneracy of lowest energy m orbitals of benzene is lifted when heteroatoms are
introduced (in pyrimidine and imidazole) and heteroatom containing rings are fused
together (in purine and indole).
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Fig. 1.2 Kohn-Sham frontier molecular orbitals (MO) of benzene, pyrimidine, imidazole,
purine and indole. H and L stand for highest occupied and lowest unoccupied MO
respectively. Benzene, which made from six sp? hybridized carbon atoms in the hexagonal
arrangement is of Dgy, Symmetry and has doubly degenerate highest occupied molecular orbital
(HOMO or simply H) and lowest unoccupied molecular orbital (LUMO or simply L).
Pyrimidine, made by substituting two carbons with two nitrogen also fulfills aromatic sextet
rule and has six contributing = electrons to the aromatic ring. The introduction of hetero
atoms breaks the symmetry of the ring and lifts the degeneracy of both HOMOs and LUMOs.
Additionally, both of these four orbitals get stabilized in comparison with those in benzene.
Same trend, but of different magnitudes is observed in all four nitrogen containing
heteroaromatics. It is worth to note that highest occupied = orbital of purine energetically lies
in between that of two component rings, pyrimidine and imidazole. Though purine and indole,
two nine-membered rings have similar looking MOs, their relative ordering changes. All MOs
are computed with density functional theoretical (DFT), B3LYP/6-311+G(2d,p) method in
vacuo and are plotted with an isodensity value of 0.35 e/bohr®.

The aromatic amino acids phenylalanine (Phe), tyrosine (Tyr), tryptophan (Trp),
and histidine (His) consist of benzene, phenol, indole, and imidazole as aromatic cores
respectively. They are responsible for near and far UV absorption characteristics of
proteins in the region of 190-230 nm along with amide backbone and near 280 nm by
tryptophan and tyrosine. Likewise, natural nucleobases; two purines adenine (Ade) and
guanine (Gua) and three pyrimidines cytosine (Cyt), thymine (Thy) and uracil (Ura) are
key UV absorbing chromophores in DNA and RNA in similar wavelength region as
aromatic amino acids. Ab initio computations of excited states of benzene, phenol and
imidazole,"** indene®™ and indolel® to understand photophysics of aromatic amino
acids, and of purines®®®* and pyrimidinest®*® to unravel the mechanism of UV-induced
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processes in DNA and RNA have been reported. All of these aromatic molecules have two
complex band systems that are assigned to four m—n* valence singlet excitations. The
absorption band range lies between 240 and 280 nm (5.15 to 4.40 eV) contains two low-
lying transitions, named L, and 'L, states. The other band system lies within wavelength
ranging from 185 to 220 nm (6.7 to 5.4 eV) and is composed of two relatively strong
transitions, !B, and 'B,. Energetics and state configurations for electronic transitions in
these aromatic compounds strongly depend on character and position of specific
substitution on ring and deviates®” from the equivalent states of benzene and
naphthalene.®

1.3 Photophysics of nucleobases

Our genetic information carriers, DNA, and RNA are constructed using five building
blocks consisting of two purines and three pyrimidine nucleobases (Fig. 1.1). All nucleic
acid monomers absorb photons in blue edge of UV-B (260-350 nm) radiation in 260-280
nm range and in the red edge of UV-C (100-260 nm) radiation in 200-230 nm wavelength
range. Typical average energies necessary for hemolytic cleavage of chemical bonds, such
as C-C, C-H, C-0, O-H bonds in organic compounds lie within 80 to 115 kcal/mol.’¥ uv
photons at wavelengths within 200 to 280 nm contain enough energy (143 to 102
kcal/mol) to break these bonds in organic compounds. However, organic molecules like
nucleobases do not undergo direct decomposition following absorption of UV radiation,
but rather experience directional distortions in molecular structure. These distortions
prepare the electronically excited molecule for photophysical events that follows in later
time.

It is well established that these bases and their nucleotides exhibit quenched
fluorescence in aqueous solution.!®®*%! More recently, electronic spectroscopic techniques
with sub-picosecond (ps) time resolution have directly detected ultrafast internal
conversion (IC) through which singlet excited states (mn* ~ 260 nm ) of nucleic acid bases
depopulate to ground state within hundreds of femtoseconds (fs).**¢” This ultrafast IC has
been established as an intrinsic mechanism, present in all nucleosides, nucleotides,
nucleobase monomers in isolated gas phase,**®"% aqueous solution,®¢772=74 gnd in
base pairs.["™

Computations of minimum energy paths (MEP) and ab initio photodynamical
simulations on excited potential energy surfaces (PES) have characterized structural
distortions that the excited base molecules undergo during ultrafast relaxation.>%¢76-78]
Decay of purines is dominated by single rate constants, and major ring-puckering motion
of C¢ atom and by some extent at C site are responsible for driving the system towards
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conical intersections (Cl) for state crossing.*®%1 On the other side, pyrimidine bases
exhibit more complex deactivation pathways associated with more than one decay
constant, due to the involvement of intermediate nmt* states. As a common mechanism, all
pyrimidines undergo out-of-plane distortions of C6 atom and a following twist around the
C5C6 bond to hop to a lower energy surface.!"084+-6

Purine
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Fig. 1.3 Singlet excited state lifetimes of natural purines, Ade and Gua and their 3 , 7" and
9" substituted forms. Ade and Gua, as well as their nucleotides, spend less than 500 fs on their
first bright excited states before returning to ground state. Hydrogen or methyl substitution
made at specific exocyclic sites changes lifetime of the modified bases. Methyl of hydrogen
substitution at C7 position of purine ring increases lifetimes of 7-methyladenine (7-meA), 7-
methylguanine (7-meG) and cation of guanosine monophosphate (GMP) by obstructing access
of IC channel. On other hand, substitutions at N1, N3, and N9 position have little effect on
depopulation rate of the excited state. The conventional numbering of ring atoms of purines is
shown in the top left.

All natural purines, Ade, Gua, and pyrimidines Cyt, Thy and Ura, and their
respective nucleotides decays to ground state in an ultrafast, sub-ps time scale (Fig. 1.3
and 1.4). Since natural nucleobases live for very short spans in the range of few tens of
picoseconds (ps) in their singlet excited states, they do not get the chance to undergo
photochemical transformations. This ultrafast IC to ground state decay results in the
intrinsic photostability of these molecules. It is quite intuitive to think that ultrafast
nonradiative decay following absorption of UV radiation might have been an evolutionary
strategy, among many others, imposed by nature as a procedure to get rid of deleterious
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electronic energy before harmful photoadducts can be formed. It has been suggested by
several authors that apart from being able to participate in Watson—Crick base pairing, the
photoresistive property could have been a key driver of their natural selection as building
blocks of our genome. 878!

1.3.1 Why is photochemistry of nucleobases important?

The skin is the most environmentally exposed organ that absorbs a great amount of UV-A
and UV-B radiation of sunlight. Despite the mentioned photoresistive properties of
nucleic acid monomers, DNA of our skin, mainly in epidermal and basal layer continually
gets photodamaged through direct absorption of UV light.®® Formation of a variety of
mutagenic lesions in skin DNA upon UV absorption has serious biological
implications,®*Y such as mutation and genetic instability, and subsequently development
of different types of melanoma tumors®-*4 among other effects.’®®%! UV-A and UV-B
can also be genotoxic, because of the activation of photosensitizing exogenous agents
(drugs such as psoralens) that directly react with DNA and increase the risk of
photocarcinogenesis.”]
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Fig. 1.4 Singlet excited state lifetimes of natural pyrimidines, Cyt, Thy and Ura and their
substituted forms. Methyl or heavy Fluorine substitution at Cs increases lifetime, and on the
other side deoxyribose moiety at C; and hydrogen at C; site helps cytosine to decay faster.
Methyl at 5" position on ring and substitution of one hydrogen of an amino moiety with bulky
group causes two order of magnitude increase in lifetime. Like Cyt, other two natural
nucleosides, uridine (Urd) and thymidine (Thd) also exhibit sub-ps decay.
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Among deleterious photoinduced lesions, the most common one is the dimeric
adduct between adjacent pyrimidines in single-stranded DNA. A few typical DNA
photoadducts are shown in Fig. 1.5. Thy and Cyt are two pyrimidines that maximally
suffer from UV-induced adduct formation such as cyclobutane pyrimidine dimer (CPD)®!
that forms via populating excited triplet state, cytosine dinucleotide (CpC) photohydrate
and pyrimidine (6-4) pyrimidinone photodimert®®*® and its Dewar valence isomers.'*!
CPD and 6-4 photoproducts account for more than 95 % of the total photodamage of
nucleic acids. Other rare DNA photoproducts, e.g. Thy-Ade photodimer*®-1% of adjacent
ade and thy bases, and dimeric adenine photoadducts,'®®'%! such as 8,8-adenine
dehydrodimer™®” occur 1-10 % of the times in the CPD formation in DNA.

lonizing radiation, such as gamma rays and UV-B light (260-350 nm) can produce
a variety of radical and reactive oxygen species (ROS) in the living cell. Amongst these
ROS, hydroxyl radical (OH®) is a major agent that oxidizes DNA bases!'® and
specifically Gua to produce guanine radical cation (G*").1%°% Reactive G** leads to the
formation of a variety of lesions such as 8-oxoguanine (8-oxoG) and oxazolone.[**!
Formation of G*" in DNA double strand also happens via populating a low-lying charge-
transfer (CT) state upon UV irradiation.**™*3] Amongst OH* induced photoadducts of
Ade and Gua, 4,6-diamino-5-formamidopyrimidine (FapyAde) and 2,6-diamino-4-
hydroxy-5-formamidopyrimidine (FapyGua) (Fig. 1.5 f) are major ones.[***1°)) Doetsch et
al. have concluded that FapyAde and FapyGua are formed entirely by action of 254 nm
UV radiation, and OH* radical is not involved.!**! Radical cations of both, Ade and Gua
lie in the pathway of forming these adducts. Whether these radical cations are formed via
direct absorption of UV light is a live question in the field of DNA photodamage.
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Fig. 1.5 Chemical structures of dimeric and monomeric photolesions in DNA upon UV
irradiation

1.3.2 Modified nucleobases

There exist, however, a plethora of molecules that are modified versions of these natural
bases, either already present in nature, such as, in viral DNA or having been synthesized
in the laboratory."*1 Till date, four purines (Ade, Gua, hypoxanthine and xanthine) and
one pyrimidine (Ura) have been detected in several meteorites.™*®2! Very often it has
been argued that before natural selection of the modern genetic alphabet, there was a large
pool of alternative molecules in the early evolutionary era.l'***?! Qutcomes of synthetic
experiments that simulate prebiotic environments?**% and the finding of traces of
purine, 2,6-diaminopurine, and 6,8-diaminopurine, that are closely related to Ade and
along with other hypoxanthine and xanthine in meteorites™; support this hypothesis.
Additionally, in the pre-RNA world, apart from stability against hydrolytic deamination
and cleavage of N-glycosidic bond and other factors, UV photostability is expected to be a
key factor, since the influence of UV radiation of solar spectrum was several folds higher
than that present today (Fig. 1.6). Consistent with this proposed hypothesis, a diverse set
of modified nucleobases other than hypoxanthine are found to show significantly long
(tens of ps to tens of ns) excited state lifetimes than those (sub-ps) of natural bases.**
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Fig. 1.6 UV irradiance of solar flux in reaching earth’s surface in the prebiotic and present era.
In prebiotic era due to the absence of stratospheric ozone layer, a very high flux of solar UV
irradiation used to reach surface of the earth. These high energy photons are thought of key
driver of prebiotic chemistry, and also believed to have been a major selection pressure behind
the evolution of the photostable genetic molecules. In Archaeon era, the worst case scenario
was considered by taking a lower limit of the partial pressure of CO, which is a major
scatterers of solar UV radiation in the later stage of evolution. This figure is adapted with
permission from Ref 146. Copyright (2001) Springer.
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Many of these modified bases which could substitute the natural nucleobases in
the nucleic acids are fluorescent, unlike natural bases. They serve as site-specific
molecular beacon of DNA structure,*? interactions in molecular recognition, (such as,
DNA-protein), and dynamic processes, such as, charge-transfer dynamics in DNA, 123134
base flipping,!*®! and as selective inhibitors of specific enzymes.*****1 These analogous
molecules are designed to have ‘better’ spectral properties, such as, (i) high fluorescence
quantum yield (®¢) and mono-exponential decay, (ii) having excitation wavelength
significantly red-shifted from those of natural nucleobases; and structural qualities, e.g. to
retain minimal perturbation of double helical structure of DNA after incorporation. While
experimentalists synthesize a library of modified bases and characterize their structural
and photophysical properties,™") theoretical scientists engage in explaining and predicting
light-induced processes in DNA/RNA containing these bases in comparison with natural
counterparts.!**®!

1.3.3 Photophysics of nucleobases

Substitutions on different exocyclic positions perturb electronic structure, and in turn,
modify excited state properties of purines and pyrimidines.®31*14 |t has been shown that
it’s the amino or carbonyl substitutions at C2 or C6 sites, and not the purine motif itself,
which are responsible for ultrafast deactivation of UV-excited bases.**"! Substitution at
the 7™ position in purines and at the 5" position in pyrimidines drastically increases
lifetimes of natural bases by two to three orders of magnitude, whereas N1, N3, and N9
sites are found to be relatively insensitive to substitution induced changes of lifetimes.**
(Fig. 1.3 and 1.4)

Excited state dynamics studies have demonstrated that ring puckering modes
involving N1C2H moiety and at C6 assist the fast deactivation of L, state to ground state
in Ade.**#% 2_aminopurine (AP), a structural isomer of Ade in which the amino group is
moved from C6 to C2 site, shows strong fluorescence (@f = 0.68).°01? Unlike Ade
which stays less than 200 fs, AP rests much longer (10 ns) on nn* singlet state.[32133143]
Serrano-Andrés et al. have shown that amino moiety in AP obstructs puckering motion at
the C2 site, and subsequently blocks access to a fast deactivation channel.l***! Recently,
photodynamical measurements on substituted purines have established that out-of-plane
motion of C2 is absolutely essential for ultrafast intersystem crossing from L, state to 'nz*
state that further relaxes to the ground state (So)." Therefore, systematic
photodynamical studies of modified bases represent an opportunity to understand
responsible structural factors governing the photostability of our genetic alphabet.
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1.3.3 Relevance of photophysics of nucleobases in the deep UV

The majority of photophysical investigations have dealt with the aftermath of
photoexcitation to the lowest energy, mn* electronic states (*L, and ‘L) within 260 to 280
nm of wavelengths in purines and pyrimidines. Alternatively, the understanding of
photoinduced phenomena that follow absorption of red edge of UV-C spectrum in 200-
240 nm wavelength range by nucleobases is limited. All nucleobases have electronic
transitions (‘B, and 'B},) that absorb photons in the mentioned range at the red edge of
UV-C more efficiently than those lying near 260 nm. Understanding the response of
nucleobases in this wavelength range is important because UV flux of solar radiation in
200-240 nm range of UV-C spectrum was several folds higher during the prebiotic era,
than what is present today.*>%"! (Fig. 1.6) To understand overall UV photostability,
effects of UV-C light on excited state structure and resulting photophysics have to be
integrated with photodynamical results available on low energetic excited states.

In the modern era, as the stratospheric ozone layer is experiencing continuous
depletion due to increase in many pollutants, the amount of UV radiation of the solar
spectrum reaching the earth’s surface is gradually increasing.*3*%! In this scenario, like
in the prebiotic era, characterization of the response of genomic components upon
mutagenic UV radiation is of relevance from the present and future perspectives too.

1.3.4 Measuring photodynamics in UV-C

To understand the effect of UV-C radiation on nucleobases, experimental measurements
on these strong electronic states of mn* characters in 200-240 nm are necessary. Ultrafast
electronic spectroscopic methods such as fs-transient absorption (TA) and fs-fluorescence
upconversion (fs-FU) spectroscopies, and vibrational techniques, such as psUV-pump
mid-IR probe have been successfully applied in investigating excited state dynamics of
the nucleobases. All of these studies have probed photodynamic on lowest energy (~ 260
nm) excited states of DNA and RNA bases. However, these methods are not readily
applicable to study high energetic states below 230 nm owing to intrinsic and technical
limitations.

Resonance Raman (RR) spectroscopy in which Raman excitation lies within
electronic absorption of the molecule, is successfully applied to characterize the manifold
of electronic states of nucleobases with UV excitations.'*>**! In the RR process, the
wavenumbers of bands of a molecule report structure of the Sy state and their intensities
encode information about the resonant electronic state. Observed intensity of a RR band is
proportional to the square of the distortion along each FC active vibrational normal mode.
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From experimentally measured RR cross-section, the structural distortions in the excited
state with respect to that in the ground state molecular structure can be determined.
Resonance Raman (RR) spectroscopy is the only experimental technique that can
determine vibrational mode-specific instantaneous structural distortions of a molecule,
subsequent to photoexcitation to an electronic state,[**>**"]

Structural distortions, measured along each of the vibrational normal coordinates,
are expressed as dimensionless displacements (A). As can be extracted from the analysis
of excitation wavelength dependence of intensities of RR active vibrational modes, i.e.
Raman excitation profiles (REP). In fact, RR intensity analyses have been successfully
applied for deriving structural distortions that all natural and several modified bases
undergo upon photoexcitation within low energy L, and L, states.***%! Thus derived
structural distortions complement and deepen our understanding of electronic excited state
PESs, which are also investigated by measuring singlet state lifetimes and computations of
excited state surfaces. There are no previous experimental or theoretical investigations
describing photodynamics of any nucleobase system within B, and By, excited states as a
result of absorption of UV-C radiation.

In Chapter 3, | have investigated a series of purines using UVRR
spectroscopy and quantum chemical computations to determine how exocyclic
substitutions inflict structural distortions and vibrational and electronic
reorganizations. With the help of multiple resonant laser excitations to different
singlet excited states, Frank-Condon active modes that are expected to drive early
time excited state dynamics of these bases upon photoexcitation are identified. In the
following Chapters (Chapter 4, Chapter 5 and Chapter 6), | have used RR intensity
analysis in conjunction with time-dependent wave packet dynamics formalism, and
have determined initial excited state structural dynamics of two natural purines,
adenine and guanosine monophosphate (GMP) and one modified guanine, viz., 6-
chloroguanine (6-CIG) in their By electronic state within the 210 to 230 nm
wavelength range.

1.4 Structure and dynamics of the biopigment melanin

Indole is an aromatic heterocyclic compound which has a six-membered benzene ring
fused to a five-membered nitrogen-containing pyrrole ring (Fig. 1.1). The indole skeleton
is the primary building block of a handful of biologically important moleculest®”
including (i) Tryptophan (Trp or W) which is one of the standard amino acids occurring in
protein structure (Fig. 1.1); (ii) Serotonin (5-hydroxytryptamine, or 5-HT) is a monoamine
neurotransmitter and its receptor agonist, tryptamine; (iii) Skatole (3-methylindole) which
is found in many essential oils and is used as fragrance in perfumes, and serves as a model
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of Trp;(Fig. 1.1) (iv) Melanin, the most abundant natural pigment that performs a variety
of functions including very diverse skin color phenotypes.*®*" Melanin consists of
cross-linked polymers of two indole derivatives, viz. 5,6-dihydroxyindole (DHI) and 5,6-
dihydroxyindole-2-carboxylic acid (DHICA). (Fig. 1.7)

1.4.1 Melanins: A General Introduction

Melanins are ubiquitous dark pigments found throughout the biosphere. Melanin,
originally derived from Greek melanos, meaning ‘dark’, is predominantly made of heavily
cross-linked organic polymers that have indole as the basic building block. Three major
types of melanins, eumelanin, pheomelanin, and neuromelanin are found in skin, hair,
eyes and nervous system of animals. Eumelanin and pheomelanin are black/brown and
reddish/yellowish pigments that are responsible for the natural coloration of the skin, hair
and eyes in the animal kingdom.!*®® Eumelanin, being the primary pigment in human and
all mammals, is most extensively studied, and is known to be produced via aggregation of
oxidative products of DHI and DHICA. Sepia melanin, the natural pigment in the squid
ink sack is the most studied model of eumelanin.:”**”®! Pheomelanin, which is a sulfur-
containing variant of melanin, is the polymerized form of benzothiazine derivatives and is
responsible for the red hair of human and chicken feathers.®*7 In other organisms such
as fungus, insects (except spiders) or cephalopods, such as squid, melanin has important
roles as a pigment. It is worthy to mention here that pheomelanin in reddish-brown hair is
always found to be present with eumelanin.">'7® Biopigments that are produced within
neurons in different brain parts, such as, substantia nigra by the oxidation of dopamine
and other catecholamine precursors are collectively known as neuromelanin.t””!
Neuromelanin is also found as copolymers of multiple precursor units, such as DHI,
dopamine, and cysteinyldopa.l*"®8% Thus, biogenesis of melanin is a very common and
omnipresent natural biochemical reaction in the living world.

1.4.2 Melanin synthesizing cells and organelles in skin

Melanogenesis is the process of producing and sequestering melanin inside membrane-
bound organelles, melanosomes. These are located in specialized cells known as
melanocytes. Melanocytes primarily reside in the dermal/epidermal border (basal layer
between the stratum spinosum and the dermis) of human skin. They are also found in hair
follicles, retinal pigment epithelium (RPE) of eyes, and in the substantia nigra region of
the brain. Melanosomes, vesicle-like organelles are derived from Golgi or early endosome
through the cellular surface and they encapsulate the produced melanin. Highly mobile
melanosomes, controlled by hormonal signals, get transferred to other cell types such as
keratinocytes in stratum spinosum (in the skin) or brain cells through dendritic structures
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of melanocytes. Different racial skin colors are primarily determined by the difference in
the number, size, and the distribution of melanosomes in keratinocytes. Production of
melanin inside melanosomes depends on the genetic regulation of the enzyme, tyrosinase
that catalyzes the first step of melanin synthesis. However, in the real scenario, the
phenotype of skin is a complex phenomenon and is regulated via secretion of specific
factors that control differentiation, proliferation and dendricity of fibroblasts and
keratinocytes and also melanogenesis in melanocytes.

1.4.3 Biochemical pathway of eu and pheo-melanogenesis

Melanogenesis, the pathway of producing eu- and pheo- melanins inside melanosome are
depicted in Fig. 1.7, which is reviewed in detail by Hearing VJ.*®" The key enzyme that is
involved in the production of melanins in melanocytes is tyrosinase. Tyrosinases are di-
copper containing oxidases that have been described in mammals and lower animals, and
also in plants and fungi.'®% Biogenesis pathway of melanin was first elucidated by
Raper™~1%% and Mason,*"! and was later modified,***'** and is documented in several
reviews.['**2% Tyrosinase catalyzes the first step of melanin synthesis by oxidizing a
monophenol (monophenolase activity), such as L-tyrosine (would be called tyrosine
hereafter) to an ortho-diphenol, 3,4-dihydroxyphelylalanine (dopa). Subsequently,
tyrosinase also catalytically oxidizes (diphenolase activity) dopa which is an ortho-
diphenol to its ortho-quinone, i.e. dopaquinone (DQ).[9%2%%2%81 Thoygh both the catalytic
activities have broad substrate specificities, tyrosinase has a higher affinity for the L-
isomers of the substrates than for the corresponding D-isomers.

The chemically reactive DQ undergoes spontaneous intramolecular cyclization to
form cyclodopa, which then rapidly produces dopachrome (DC) by a redox reaction with
DQ.[2I DC is spontaneously decomposed by decarboxylation at neutral pH to form DHI
and DHICA in a 70:1 ratio.® However, in the presence of another enzyme, dopachrome
tautomerase (DCT) (also known as Tyrosinase-related protein-2 or TYRP2), DC
undergoes tautomerization and exclusively produces DHICA.?*! Both DHI and DHICA
oxidize and form respective quinones that further polymerize to produce short length (6-8
units) oligomers. Thus formed oligomers further polymerize and aggregate to form a
eumelanin macromolecular assembly. While DHI gets oxidized through redox exchange
with DQM oxidation of DHICA happens in the presence of either tyrosinase in
humans®™ or tyrosinase-related protein-1 (TYRP1) in mice.l?*??®] Eumelanogenesis in
the presence of tyrosinase was first observed and the pathway was proposed by Raper!*®’-
189 and later refined by Mason,!*®! and thus is widely referred as the Rapar-Mason
pathway.
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Fig. 1.7. Biosynthetic pathway of eumelanin and pheomelanin production. Dopa and
tyrosinase, both gets oxidized in the presence of enzyme tyrosinase to form L-Dopaquinone
(DQ) which readily undergoes spontaneous cyclization and forms orange colored intermediate
L-Dopachrome (DC). 5,6-dihydroxyindole (DHI) is subsequently produced from DC via
spontaneous rearrangement and decarboxylation. Alternatively, in the presence of another
enzyme in melanosome, known as dopachrome tautomerase (DCT or TYRP2) 5,6-
dihrdoxyindole-2-carboxylic acid (DHICA) is formed. Both, DHI and DHICA undergo
oxidative polymerization to form early pigment, known as melanochrome (MC). Melanin is
subsequently formed by further polymerization and aggregation of small length polymers.
Pheomelanin formation commences by the reductive addition of sulfur containing amino acid
cysteine to DQ to form cysteinyIDOPA (CD). CD subsequently produce cysteinyIDOPA-
quinone and finally 1,4-benzothiazine as basic building block of pheomelanin. Abbreviations.
DCT: dopachrome tautomerase or Tyrosinase-related protein-2 (TYRP2); TYRP1:
Tyrosinase-related protein-1 (TYRP1) or DHICA oxidase. ‘Ref 187-191; ?Ref 207; °Ref
209; “Ref 212,213; °Ref 211; °Ref 210; 'Ref 194; °Ref 215-217; °Ref 218, 219.

Pheomelanin production (Fig. 1.7) initiates through the reductive addition of
sulfur containing cysteine to DQ, and subsequent production of cysteinyldopa (CD).[*4
CD undergoes redox exchange with DQ to produce CD-quinones.”*>**"1 Later, CD-
quinone cyclizes to form ortho-quinonimine (QI) which is subsequently rearranged to
form 1,4-benzothiazine intermediates.’3?'%! These benzothiazine derivatives polymerize
and produce pheomelanin.['94216220-222] Other than the enzyme tyrosinase, there are a
number of factors such as pH, and the level of cysteine in melanosomes, presence of other
proteins; that control diversity of human hair and mouse coat color pigmentation.?23224 |n
human skin, complex interactions between melanocytes and surrounding keratinocytes
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control eu-/pheo-melanin ratio.””® In this thesis | have focused on eumelanin and the
discussion on other types of melanins is limited.

1.4.4 Intermediates en route eumelanin

Since the original work of Raper, it had been generally believed that dopa is formed first
from tyrosine on the way to DQ. However, ortho-quinones such as DQ were shown to be
formed directly from N-substituted dihydric phenolic substrates in the first step of
melanogenesis by Cooksey et al.['* Rate of free radical cyclization of dopa to DQ and
subsequent formation of DC has been first investigated using pulse radiolysis initiated one
electron oxidation.[??22™1 Fyrther, pulse radiolysis studies have determined rates of early
events in the initial phase of dopa oxidation,?®?%-21 and Ito and Wakamatsu have
integrated them.? Though the first step of intramolecular cyclization of DQ to form
cyclodopa is fairly slow,??® formation of DC proceeds through a very fast redox reaction,
with k = 5.3 x 106 M1 s 1.[2U DC is an orange colored species and is generally monitored
within 480-500 nm for spectrophotometric assays for determining activity and substrate
specificity of tyrosinase.!*°*2%°]

Absorption maxima (Amax) Of different species in the melanization pathways are
depicted in Table 1.1. It is quite clear that multiple intermediates that are formed and
decay dynamically on a fast time scale absorb in the same wavelength range. For example,
both dopa-quinone (DQ), and quinones of DHI and DHICA absorb at ~400 nm which
itself lies within the absorption band of DC. Again, the formation of melanin is generally
observed at 540 nm[®225%! put cyclic ortho-quinoneimine also absorbs at the same
wavelength. Moreover, absorption band (Amax=480 nm) of DC, the preceding intermediate
of the pigment, well extends beyond 550 nm. Thus, obtained rates of interconversions
between consecutively formed species are always convoluted with multiple components.

Vibrational spectroscopies that probe the strength of each chemical bond in a
molecule present an attractive alternative to detect several intermediates of similar
structures. However, application of Raman and IR methods to study melanin is limited®¢-
28] due to its optical opaqueness and strong fluorescent background with visible to IR
excitations. I have employed resonance Raman (RR) spectroscopy with UV excitation
(260 nm) to (i) get rid of the fluorescence and to (ii) probe the structural changes
occurring on indolic building blocks of melanin in chapter 7. Visible excitation of 488
nm was used specifically to probe the orange color intermediate, DC produced
during enzymatic oxidation of dopa. UVRR spectroscopy is an efficient tool to study
the structure of biomolecules with aromatic cores, such as tryptophan, histidine and
tyrosine in proteins,?*2* nucleobases in DNA %2154 and porphyrins in heme
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proteins.[*42%! Distinctive RR signatures of dopa, DC and melanochrome (MC) —
the early pigment are established. An integrated kinetic scheme was applied to obtain
rates of formation and decay of different reactants of melanization reaction.

1.4.5 Different precursors of melanin

DHI and DHICA are the natural precursors that are produced from tyrosine and dopa in
melanosome during enzymatic biosynthesis of both types of melanins (Fig. 1.7). Since
pheomelanin and neuromelanin are always a mixture or a copolymer of more than one
precursor, structural studies of these systems is difficult. Alternatively, there are several
commercially available melanin precursors that include dopa, dopamine and other
catecholamines, DHI and benzothiazine derivatives,[?22247]

Dopa and dopamine undergo self-oxidation in Tris-HCI buffer and produce an
aggregated dark pigment that is structurally related to natural eumelanin and is regularly
used as a synthetic model of the natural pigment.!***24 |n the absence of enzymes other
than tyrosinase, both dopa and tyrosine undergo oxidation and are expected to produce
melanin composed of primarily DHI units. In this thesis, | have used two types of
melanins made from dopa, (i) through self-oxidation (will be called autoxidized dopa-
melanin) and (ii) through oxidation with the help of mushroom tyrosinase (will be referred
as dopa-melanin). In melanin research, it has been advised to mention the name of the
precursor before the term ‘melanin’ to avoid unambiguity.?*®

1.4.6 Molecular markers of melanins

Unlike essential biopolymers of life — proteins, nucleic acids, carbohydrates and lipids, the
characterization techniques to determine relative ratios of different precursors (monomer)
present in melanins are not standardized yet.”*>"] One of the key methods of analyzing
melanin constituents is through chemical degradation, for example, via hot oxidation with
H,0O, or other agents in alkaline media. The key molecular markers of eumelanin and
pheomelanin are established by Ito and coworkers as pyrrole-2,3,5-tricarboxylic acid
(PTCA), pyrrole-2,3-dicarboxylic acid (PDCA) and 4-Amino-3-hydroxyphenylalanine (4-
AHP).12%21These products are also obtained in oxidative degradation of commercial
precursors DHI and DHICA, and the latter are accepted as basic structural building blocks
of eumelanin, as originally proposed by Raper.!**%!
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1.4.7 Biophysical properties of melanins

1.4.7.1 Broad and featureless optical absorption

The most intriguing physical property that is believed to be a unique design to act as
natural sunscreen is monotonic and featureless optical absorption of melanin
solution.?®22%ITypically, the solution state absorption spectrum of synthetic dopa-
melanin retains general characteristics in the case of solid state eumelanin (pellets and thin
film) and aggregated state but often broadens and extends the spectra into near infrared
(IR) due to pronounced Mie scattering. Disaggregated eumelanin thin films®®? and
synthesized by electrospray deposition®®! show similar absorption profiles. Melanin
produced from DHI, DHICA or other precursors exhibits a broad peak at ~300 nm that
flattens with time as polymerization/aggregation proceeds,'?®® and an intense peak at less
than 250 nm that arises from residual precursor moieties. Reproduction of this dependence
of absorption spectra upon wavelength has been a key determinant for constructing
structural models of melanin.

1.4.7.2 Melanin has very low radiative quantum yield

Though melanin is able to absorb a maximum of encountered photons, it still has a
very low radiation quantum yield ~ 10.[272%%] This low fluorescence quantum yield is
indicative of the presence of an efficient IC mechanism in photoexcited melanin, similar
to those present in natural nucleobases. Our DNA monomer components also show very
low ~ (10 - 10 ) fluorescence quantum yields®®*! as a consequence of ultrashort (sub-
ps) lifetimes of singlet excited states. Consistent with this, Corani et al. have
demonstrated that DHICA derived eumelanin oligomers have sub-ps excited state
decay.?”™™ This ultrafast relaxation has been proposed to be the collective result of intra-
and inter-unit excited state proton transfer (ESPT). Photostability of DHICA derived
polymers that are formed via single C-C interunit bond has important implications on the
structural model of melanin, discussed in the ‘Protomolecular structure of eumelanin’
section. Unlike nucleobases, since the fundamental structural assembly of melanin is not
unambiguously established, application of quantum chemical calculations to uncover
ultrafast relaxation mechanisms in photoexcited melanin is limited.!?™

1.4.7.3 Melanin is a protonic and electronic hybrid-conductor

Eumelanin has hydration-dependent and thermally activated conductivity which
has been conventionally explained within the amorphous semiconductor model for almost
50 years.[2"228% Meredith and coworkers have conclusively shown that thin film or pellets
of eumelanin act as a hybrid conductor, i.e., its overall conductivity derives from both
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protonic and ionic current.!”®-?%2 These authors have explicitly demonstrated that if
careful equilibrium measurement is performed, then hydration dependent conductivity of
melanin cannot be explained by the amorphous semiconductor model, and the current
mainly derives from protons as the primary charge carrier.”®>2%3 Conducting protons
which are generated as a result of water induced titration of comproportionation
equilibrium between fully reduced and fully oxidized melanin units, flow through a
hydrogen bonded water matrix.[?®-#* The hybrid protonic-electronic conductivity which
is dominated by ionic character is further supported through current-voltage
measurements using proton-transparent electrodes.!?®!

Melanin also has a hydration dependent photoconductivity which increases under
UV or white light illumination.[?22%®1 Mostert et al have explained this photocurrent as a
result of photoinduced oxidation of hydroxyquinone (DHI) to semiquinone (SQ) thus
generating protons in the process.® These conductive properties are currently being
harnessed and tailored to create nature inspired ionic circuitry for application in bio-
compatible optoelectronic devices.[?54264286-2%31 Thage results on hybrid conductivity have
decisively disproved the amorphous semiconductor model of melanin.

1.4.7.4 Melanin scavenges free radicals

Bulk melanin contains a number of unpaired electron centers, giving a strong
electron paramagnetic resonance (EPR) signal, which is one of the fundamental properties
of the biopolymer that enables it to act as a free radical scavenger.®2%! The characters
and amount of free radicals present in melanin is a function of several factors including
water content, pH, irradiation with UV or visible light, diamagnetic multivalent metal ions
etc. In Eumelanin, the basic units are DHI, DHICA, and their fully oxidized
indolequinones (1Q) and half-reduced semiquinones (SQ). Instead, their intrinsic EPR
characteristic, melanins from different source are distinguished based on the response of
their EPR signal to externally applied agents.!”*? All of the mentioned extrinsic agents are
capable of modifying the comproportionation equilibrium between DHI/DHICA and 1Q,
and thus alter the concentration of oxygen-centered SQ radicals. Synthetically made
DHICA melanin has been found to be a better free radical scavenger than DHI melanin,
attributed to a unique conformationally interrupted n-r stacking network.?*”)

Mostert et al. have identified a carbon-centered radical other than most significant
SQ radicals in solid synthetic eumelanin.?*®2%! \ith the addition of water, while the
concentration of SQ radicals increases, the carbon-centered radical is found to be
destroyed. This hydration dependent destruction of carbon-centered radicals is explained
by a newly proposed destacking model of melanin. The authors have proposed that in
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increasing water content, the intermolecular n-m stacking arrangement of melanin
protomolecules can be disrupted by the extra charge carried by SQ radicals. This
procedure would expose the carbon-centered radicals to aqueous environment to be
destroyed. These free radicals are implicated in the solid state charge transport in melanin.
Though a number of experimental reports using EPR as the characterization tool exist,
consensus on the actual structures of paramagnetic centers in melanin radicals has not
been reached due to relatively less computational efforts. !

1.4.8 Protomolecular structure of eumelanin

Unlike the majority of biopigments, the melanin class of polymers cannot be described
with a single well-defined structural model. Despite tremendous efforts from both
experimentalists and theoretical scientists, we do not have a general consensus as to what
the actual structures of fundamental building units in terms of inter-unit connectivity of
melanin are.[201255301-3041 The key difficulty in structural characterization of eumelanin is
its insolubility in almost all known solvents over a wide range of pH and the inability to
form crystals. Because of these two reasons its structure could not be deciphered at the
molecular level by two classical physical methods, X-ray diffraction and nuclear magnetic
resonance (NMR), both of which are very successful in the case of other macromolecules.
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Fig. 1.8 Existing structural models of eumelanin protomolecule. (a) Finite and infinite planar
sheet; (b) Chemical disorder model; (c) Macrocycle model and (d) Stacked and H-bonded
monomer model. M: metal ions; HQ: hydroquinone or DHI, SQ: semiquinone which is half
reduced form of DHI, 1Q: indolequinone that is fully oxidized DHI. For a description of each
model see text.
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In 90s, based on the first x-ray crystallographic data, the basic structural
architecture of eumelanin was put forward.*®="1. According to this model, four-to-eight
DHI units are covalently connected at random sites to produce planar sheet-like structures
with ~ 15 A lateral dimensions. Four to five of these planar sheets stack on top of each
other along the z direction with a graphite-like interlayer spacing of ~3.4 A. Later, high
resolution TEM images®® also supported this model, now known as the randomly linked
stacked oligomer model. (Fig. 1.8 a) The presence of a strong peak at 1.74 A? in
structure factor data of eumelanin explained stacking planar sheets with a 3.4 A interlayer
distance.

Since at a fundamental level, cross-linking of basic building blocks (DHI and
DHICA) can occur at a number of sites, melanin structure is prone to suffer from a degree
of structural disorder that ultimately translates into many of its unique physical and
chemical properties. To explain the broad envelope of structureless UV/Vis absorption of
melanin, Meredith and coworkers argued that melanin is made of an aggregated assembly
of a population of chromophoric units, each having a slightly different HOMO-LUMO
gap, and thus shifted absorption maxima.l?6*2%63%1 This simple model that is based on
inherent chemical heterogeneity at molecular linkage level is known as the chemical
disorder model. Along with broad absorption, excitation dependent shifts of the emission
spectrum also suggest the possible presence of an ensemble of multiple chromophores that
absorb at different wavelengths.

Using solution state NMR spectroscopy, d’Ischia and coworkers first
experimentally identified modes of connections between monomers of eumelanin made
from the controlled oxidation of DHIP= and DHICA.***3" Dimers, trimers, and
tetramers are formed via single C-C interunit bond. DHI has been found to polymerize at
the 4™ and the7™ positions, and the 2-2 dimer is the prevalent species in the presence of
metal ions. In DHICA, since the 2" position is blocked by the presence of a ~-COOH
moiety, 4™ and 7™ positions take part in the polymerization. In both cases, adjacent
monomer units do not reside in one plane due to steric hindrance. Though less active, the
3" position is also found to be involved in oligomerization. Detection of a mixed
population of oligomers with a variety of connection schemes introduces structural
heterogeneity similar to chemical disorder, at the basic protomolecular level. However,
while proposing the chemical disorder model, inactivity of N1, the oxygen atoms of
carbonyl and hydroxyl moieties, and inter-monomer strain were not taken into
account.[?%¢!

Other than theoretical investigations on the stacked oligomer model, considering
both infinite=' and finitely extended sheets,**-%! 3 unique melanin structural model
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came from Kaxiras and coworkers.®2**?51 Using density functional theory (DFT) these
authors have refined the ‘stack of finitely extended sheet’ model and introduced a
porphyrin-like ring containing four monomeric units (DHI and DHICA) connected in such
a way that four nitrogen atoms point towards the inner core, known as the porphyrin or
macrocycle model. (Fig. 1.8 c) It incorporates structural regularity and preferential
connection between precursor units, unlike randomly linked extended polymers. A linear
combination of energetically favorable structures can explain broad absorption spectra and
a porphyrin-like core is able to accommodate a variety of metal ions. Most importantly,
assembly of two to three such layers held by non-covalent =-rt interactions reproduces the
experimental radial distribution function®%®*! gbtained by Meng et al. An additional
simulation study has also shown that if photoexcited, these protomolecules have the
ability to relax at ultrafast sub-ps time scales, a required property of melanin for
performing the photoprotective role.””!! The interplanar distance, proposed by this model
gained support from electron microscopy evidence of the self-assembled stacked structure
of natural and synthetic melanin with an interplanar spacing of 3.7 - 4.0 A% However,
despite its physically appealing and intuitive structural scaffold, this model lacks direct
experimental detection.

There are a quite a few solid-state NMR reports that aimed to understand the
structure of sepia and hair melanin,*?1%?! synthesized melanin from multiple modified
precursors in fungus,®?**4 put result in limited information on modes of interactions
between monomer units. A completely new and debatable structural architecture of a
model eumelanin polymer, known as polydopamine was proposed by Dreyer et al
based on N and *C solid-phase NMR evidence.**? According to these authors,
dopamine may polymerize in a way similar to those of hydroquinone (p-benzenediol) and
catechol (0-benzenediol),®**-%¥"! dictated via charge-transfer, hydrogen bonding, and
stacking interactions. Recently Prampolini et al. have used DFT and predicted a variety of
dimers that are made from DHI and it's redox forms which are non-covalently held
together.®3®! A mixed population of these dimers was shown to account for the broad
absorption spectra of melanin.

Excitonic coupling between a variety of oligomeric structures (covalently linked
oligomers, macrocycles, and non-covalently held polymers) that lie within sub-nm
distances from each other has been found to be responsible for an exponential monotonic
increase of absorbance with increasing photon energy.®*¥ In another study, using
molecular dynamics simulations, these authors have also shown that eumelanin secondary
structures are made from randomly oriented DHI derived macrocycles.**® However, this
apparent random orientation results in the geometric order and/or disorder at a large scale
with an average interlayer distance of 3.3 A, which is in agreement with transmission
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electron microscopic (TEM) images.*” In fact, the original chemical disorder model had
implications for higher order structures in melanin. Meredith and coworkers have
suggested that the degree of disorder in melanin macromolecules exists at the various
levels and would vary depending on experimental conditions, such as, temperature,
presence of partner molecule for 7 stacking, hydration state etc.*%%

The majority of theoretical studies have engaged in explaining featureless
absorption spectra. Despite tremendous experimental and theoretical efforts, a consensus
regarding the protomolecular structure of melanin remains at large. In this scenario, new
experimental constraints are necessary to build or assess the melanin structural model.
Unlike absorption, melanins (natural and synthetic) have a distinct vibrational
signature.?36-238:24%1 pogition and intensity of vibrational bands are very sensitive to any
minute structural perturbations (due to covalent and non-covalent interactions). However,
other than two studies,’”****!! there is no report on how vibrational signature of all the
structural models compare with the experimental one. In chapter 8, I have used
observable physical properties of melanin, such as UV/Vis absorption, vibrational
Raman signature, electronic density of states and radial distribution function (RDF)
as constraints and employed quantum chemical methods to build structural models
of early time pigments. These protomolecules are based on experimentally detected
oligomeric scaffolds by d’Ischia and coworkers.E%31331 Sypsequently, | have also
assessed merits and demerits of all proposed protomolecular models of melanin in the
context of the correct reproduction of experimental spectra.

1.4.9 Secondary and tertiary assembly of melanin

Though precise atomic connections between monomeric units of any types of melanins
are not unequivocally established, the macromolecular assembly is better
understood.[?°2°7:3013023041 The gypramolecular structures of eumelanin, mainly from
sepia, both extracted in the laboratoty and commercially available from Sigma (Sigma-
Aldrich-M2649) and synthetically made ones have been addressed by topography
imaging,!t**%23% |aser desorption mass spectroscopy,**!! x-ray and neutron scattering
methods,®%3%3%] and theoretical methods.[324325338-34034] The first high resolution
scanning tunneling microscopic (STM) images of tyrosine melanin on Highly oriented
pyrolytic graphite (HOPG) and Molybdenum disulfide (MOS;) surfaces provided an
oblong structure with dimension more than 2 nm in one direction, and < 2 nm in the
perpendicular direction.®®”! Less than 20 A vertical dimension of eumelanin particles
indicated the presence of stacked layer structure.
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Using transmission electron microscope (TEM) and radial Fourier analysis,
Meredith and coworkers have shown that both synthetic and natural melanins (from sepia
and bovine epithelium) aggregate into stacked ‘onion-like’ layered structures, with ~3.7 A
interlayer spacing.®! It has been further demonstrated that if the system can be
disaggregated (using a base and/or a m-stack breaker), the same monotonically decreasing
optical absorption of well-dispersed dilute melanin solution is observed.”®**® This
finding also reinforces the fact that the optical properties of melanins are derived from the
primary protomolecular structure, and not from the aggregated state.
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Fig. 1.9 Model of Sepia eumelanin macromolecular architecture emerged from high resolution
topography imaging. (Integrated from results described in Ref 301, 304, 305, 307-309, 317
and others) Deposited melanin particles consist of a range of sizes (based on a range of
molecular weight) reveals non-covalent interactions driven aggregation at different length
scale, from nm to microns.

Careful analysis of several studies conducted on Sepia melanin provides us with
size distributions that help in deriving a hierarchical scheme of the self-assembly of
eumelanin. (Fig. 1.9) The majority of these studies have used top-down approaches, in
which non-covalent intermolecular interactions between small assemblies of melanin are
ruptured by passing the sample through a size exclusion filter or using sonication.
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Deposited melanin within different molecular weight range reveals distinct sizes and
shapes, starting from nanometer (nm) sized discs, spherical particles, few hundred nm
sized globular aggregates and few micron (um) long tubular structures. Several authors
have tailored polydopamine (PDA) self-assembly through the use of external agents such
as folic acid,'**" alcohol®*® and through carbonization.!***! However, there is no published
report that has probed the aggregation dynamics of autoxidized dopa-melanin in a time-
dependent manner. In chapter 9, I have used AFM imaging in intermittent contact
mode to acquire size distributions of dopa-melanin particles. The obtained size
distributions along vertical dimensions give direct evidence of -7 interlayer stacking
in melanin secondary structure. Our findings reveal new insights on how microns
long fibrillar aggregates are assembled through association of smaller subunits.
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Experimental and theoretical
methods

Raman spectroscopy is a light scattering technique, which was discovered by Sir CV
Raman and KS Krishnan in liquid*™ and by GS Landsberg and LI Mandelstam in
crystal,”® probes the vibrational energy levels of molecules in the ground and excited
electronic state. After a photon of frequency m¢ interacts with an atom or a molecule,
apart from being elastically scattered, a small fraction (1 in 10 million) gets
inelastically scattered to produce photon that is shifted to lower and higher frequency,
known as Stokes and anti-stokes line respectively (Fig. 2.1). In case of Stokes
scattering (Fig. 2.1, b) molecule makes a transition from a lower initial state |i) to a
higher final vibrational state |f) and shifts the scattered photon (®stkes) t0 red side
from incident one (h®siokes = hwo - hwy), h and w, being Planck’s constant and energy
difference between initial and final vibrational state. Jump from an initial state of
higher energy to a final state with lower energy produces scattered light that are of
higher energy than incident radiation (h®anti-stokes = hwo + hwy), known as anti-stokes
line that are less intense than Stokes ones (Fig. 2.1, ¢). By measuring the difference
(AE = hwo - hos) in incident (mo) and scattered (ws) photon frequencies and plotting
their intensities against it, we obtain Raman spectra of a molecule. Peaks in a typical
Raman spectrum of a molecule correspond to this shift in energy associated with
different vibrational transition of various normal modes of the molecule, known as
vibrational frequencies.

Vibrational frequencies are a measure of the strength of different chemical
bonds of the molecule, and thus, can determine molecular structure. Relative
intensities of different Raman active modes provide information on molecular
symmetry as well. When excitation frequency does not match with any electronic
transition of the molecule, the intermediate states (Fig. 2.1, b and c) are virtual states
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rather than an actual excited electronic state, and thus obtained spectra is known as
normal Raman spectra. All information contained in such a spectrum corresponds to
the molecule in its ground electronic state (abbreviated as GS or Sy in the remainder of
this thesis).

If the virtual state in normal Raman scattering is an actual excited electronic
state of the molecule, the resulting Raman process is known as the resonance Raman
(RR) effect,!"® and is illustrated in Fig. 2.1 d. In the case of RR scattering energy of
the incident radiation falls within an electronic absorption band of the molecule and
cause a 10%-10° times enhancement in intensity compared to that of normal Raman
spectra. By tuning the excitation wavelength RR spectroscopy is suited to interrogate
different chromophores selectively in an environment of a large number of different
other molecules. An RR spectrum of a molecule contains information about the
involved excited electronic state, which the exciting radiation is in resonance with.

v=_0
SN
Virtual |V) -=3--1-- N B -- .
state
hay|  [ha, hay| | hogyes ho,yistokes Oy h@giokes
IR
AE=hao {v=1 If) f — 1 Vv
" ly=0 |i) —Y 4
SO
Rayleigh Stokes Anti-stokes Resonance
(elastic) L Y J
Raman, inelastic
(a) (b) (c) d)

Fig. 2.1 Jablonski diagram of elastic a) Rayleigh scattering, and inelastic b) Stokes Raman, ¢)
anti-Stokes Raman and d) resonance Raman scattering (Stokes). So and Sy correspond to
ground and N™ excited electronic states respectively. The dash lines represent virtual states. IR
absorption between v=0 and v=1 state is depicted in panel (b).

Peticolas and coworkers have first reported RR spectra of purine and
pyrimidine nucleotides, with pulsed excitation at 266 nm operating at a low repetition
rate.*% With the advent of high repetition rate solid state laser technology, Spiro and
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coworkers have pioneered RR spectroscopy with ultraviolet excitation (Ultraviolet
resonance Raman or UVRR) to study structure and conformations of nucleobases,**~
" heme chromophores present in hemoglobin and cytochrome,™>8 and aromatic
amino acids.'*% At the same time, Asher and coworkers have also demonstrated the
applicability of UVRR spectroscopy to study proteins and their constituents.["?%
Since then, UVRR has been successfully exploited to investigate structure and
hydrogen bonding strength with surrounding environment, and solution state
tautomerism in nucleic acid bases,””>* and several other biomolecular systems.*>%
Advancement of UVRR spectroscopy in investigating biomolecules,®* " specifically
nucleobases'®®" has been reviewed in several articles. Over the years, several
Raman-related experimental techniques have been developed to probe structural
dynamics of biomolecules, covering timescales in the range of tens of femtoseconds to
several hundreds of nanoseconds."#%!

One of such methodologies is an analysis of modulation of resonance Raman
intensity of a molecule with respect to a change in energy of resonant excitation. The
plots of RR intensities of the Raman-active normal modes as a function of excitation
wavelength are known as Raman excitation profiles (REP). These REPs encode
information about the fate of the molecule in its excited electronic state.['*#+%]
Specifically, it can describe initial structural dynamics of a chromophore and the
solvent response within a time scale of the Raman process i.e., few tens of
femtosecond (fs) after photoexcitation. This method has been successfully applied to
several biomolecular systems including nucleobases,®* % aromatic amino
acids,'9%1%  chromophore embeded in proteins, 3% and other molecular
systems.’>1%-1121 RR intensities of a normal mode is very sensitive to change in a
gradient along associated normal coordinate on the resonant vibronic surface, and so
does the line-shape of REPs. Experimentally measured REPs can also reveal vibronic
features that are not hidden under the envelope of diffuse absorption spectra and can
also probe interference between close lying electronic states.*-¢]

The strong vibrational modes in a resonance Raman spectrum derive their
intensities from a change in geometry of the molecule in the excited electronic state
due to photoexcitation and cause a shift in the excited state potential energy surface
(PES) relative to that in So (Fig. 2.2). This shift is known as *“dimensionless
displacement”, Ak along a normal coordinate, Qk. The vibrational modes with
maximum A, also known as “Franck-Condon” active modes contribute to the line
shape of REP and as well as of absorption spectrum. Higher the A, higher is the RR
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intensity of a mode and thus, RR spectra can potentially determine excited state
structure of a molecule.

i) 4\ PANIO)
S, wﬂ [v)

-

N A
e

AN 00
|f)\ I : intensity of RR band

s |i)§ h 4 A: dimensionless displacement

’ \K along Q,

Ag
>Q,
(Normal coordinate)

Fig. 2.2 One dimensional time-dependent picture of resonant Raman and absorption process
along normal coordinate, Q. E, and Es are the incident and scattered photon energies. S, and
Sn represent ground and resonant electronic state respectively. Eqo is electronic zero-zero
energy and e, is the vibrational energy of intermediate state, and A is the dimensionless
displacement of the k™ normal mode between the minima of the ground and excited state
potential energy surface along Q.

Line-shape of REP is also affected by factors such as homogeneous and
inhomogeneous broadening contributions that affect absorption line-shape also. While
homogeneous broadening arises from interaction of the photo-excited molecule with
surrounding solvent molecules in an ultrafast time scale (sub-ps), and slightly different
micro-environment of different solute molecules gives rise to inhomogeneous broadening.
Because of similar resulting effect on absorption cross-section, analysis of absorption
spectra alone can not differentiate between two broadening mechanisms.[/286105.117]
However, because of differential effects on RR line-shape, the two broadening
mechanisms can be delineated by analysis REP. Quantitative estimation of the
contribution of the homogeneous and inhomogeneous broadening, along with

dimensionless A’s is possible from a simultaneous analysis of absorption and REP.

A theoretical framework that can describe both the absorption and RR process in a
cohesive manner within the same set of theoretical approximations and encompass
parameters to capture different broadening mechanisms is necessary for the mentioned
purpose. Additionally a model that describes solute-solvent interaction in an ultra-fast
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time scale in the context of the response to immediate environment due to charge
reorientation in the solute, upon photo-excitation has also to be applied. Theoretical
background, describing absorption and Raman scattering starting form Kramer-
Heisenberg-Dirac (KHD) formalism the theoretical model that has been used in this thesis
for analysis of experimental REPs of various nucleobases have been described in
theoretical and computational methods section.

2.1 Experimental methods
2.1.1 Ultraviolet resonance Raman spectroscopy

Experimental setup for UVRR experiments

A Ti-Sapphire oscillator is pumped by an intracavity doubled nanosecond (ns) pulsed
Nd:YLF laser (527 nm) of 1 kHz repetition rate (Fig. 2.3, panel a) was also used as a 260
nm light source (Coherent Inc, Santa Clara, CA, USA). The output of Ti-Sapphire
fundamental (Fig. 2.3, panel b) which is tunable from 771 nm to 840 nm is frequency
doubled (385.5 nm to 420 nm) by passing through barium borate (BBO) crystal (Fig. 2.3,
panel ¢). The third harmonic (say 260 nm) of the fundamental is generated by the mixing
of the second harmonic (visible at 390 nm) and the fundamental (IR at 780 nm) of the Ti-
Sapphire output and was used as RR excitation source.

Another tunable Ti:sapphire laser which is pumped by 527 nm output of a
Nd:YLF diode laser (Photonics Industries, Bohemia, NY, USA) produces fundamental IR
line between 840-920 nm with 25 ns pulse width and 1 kHz repetition rate. (Fig. 2.4)
Intracavity frequency doubled 4™ harmonic of this fundamental, generated via passing is
through temperature controlled lithium borate (LBO) crystal is used as deep-UV
excitation source between 210-230 nm.

The scattered light was collected through collecting lens in 135° backscattering
geometry and is dispersed by a monochromator with a focal length of 1.25 m and
equipped with a holographic grating with 3600 grooves/mm before detected on a 1024 x
256 pixel CCD chip (HORIBA Scientific, Edison, NJ, USA). For each excitation
wavelength, the final spectrum was obtained by averaging the recorded spectra of three
freshly prepared samples.
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Fig. 2.3 Optical components and Ray diagram of the tunable nanosecond Ti:sapphire laser
operating at 1 kHz repetation rate, and from 257 to 280 nm of 3™ harmonic (UV) output.
Abbreviations, M: reflective mirror; DM: dichroic mirror; HR: high-reflection; L: lens; BBO:
Beta Barium Borate; LBO: Lithium Triborate; SHG: second harmonic generator; THG: third
harmonic generator

The typical laser power, incident on the sample was ~0.6 mW and an entrance slit
of monochromator was set at 300 pm for optimum signal and spectral resolution. The
samples were kept in a tube, made of suprasil quartz (Wilmad-Lab Glass, Vineland, NJ,
USA). To reduce photodamage, the tube was made to rotate along its axis. A teflon coated
magnetic bead of 2 mm in size was kept inside tube for stirring the sample. The
experimental setup is described in Fig. 2.5.

All Raman spectra were fitted using Lorentzian line-shape to determine the
intensity (area under the curve) and the band positions using synergy software that runs
origin 5.0 (HORIBA Scientific, Edison, NJ, USA). The recorded spectra were calibrated
using known band positions of organic solvents (HPLC grade) such as cyclohexane,
acetonitrile, isopropyl alcohol, dimethylformamide, dimethyl sulfoxide, indene, ethyl
acetate within + 2 cm™. Typical spectral processing of a recorded Raman spectrum in
described in Appendix I.
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Fig. 2.4 Optical components and Ray diagram of the another tunable ns Ti:sapphire laser
operating from 840 nm to 920 nm of fundamental (210 nm to 230 nm of fourth harmonic).

Laser

source
1%
. SPEX 1250 M
i Monechromator
< I
\
012
I3 I, N
P, I I

I Iris

L: Convex Lens

CL: Cylindrical Lens

P: Right angle Prism

CCD: Charge Coupled device

Periscope

Fig. 2.5 Optical arrangement for the excitation and collection optics to record resonance
Raman spectra.
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Depolarization ratio measurement

Polarization characteristics of spontaneous Raman scattered radiation is physically
described by Raman depolarization ratio, defined as

=2 (2.1)

with I,and I, being the intensities of Raman scattered photons having electric vector
polarized in perpendicular and parallel directions respectively, to that of incident laser
light. Parallel and perpendicular component of the scattered light was collected by
monochromator by passing through a a-BBO Glan-laser polarizer (Thorlabs Inc., Newton,
NJ, USA) placed in front of the spectrometer slit (Fig. 2.6). To get rid of the polarization
dependence of the spectrometer detection a depolarizer or polarization scrambler was
placed between the polarizer and the spectrometer slit. Applicability of the described
method is verified by measuring depolarization ratio of acetonitrile, sodium perchlorate
and sodium nitrate and comparing them with published values (Table 2.1).

iy .

(a) )

Polarization Polarization
analyzer scrambler Entrance
& Window extraordinary ray
. .
v Polarized
+90
(along pass axis)
A . b Ty Unpolarized ray
Polarization Polarization :
analyzer scrambler ordinary ray
F (Partially Polarized)

NG

Scrambler: Quartz wedge
Analyzer: Alpha-BBO Glan-Laser Polarizer

Fig. 2.6 Optical setup for measurement of the depolarization ratio. (a) The 135 ° backscattered
Raman photons are filtered using a Glan-laser prism polarizer. Next, a polarization scrambler
(quartz wedge) was employed before spectrometer entrance slit to eliminate polarization
dependence of the spectrometer; (b) Working principal of a Glan-laser polarizer used in this
study.

Spectrometer and detector efficiency

Recorded intensities of each band get altered because intensities of scattered light of
different energies are detected with different efficiencies on the detector. This is because

of the wavelength dependence of the throughput of the spectrometer and detection
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sensitivity of the CCD detector. A recorded spectrum from sample can be corrected by
measuring spectrometer efficiency, which is a function of wavelength as
Dy

S, =

(2.2)

where D, is the spectrum of a NIST (National Institute of Standards and Technology, MD,

USA) calibrated D,O lamp (Ocean Optics Inc, FL, USA) recorded at a same grating

position corresponding to each excitation wavelength? T, is the calibrated output (Cosine

corrected irradiance in pw/cm?/nm) of the same lamp. Representative example of

S», Dy, Ty is shown in Fig. 2.7.

Corrected intensity of each Raman band (Icorrected) OF Sample is determined through the

relation,

lorrectea® = (1) (:%) 23)
N

where Iy and Is are the intensity of N™ band of the sample and of the band of internal

standard and are measured as areas under the Lorentzian curve for corresponding bands. A

sample spectrum at 230 nm excitation is shown in before and after correction in Fig. 2.8.

(for detailed steps see Appendix 1)

D
TI\.

cosine corrected

232 233 234 235 236 237
Wavelength (nm)
Fig. 2.7 True output of NIST calibrated standard lamp, T, (bottom), recorded spectrum of the
same lamp, D; (middle) and spectrometer efficiency function, S ; = D, /T, (top) measured

with the same monochromator grating position as that is used to record spectra of sample with
230 nm excitation wavelength.
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Table 2.1 Depolarization ratio for different Raman bands of standard solvents obtained at 220
nm excitation wavelength.

Solvent Wa\(/(f:’}lflr; ber Depolarization ratio, Ae=220 nm? Depolarization ratio, Ae=220 nm®
NaNO; 1045 0.21 0.19+0.05
NaClO, 932 0.018 0.04 £0.02
Acetonitrile 919 0.078 0.08 £0.02
1375 0.50 0.45 £ 0.06

3this work; ° values from Ref [

before correction
= 1400 + — after correction

N I I I N I ! I
232 233 234 235 236 237
Wavelength (nm)

Fig. 2.8 Spectra of 6-ClGua with and without correction using function S, described in Fig.
2.7. Differences in relative intensities between corrected and raw spectra at both ends of the
recording region point out differential wavelength-dependent response of spectrometer and
CCD detector.

Self-absorption correction

Scattered resonance Raman photons of different energies get self-absorbed by the
molecule itself because of the presence of significant absorption cross-section in the
same energy region. The measured intensity of the RR bands has been corrected for
self-absorption contribution by introducing the factors K(Ay, Ag) ™!

evx + €
K(An, Ag) = PR (2.4)
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where €5 and ey are the extinction coefficients at the wavelength position of the
Raman band of internal standard and sample respectively. go is the extinction
coefficient of sample at the excitation wavelength, and

n
X = sin (cos‘1 (—1) cosQ ) (2.5)
n;

with n; and n; being the values of the refractive index of the air and the liquid sample.
ny and n, are assumed here to be 1.0 and 1.33 (water) respectively. @, the angle
between the excitation light and the sample tube is =45° in the case of 135°
backscattering geometry. Backscattering geometry was used for collection of the
Raman scattered photons to minimize loss of signal due to the self-absorption of the
sample. Additionally, for every experiment care has been taken so that the excitation
beam was focused near the surface of the quartz tube and thus propagation length of
the Raman photons through the sample was minimized to reduce self-absorption.

Experimental resonance Raman cross-section

The absolute resonance Raman cross-sections (A%molecule) of each vibrational band
have been determined using known Raman cross-section of the internal standard
(NaClO%), using the relation,

8m/1+2p Cs
ON = ?( 1+p ) (CN) IcorrectedO\) (aQ >II+J_ KO\N; }\S) (2.6a)

where Cy and Cs are concentrations of the sample and internal standard respectively.

(6o, / GQ)” ., isthe total differential cross-section of the internal standard and p is the

depolarization ratio of the N™ Raman band of the sample. I corected iS described in eqgn.
2.3.

Differential Raman cross-section of the internal standard

(005/0Q )4+ , the total differential cross-section of the internal standard (NaClO*) is

determined according to,**"!

605

(%)IHL (Vo) = Kavo(vy — vg)3 [( ve Vo (2.6b)
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where vo and v, are frequencies of the Raman excitation source and the Raman band
of the internal standard respectively. For NaClO* Asher and coworkers have
previously obtained the values of the parameters; K, = 2.34 x 10'® A%molecule x sr
and ve = 1.28 x 10° cm ™. These values are used to determine the total cross-section

of the band at 934 cm™ of NaCIO” used as internal intensity standard.

Experimental absorption cross-section

The absolute absorption cross-sections (A%molecule) were determined using the
relation,

2.303 x 10 x €
Op = NA

2.7)

where ¢ is the extinction coefficient of the sample in cm™ M™ and Na is the
Avogadro’s number.

2.1.2 Atomic Force Microscopy

Right after discovering scanning tunneling microscope (STM) in 1981, Binnig and
coworkers have also invented the atomic force microscope (AFM) in 1986.1%2 AFM is a
subclass of a large family of scanning probe microscopy (SPM) techniques. In all SPM
enabled instruments, a tip is raster-scanned across the surface of the sample in xy plane to
measure surface properties such as the electrical, magnetic or mechanical properties, and a
topographical map of these measured properties are constructed to form an image.

Electron microscopes (SEM) can achieve very high (~ 1 A or 0.1 nm) spatial
resolution, but information along vertical dimension cannot be obtained. On other hand,
both AFM and STM techniques are unique methods that can probe atomic, molecular and
domain features in three dimensions, with resolutions reaching down similar to those in
SEM. Unlike, STM that requires dry, conducting surface and high quality of vacuum for
atomic resolution, AFM allows measurement of surface topography on almost all surfaces
including insulating ones. Owing to its intrinsic ability to perform measurement at
ambient room temperature and even in liquid, AFM became one of the most important
tools in investigating structure (topography imaging), and mechanical properties, such as,
local friction and stiffness (force spectroscopy) of biological samples. 123-12¢]

An AFM instrument consists of a cantilever and sample assembly, the laser and
photodiode detector for optical detection, and the feedback and measurement electronics

52



Chapter 2: Methodologies

(Fig. 2.9). The principle of AFM operation is measuring the force between a sharp tip and
the sample surface. A typical tip is usually made of silicon (Si) or silicon nitride (SizN4)
with an end radius of curvature 2-20 nm and a height of 5-25 um and is mounted at the
end of a cantilever (acting as a spring) with known force constant. In AFM, a laser beam
is shined upon the cantilever and is reflected towards a position sensitive quadrant
photodiode. The bending of the cantilever, resulting from the tip-sample interaction is
measured by tracking displacement of the laser spot on the detector, and thus a height of
the tip from the sample surface is probed.

Ap Sin (wt)

Quadrant
photodiode

Drive
piezo

\

(A+B){C+D)
(A+B+C+D)

Lock-in

i Deflection |
Amplifier 110100 ) LR

v Sample

Sample Stage
Setpoint| b portional . | Scannerpz
> Ll Piezo
Integrator "

y

Fig. 2.9 Schematic of an atomic force microscope (AFM) operating in tapping mode.

There are two key modes of operation of an AFM: contact mode (CM) and
intermittent-contact mode or tapping mode (TM). In CM, a tip is brought down onto the
sample surface and topography is recorded in xy-plane through measurement of the
deflection of the cantilever. As soon as the height of the first point is measured and tip
approaches the second point, a feedback loop adjusts the z height of the tip relative to the
probed surface. This method of tracking height features is known as constant force mode
because the tip-sample distance is always maintained at a set point throughout imaging.
The other mode, constant height mode in which the position of the z scanner and therefore
position of the cantilever is locked at a predefined value and deflection of the cantilever is
measured across xy-plane to reveal the topography of the surface. This mode has a chance
of damaging the tip for the sample with protruding features and the constant force mode is
preferable. In these modes operations, tip resides in a repulsive region of force curve. (Fig.
2.10)
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In tapping mode (TM), the cantilever oscillates near its resonance frequency with
a piezoelectric modulator and topography is measured by utilizing the attractive inter-
atomic force between the tip and a sample surface. (Fig. 2.10) In this mode of operation,
the tip only touches the sample at the lowest point of the oscillation cycle. As the tip
approaches sample, the attractive van der Waals force (and other present interactions)
between the tip and the sample affects both the amplitude and the frequency of the
cantilever oscillation. These changes drive a feedback loop and control the tip-sample
distance using piezo scanner mounted below sample stage. Typical cantilever used in TM
has spring constant between 10-100 N/m. Lateral force exerted on sample surface during
raster scanning are much lower in this mode compared to that in contact mode. Thus,
tapping mode is a better choice than contact mode for imaging samples that are likely to
be damaged or dislocated by dragging forces. AFM has been routinely used in
investigation of soft biological samples, such as folding and unfolding,**"*?®! and
aggregation of individual protein molecules, nucleic acid,****% mechanical properties of

supported membrane and lipid bilayer,*) and shape and plasticity of individual live
c:e”S.[132][133]

Interatomic
force
A -

contact mode

tapping mode

Coulomb
repulsion

Repulsive

1-2 A (atomic bond distance)

> Distance

Weak atomic
attraction
Van der Waals
interaction

Attractive

3-4A
interatomic
distances

Fig. 2.10 Different regime of interatomic force curves during the tip-sample
interaction.

The supramolecular assembly of the biopigment melanin is held together by a
variety of non-covalent interactions including van der Walls, ©-n, dipole-dipole and ionic
forces. Even when deposited, melanin particles are non-covalently attached to the
substrate, and can easily be dislodged by lateral force acted during imaging in CM. To
avoid tip-induced damage and also contamination of tip due to sticky surface, TM-AFM
has been used to study self-organization of melanin from natural and synthetic source. |
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have used TM-AFM in amplitude modulation mode in a commercial AFM instrument
(JPK Instruments AG, Berlin, Germany) coupled with super sharp (end radii ~ 2 nm) Si
tip (Nanosensors, SSS-NCHR-50) to reveal aggregation dynamics of a model melanin
polymer deposited on an atomically mica surface.

2.1.3 Confocal Raman microspectroscopy

A LabRAM HR800 confocal Raman microscope (HORIBA Jobin Yvon SAS, rue de
Lille, France) equipped with an Ar®* laser of 488 nm and a helium-neon diode laser
operating at 785 nm was used. For typical samples, such as fixed cells, a power of 30-40
mW at the sample surface was used. A water immersion achromatic objective of 60x
magnification and a numerical aperture of 1.33 was employed for excitation and maximal
collection of Raman scattered photons in an 180° backscattering geometry. (Fig 2.11)
Raman spectrum was recorded on a liquid nitrogen cooled CCD chip after dispersing
through an 800 mm focal length spectrograph equipped with an 1800 grooves/mm grating.
The recorded spectra were calibrated using 527 cm™ Raman band of Si.
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7 computer
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Fig. 2.11 Optical ray diagram of confocal Raman setup

2.2 Theoretical and computational methods

2.2.1 Kramer-Heisenberg-Dirac (KHD) formalism

Raman scattering can be explained by considering a two-photon process where the system
reaches the final vibrational state|f), by emitting a photon of energy E. from an
intermediate state |n) which is accessed by absorbing a photon of energy E, from an
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initial vibrational state |i). The po™ component of the general transition polarizability
tensor , as derived by Kramers and Heisenberg!®*? and later modified by Dirac**®
(KHD) using second order time-dependent perturbation theory reads as,

(FIE, VXV g 1)
NaTE (Ey —Ep) —Eg — iy

(Flig VXV, 1)
(EV — EF) +Ey, — il

(apo‘)IF =

(2.8)

E, is the energy of the incident photon and E;, Ey, and E are the energy of the initial |I),
intermediate |V} and final |F) wave functions of the vibronic states respectively. u,and
U, are the p™ and o™ component of induced electric transition dipole moment operator in
cartesian coordinate. 2Iy is the energy full width at half maxima of the state |V). It
represents the homogeneous linewidth of the electronic transition due to the finite lifetime
(Ty) of the intermediate vibrational states related through uncertainty relation as, ty =
1/4mcTy (V) where Ty is expressed in wavenumber unit (cm™) and c is speed of light in
vacuum. For initial and final sates |I) and |F), it is assumed that their lifetimes are infinite
because they are real eigenstates of the system. It is worth to mention that |I), |V) and |F)
are time-independent unperturbed wave functions of the states I, V and F. Time-dependent
wave functions of these states are given by |N(t)) = |[N)exp —i(wy — ily)t where
wy = Ey/h.

In normal Raman spectroscopy when energy of exciting radiation is much smaller
than any absorption frequency of the molecule, i.e.E, < (Ey — Eg), (a,5)sWill be
weighted sum over the all intermediate states |V) of the products (F|up|V)(V|u(,|I) and
the weighting factor being inversely proportional to (E, — E;) — E, — il},. Thus as natural
Raman scattering is perceived as involving all possible pathways through virtual states V)
connecting the initial state |I) and the final state |F), it does not provide us with
information about any particular intermediate state |[VV). In contrast, in case of resonance
Raman only the states |V) for which E, = (Ex — Eg) will predominate in the sum over
states of eqgn. 2.8, because denominator of the first term becomes very small where same
of the second term cannot become smaller than the former. Practically there is limited
number of intermediate |V) states when incident radiation energy is in resonance with a
molecular electronic transition. During resonance with an electronic excited state,
intermediate sates |V) will be vibrational levels of the excited electronic states and
detailed information about these vibronic states can be obtained through analyzing
resonance Raman (RR) intensities as explained in later section.
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Born-Oppenhiemer approximations

KHD equation 2.8 can be simplified by physically meaningful assumptions which are
justified for realistic experimental conditions to evaluate (a,,);r. First of these is Born-
Oppenhiemer approximations**! which helps us to separate fast electronic motion from
relatively slow nuclear movement in a molecule. Born-Oppenhiemer approximation
allows the wavefunctions of the vibronic states to be written as a product of the electronic

and vibrational wavefunctions as follows,

11) = |gi) = |g(r, @)i(Q)) (2.9a)
IF) =19f) = 1g(r, QN f(Q)) (2.9p)
V) = lev) = |e(r,@)v(Q)) (2.9¢)

Here r and Q are the electronic and nuclear coordinates respectively. |g(r,Q))| and
le(r,Q))| are pure electronic wavefunction of ground and excited electronic states
respectively. [f(Q)), |i(Q)), and |v(Q)) stand for the corresponding vibrational states
depending parametrically on the nuclear coordinate. By using eqgns. 2.9a—2.9¢ each of the

product term of egn. 2.8 can be written as,

(Fli, V) = (f(@Ng (@, Qi (@)]er, Q)v(Q)) (2.10a)
= (f (@ |dge (@]v(@)) (2.10b)

Where i (Q) is the electronic transition dipole element operator for g — e transition.

Clearly 1iz(Q) depends on the nuclear degrees of freedom through the parametric

dependence of the electronic wavefunctions on coordinateQ. A Taylor series expansion of

lige (Q) around the equilibrium geometry Q, of the ground state gives,

ﬁge(Q) = ﬁge(QO) + Zﬁge, Qk +--=eM (211)
k
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r_ Atige(Q)
0Qy

Where fig, and e is the electronic charge and M is the transition dipole

length.

Condon approximation

With the application of Condon approximation,**~**l j.e. magnitude of Hg(Q) at
equilibrium geometry Qo is much larger than the variation of the transition dipole length
over the range of accessible Q, only the term linear in Q of the series is important to
consider and terms containing explicit dependence on nuclear coordinate are dropped. As
only one electronic state is accounted for, it is always possible to choose the coordinate
system in such a way that only one component of the transition moment vector is nonzero,
i.e. the operator 1ig.(Q,) becomes a scalar quantity eM, evaluated at electronic ground
state minima.

Under resonance conditions, as the first term of KHD equation becomes very large
compared to the second term and exploiting Born-Oppenheimer and Condon

approximation as described above, egn. 2.1 becomes,

B Z eM(f (Q)Iv(Q))eM{v(Q)|i(Q))
- (E,— E; + Ego — B, — iT,

3 (f lv)(vli)
— 22 Z LU_ ey o il“l (2.12)

where M the transition dipole moment length. E, is the energy difference between the
ground vibrational states of the electronic ground and excited state potential energy
surface. &, and g; are the energy of the vibrational states |v) and |i) respectively.
Dependence of transition dipole moment on cartesian coordinate can be eliminated
conveniently by choice of direction of electric field vector of incident laser so that only
Hge(Qo) is nonzero.

Now for a randomly oriented molecule the total Raman cross-section integrated

over all directions and polarization is given by sum-over-state expression,

8me*EZE,
Uiﬁf(EL) QR4c4 Z|( po)lf

58



Chapter 2: Methodologies

2
_ 8me*M*ESE, Z (flv){vli) 213
"~ 9p4ct g,— & + Egg — E, — iT (213)

v

At the same level of approximation, the optical absorption cross-section can be
expressed as sum over all vibronic transitions weighted by respective Franck-Condon
factor, [(v]i)]? as,

(E) = 471262M2EOZ r [(v]i)|?
Oa\iL) = 3hcn; w(e,— & +Egg—E)?>+T

(2.14)

4

where n; is the refractive index of the medium.

In principal, evaluation of Raman and absorption cross-section according to egns.
2.13 and 2.14 are only possible if an infinite number of overlap integrals with all
intermediate vibrational states are considered. Though the vibrational overlap decreases
with higher vibronic states in case of resonance with an electronic state, for a moderate
size (20-50 atoms) system tens of thousands intermediate states have to be considered for
a good convergence of both the equations. An alternative approach i.e. time dependent
wave packet (TDWP) propagation theory of RR intensities,® which have been
introduced in next section has been used in this thesis. The theoretical formulation of

TDWP is worked out in the next section starting from the sum-over-states approach.

2.2.2 Time dependent theory of resonance Raman scattering

Among two popular formalisms; transform theory08588.140-1471 ang  TDWP
method, 848899 the |atter has been employed for analyzing experimental resonance
Raman excitation profile for the molecular systems studied in this thesis. After the first
conception of TDWP theory by Lee and Heller,® this method has been first used by
Myers and coworkers for determining initial structural dynamics of photoexcited polyenes
and other systems.*'" Since then it has been a popular choice for investigating initial
excited state dynamics of a variety of molecular system, starting from small aliphatic
polyenes, 114 |kyl halides,**” medium sized molecules’?****%8lincluding nucleic acid
bases,®%! to chromophores buried inside protein core.[7#103104.112]

The TDWP expressions for absorption and Raman cross-section can be obtained

by converting the sum-over-state formulae 2.13 and 2.14 into time domain by expressing
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the denominators of the sum into a full and half-Fourier transform respectively
as [86,90,148,159-161]

2

474 .
oir(EL) = %f (fIl(t))@(pl@l@(p(—%)dt (215 a)
and
2172 .
o,(E) = MJ- (LIl(t))expll(EL%l)tlexp(—%>dt (2.15 b)

where |i(t)) = e~HHt/h |y and with H being the exited state vibrational Hamiltonian.

RR and absorption process along one normal coordinate, Q is pictorially represented in
Fig. 2.2. Upon optical excitation, the initial ground state vibrational wavefunction is found
in the Frank-Condon region of the excited state potential energy surface. This
wavefunction is not an eigenfunction of the excited state Hamiltonian and will start
evolving in time as a wave packet in the excited state potential surface. The overlap
<f ‘i(t)> with the final vibrational state will change in time and will also be damped by the
term exp(-I't/h)). The square of the half-Fourier transform of the damped overlap will give
the Raman cross-section.

In a similar way, the absorption cross-section is obtained by computing the
damped overlap between the time evolving excite state wave packet and the initial
vibrational state,(i|i(t)). Instantaneously after electronic transition (at t = 0) the Raman
overlap will vanish and the absorption overlap will be maximum because the initial, |i)and
final, |f)wavefunctions are orthogonal. With time, the amplitude of the time dependent
overlaps would start to decrease.

For polyatomic molecules, it is difficult to compute the multidimensional
overlaps, (ili(t))and (f|i(t)) necessary for determining the Raman and absorption cross-
sections. This task is simplified by considering a few physically relevant assumptions, (i)
PES of ground and excited electronic states are harmonic in nature and are only displaced
with respect to each other along normal coordinates; and (ii) Duschinsky rotation, i.e.
mixing of ground and excited state normal modes are neglected.™® With these
assumptions, the multidimensional overlaps can be expressed as products of N one-
dimensional overlaps,

(fli@®) = {filia @OKf2liz(O) ... {fwlin () (2.16)
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With the assumption that, only one of the modes undergoes a vibronic transition from
the ground vibrational state to the first vibrational state eqn. 2.16 becomes,

(F1i©) = (1l0x@) | [(0510;0) (217a)
Jj*k
and
(ili(t)) = H(Ojloj(t)) (2.17b)
j=1

Considering equalities of ground and excited states vibrational frequencies, the one-
dimensional overlaps can be explicitly written as following analytic
expressions, 86148159

(0,]0;(8)) = exp [—%(1 —exp @it — %)l (2.18a)
and the recursion formulae,
A; )
(1;]0;(0) = T; [exp~i@it — 1](0;]0;(0)) (2.18b)
1 A; . 2
(2;]0,®)) = 27?; [exp~i@it — 1]7(0;]0;(t)) (2.18¢)

where the A; is the dimensionless displacement of the i normal mode. The time-
dependent Raman overlap is linearly dependent on the dimensionless displacement A.
Now, inserting the products of the one-dimensional overlaps into egns. 2.15a and 2.15b,
the cross-sections can be written as explicitly multidimensional forms ,

8m*E3E M* r i(EL—Et Tt] Ag »
00-1(EL) = —g- 55— f exp|——>—— % X\/—E(exp okt —1)
N A2 2
X 1_[ exp (—7] [1- exp_“"ft]> dt (2.19a)
j=k
and
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41T4ELMZJ [i(EL—EO)t It

oaEL) = 6h%nc h h

— 0o

N

2
_A_j _ —iwijt
X nexp< > [1 exp t®J ])dt (2.19b)

j=1

Comparison of eqgns. 2.18b and 2.19a, it is readily observed that, the magnitude of RR
cross-section is independent of the sign of A, unlike the one-dimensional overlap itself.

Inhomogeneous broadening, 6 primarily arises due to the slightly different local
environment of each molecule in the ensemble. It might also result from solvation
dynamics taking place in time scales longer than the Raman scattering processes. During,
the completion of Raman process (< 50 fs), both of the mentioned phenomena would be
“static” or “stationary” in nature. In this thesis, the effect of the inhomogeneous
broadening on the absorption and RR cross-sections has been introduced by using a
normalized Gaussian distribution of the zero-zero energies (Eo) with 0 as its standard
deviation or 20 being the full line width, and the eqns. 2.19a and 2.19b become,

8T*EIE M* [ (E — Ey)?
0o-1(EL) = —9h6c49\/ﬁf dE exp l_ 202
0

¢ [i(BL—E,t Tt] A |
X fexp [M—— x—k(exp‘“"kt—l)

h n| 7z
0
X A2 ’
X —[ exp (— 7’ [1- exp"i“’ft]> dt (2.20a)
2k

and

4*E M? f dE exp | - &~ Eo)°
p 202 7 7
0

oa(E) = —— L
a(EL) 6h2nc 021

N 2
4; N
X 1—[ exp (—7 [1—exp ”"Jt]> dt (2.20b)

y j exp li(EL —Et El

j=1
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2.2.2.1 Homogeneous and inhomogeneous contributions to total linewidth in
absorption and Raman process

The effects of the dynamics homogeneous (I') and static inhomogeneous (0)
broadening linewidth on the absorption and Raman overlaps and resulting cross-sections
are depicted in Fig. 2.12 with the help of an example. The increase in I' dampens both
absorption and Raman overlaps with time. (Fig. 2.12, panel a and b) While transition
strength determines integrated intensity of absorption spectrum, different broadening
mechanisms affect the shape of the band. The lineshape due to I' is Lorentzian, the Fourier
transform of an exponential decay in the time domain. On another hand 6 is described as a
Gaussian distribution of transition energies. The increase in I" or 6 affects absorption
spectrum by only broadening it while keeping total unchanged. (Fig. 2.12, panel ¢ and e)
However, the pure exponential damping component in the time domain (Fig. 2.12, panel
a) would reflect in Lorentzian lineshape and would affect only the low energy edge of the
absorption spectrum. In general, very careful examination of the absorption spectrum in
the wings region away from band maxima is not performed. Absorption spectrum cannot
distinguish between contributions of these two broadening mechanisms.

Resonance Raman experiment can differentiate between these two broadening
mechanisms because I" appears as damping in the amplitude level but 6 which produces as
a Gaussian distribution of transition energies is introduced at the probability level. Once
the approximate values of displacements (A) are obtained from experimental relative RR
intensities and transition moment (M) is evaluated from integrated absorption cross-
section, the intensity of REP solely depends on the value of I'. Change in 0 affect the REP
(Fig. 2.12, f) in a similar way as absorption spectrum (Fig. 2.12, e). But, an increase in I"
reduces the Raman cross-sections by an order of magnitude without making it broad, (Fig.
2.12, d) contrary to that in the absorption spectrum. (Fig. 2.12, c) The analysis of the REP
is used to partition the contribution of the homogeneous and inhomogeneous broadening
of the absorption spectrum in many molecular systems.
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Fig. 2.12 Effect of homogeneous (I') and inhomogeneous (0) linewidth on absorption and
Raman process. (a) Single mode time-dependent absorption and (b) Raman overlaps for two
different values of I': I'= 20 cm™ (green) and I'= 100 cm™ (blue). (c) Absorption spectrum and
(e) Raman excitation profile with I'= 20 cm™ (green) and T'= 100 cm™ (blue) and with a fixed 0
=0 cm™. (d) absorption and (f) Raman excitation profile with 8 = 0 cm™ (green) and 6 = 300
cm™ (blue) and with a fixed I of 100 cm™. Other parameters used in the calculation are:
Eo=44000 cm™, M=1 A, ®=800 cm™ and A=1.

2.2.2.2 Model for solute-solvent bath interaction

A physically intuitive approach is to take the solute-solvent bath interaction into account
and derive a more general expression for cross-sections from the time-dependent theory. It
is done by introducing a line-shape function, g« (t) to the damping term in egns. 2.20a
and 2.20b. As in solution, this is the dominating contributor to the line-shape function,

after using them Raman and absorption cross-sections become,
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8M*EE M* [ (E — E,)?
on(E) = 9h6c46\/211f dE exp [_ 202 ]
0

h

2

X A2
X exp (—7] [1 - exp(—iwjt)]> dt
=
and
ATUE M2 [ [ (E—EO)Z] r [
0E=—deex - xfex
alEL) 6h2nc9v2n0 P 202 J P

N

X 1_[ exp (—%jz [1- exp(—i(ujt)]> dt

j=1

i i(E;, — Ep)t Ay .
X €xp [ - gsolv(t)] = (exp(_lwkt) - 1)
Of V2

(2.21a)

- gsolv(t)

(2.21b)

There are several models to account for homogeneous broadening mechanisms

resulting from solute-solvent interactions. | have used a general expression for gso(t)

which is developed by Mukamel and coworkers using stochastic theory and the Brownian

oscillator model.[*%228% ynlike stochastic theory which only takes the effect of solvent on

solute into account, a more general Brownian oscillator model considers effect of a

change in solute dipole moment upon optical excitation on solvent degrees of freedoms. In

the Brownian oscillator model, the solvent coordinates are considered as vibrational

modes coupled to the electronic excitation of solute. If the collective movements of all the

solvent molecules are considered as a single-mode strongly overdamped Brownian

oscillator, the line shape function can be written as,

gsorv(®) = g'(1) +ig" (D)

where,
s A
g'(t)= ~ cos <2kBT) [exp(—At) + At — 1]

N (47\SAkBT> i exp(—vpt) +vpt—1
h v (VZ, — A?)

m=1

and

(2.22a)

(2.22b)
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2
g'(t) = — XS [exp(—At) + At — 1] (2.22¢)
and
V= 2mmKkgT /h (2.22d)

where vy, are the Matsubara frequencies, m is a positive integer, As being solvent
reorganization energy and A=1/2nct is the inverse of the solvent correlation time. The
introduction of this type of line-shape function into the time-dependent expressions for the
absorption and the RR cross-section provides an elegant approach to probe the solvation
dynamics of the local environment within few tens of femtoseconds after photoexcitation.
This method has been applied to different photoexcited chromophores in solvent and

inside protein to obtain quantitative solvation information.

2.2.2.3 Total reorganization energy

The total reorganization energy (Awr) OF the system can be partitioned as (i) contribution
from the solvent and (ii) the excess of vibrational energy of the solute immediately after
upon optical excitation,

Atotal = As + Ajne (2.23)

where Ain; IS the total internal reorganization energy of the solute summed over all

vibrational degrees of freedoms. Within harmonic approximation for the PES, it can be

written as,
3N-6
A hw;
Aint = Z (JT’) (2.24)
j=1

with o; is the frequency of the j™ vibrational mode in the ground and excited

electronic state and Aj is the associated dimensionless displacement.

2.2.2.4 Changes in internal coordinates from dimensionless displacement

Changes in internal coordinates (r) of the solute upon electronic excitation can be

obtained from the displacements, Ajs which is changes in the dimensionless normal
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coordinate system (qg). This can be achieved through a transformation of coordinates by
using the matrix, A;; that project normal mode coordinates (Q) onto internal coordinate of

the system using the relation,

;= ZAiiQi (2.25)
j

where A is a matrix whose columns are the normal mode vectors of the solute, is obtained
from the quantum chemical calculation, described in next section.
Normal mode coordinates (Q) are related to dimensionless coordinate (q) through the

transformation,

1
1

A\72 1
Q= (J}) q; = 5.8065 2q; (2.26)

where oj is the frequency of the j™ normal mode in cm™.
Combining eqns. 2.25 and 2.26 the internal and dimensionless coordinates can be
related as,

1
r = 5.8065 ZAﬁ w, 2q; (2.27)
7

Eqn. 2.27 clearly shows that internal coordinate r (expressed in A) is linearly dependent

on g (dimensionless), and therefore, changes in these two coordinates can be related,

1
r,—1 =8 = 5.8065 ZAji w; 2(Clj - q})
1
— 5.8065 ZAji w; 24, (2:29)
7

2.2.3 Computation of RR spectra
2.2.3.1 RR intensities from excited state gradients

For strongly allowed electronic transitions like n—m*and charge transfer ones, for
which transition dipole moment (u0) are of substantial magnitude, intensity enhancement
in RR scattering primarily happens via Franck—-Condon (FC) mechanism. These dipole

allowed transitions which is the case for all nucleobases systems when excitation
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frequency is tuned to one of the strong absorption line in UV region, produces significant
magnitude of FC factors. FC factors are the overlap integral between the vibrational
wavefunctions of the resonant excited state |e*) with the initial |gi) and final |fi)

wavefunctions of ground electronic states.

1 (QEy

2 \
I A2 « —(=— !
‘W&)

/N IT

from from
GS-DFT TD-DFT and
GS normal modes

Potential Energy
—
—
&

I, =RR intensity of k' fundamental

w,. = Frequency of k' fundamental

» Qy

Fig. 2.13 Computation of RR intensity within short-time or gradient approximation. GS:
ground electronic state; En: Energy of N™ electronic state; Qk : normal coordinate associated
with k™ mode and dimensionless displacement (A,) and TD-DFT stands for time dependent
DFT.

The transition tensor 1is obtained from Kramers—Heisenberg—Dirac dispersion

equation[134'l35] using Born—-Oppenheimer and Condon approximations,[137_l39] as

described in preceding section.

The demanding job of explicit computation of FC integrals is simplified using
Manneback’s recursion formulal*®” where these are evaluated from dimensionless shift
AQy, between electronic ground and excited state along vibrational normal coordinate,
Qk. For a particular electronic transition, FC integrals become nonzero only if AQx # 0
along the vibrational coordinate k. Further, application of independent mode displaced
harmonic oscillator (IMDHO), i.e. (i) the potential of resonant electronic state is
approximated by the ground state counterpart, but with a shift of their equilibrium position
along Q; (ii) ground and excited state vibrational frequencies are unperturbed; (iii) only
FC type scattering dominates and (iv) neglecting Duschinsky mixing of normal modes of
ground and excited state shows that structural change along normal coordinate is

proportionally related to gradient on the relevant excited state.[651%81 Within the
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short-time approximation™®™! for a single nondegenerate resonant state, RR intensity

for k™ fundamental is evaluated as,'*"**%% (See Ref [179] for more discussion)

3 1
I ¢ wo(wo — ] V0|l10|4< )
(0= o) vlil* (7

2

dEN
0Qy

(2.29)

FC

where (0Ee/0Qi)ec = Vi is the non-mass weighted gradient on FC region of N™ excited
state surface along k™ normal coordinate and wo and wy being the excitation and Raman
fundamental frequencies respectively. u2 and py are electronic transition dipole moment
of the resonant excited states and reduced mass of k™ mode in ground state. The
superscript ‘g’ stands for property of ground electronic state. Due to use of slope of
excited state PES in determination of RR intensity, this method is also known as gradient
approximation or IMDHO model or short-time approximation. (See Fig. 2.13)

The relative intensities for two resonant fundamentals (k and k’) within
gradient approximation can be expressed as,

I (Ugl g/ \
D _ < kg”g) k (2:30)
Ik’ (l)k‘uk Vkl

because (wo — wE) /(o — wS)’ factor becomes close to unity and thus making
dependence of relative RR intensities on excitation frequencies practically negligible. V
is computed by projecting cartesian gradients computed on the FC region of relevant
electronic state along normal mode coordinates computed at GS equilibrium geometry
using the following relation,

k_\/E 9Qxk 0x= _\/E 0% /e '

0

where L being the orthogonal matrix obtained as solution of ground state mass weighted
hessian matrix. (OEV/0x)rc, cartesian gradient in FC region at S, geometry is computed
from analytical derivative of the excited state electronic energy along non-mass weighted
cartesian coordinate. The term containing reduced mass, mass-weights the gradients in
normal coordinate space. Excited state cartesian gradients on different model systems for
relevant resonant states are computed at B3LYP/6-311+G(2d,p)//PCM or B3LYP/aug-cc-
pvtz//[PCM level within linear response time dependent density functional theory (LR-
TD-DFT, would be called TD-DFT throughout the thesis) formalism*®:% as
implemented in G09 software suite.™!
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2.2.3.2 Dimensionless displacement (Ay)

The dimensionless displacement, A is the shift of Sy and excited state minima along
the normal coordinate qx and expressed in dimensionless quantity expressed as,

A, < ! <6EN) (2.32)
k e — — .
oqy FC

where oy is the frequency of kth vibrational mode and (9EN/0Qx)rc is gradient on Nt
excited state surface evaluated in FC region, i.e. at Qx=0, and along k™ normal mode.
Ay is related to mass weighted normal coordinate Qi via the egn. 2.26-2.28. Ak is
expressed in terms of gradient on relevant electronic state energy along k™ normal mode

vector which is evaluated at Sy equilibrium geometry,

A __<5EN> / 1 \ L 233
k= anFC\\/hTt,i’/ “’1% (2.33)

All the quantities described in this equation can directly be obtained from quantum

mechanical calculations. The proportionality factors are to make A,dimensionless. In Sl
unit dE./0Qx is gradient in .M, w,, (= 2mcvy) is in s, A is reduced Planck’s constant

in J.S and reduced mass, y, is in Kg, yielding dimension of A, as,

[A]:(L)< 1 > 1) _ JI :,/KgM‘zs——z:1
WM\ TS Kg)\g3 ) M. JKgst M. JKgS-.

2.2.3.3 Computation of ground state structure, vibrational normal modes,
electronic excitation energies

Since its discovery in 1964, density functional theory (DFT) has been widely used
by physicists and chemists to understand properties of isolated molecule and their clusters,
solids, and mechanism of chemical reactions. Complementary and alternative to the

traditional methods of quantum chemistry that are based on many-electron wavefunction

Y(ry,...,rn), DFT is rooted in electron density distribution n(r) .

A system containing N nonrelativistic, interacting electrons that are in a

nonmagnetic state can be described with Hamiltonian H=T + V + U, where T =
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o _ 1 : I _
kinetic energy = — EZ j V]Z; V = applied external potential = ). ; Ve (7;7) and U =
: : 1 1
electron-electron interaction energy = > Yixj ol
=y

According to Hohenberg and Kohn (HK) theorem, for a given ground state
density p(r), the external potential Ve (r) is uniquely determined to within an additive
constant.™® In principle, from the exact ground state density, the hamiltonian (H) can
be computed and so are all the properties determined from H, such as ground state
wave function W(r1,...,rn), potential energy surfaces, n™ excitation energy, vibrational
force constants etc.

To determine this density a minimal principle for the energy is used,

Eyiry[p()] = f o(P)p()dr + Flp(r)] @234)
where
Flp()] = ($[p()], (T + U)¥[p)]) (2.35)

is a functional of p(r), because spatially dependent electron density p(r) itself is a
function of positional coordinate r(x,y,z). Hence, the name density functional theory
derives from the use of functionals of p(r). F[n(r)] is expressed as summation of

three terms as follows,

Fln(r)] = Tg[n(r)] + %f % dr dr' + E,.[n(r)] 2.36
with the first term being the kinetic energy of a non-interacting electronic system with
density p(r), the second term represents interaction energy and the last part is the
exchange-correlation energy. E,..[p(r)] is not exactly known for any system other than for
the free electron gas. Development of new functionals (exchange and correlation) with
physically meaningful approximations to describe non-covalent interactions such as Van
der Waals forces (in biomolecules), transition states and change transfer excitations is an
active area of research. Detailed discussion and theoretical backgrounds on different type

of functionals are documented in several books and reviews. X818l

From the early 90s, one of the most successful density functionals in predicting

molecular properties (such as charge densities, atomization energies, structure and
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vibrational frequencies, excited states) of small (N < 50) molecules is B3LYP. This is a
hybrid functional™® that derives from a mixture of Becke’s three parameter exchange
functional (B3)M**? with Lee-Yang-Parr’s (LYP) correlation (local and non-local) term,
and hence the name B3LYP.Y This functional is reported to be very successful in
predicting vibrational and other molecular properties for nucleobase and similar sized
molecular systems.[2°21%2-2011 | this thesis, | have used this functional as implemented in
Gaussian 09 software package,'®®! to obtain energy minimized ground state structures of
nucleobases and melanin, structural models. Other flavors of density functionals, such as
long-range corrected coulomb attenuated CAM-B3LYP?% and functional with additional
empirical dispersion correction, such as wB97xD?®! are also used to account for non-
covalent interactions, i.e., due to dispersion, Van der Walls and hydrogen bonding

interactions.

Extension of ground-state DFT for time dependent (TD) systems was developed
by Gross and coworkers and others, popularly known as TD-DFT for computation of
molecular properties (dipole moments and electric polarizability) to applied perturbation
such as an electric field.?*2%! The theoretical details®®’**! and implementation of TD-
DFT in Gaussian 09 package ?'? are described elsewhere. TD-DFT within linear response
regime (known as LR-TDDFT or simply TDDFT) has been a popular choice for
computation of properties of singlet excited states, such as electronic absorption spectrum,
excited state dipole moment, the gradient on excited state PES etc. This method has been a
popular choice for small (N < 20) molecules, such as, aromatic amino acids®?*****! and
DNA bases®%??!] to very large (N > 200-500) molecular systems, such as, chromophore
embedded in a protein,???*1 aromatic’?®>**! and polymethine?®! dye and organic

[231] and

molecules,?®! light emitting transition metal complex,’” quantum dots,
aromatics containing dye-sensitized solar cells.*224 | have employed this method in
conjunction with B3LYP functional to compute electronic excitation spectra and transition
dipole moments of different DNA bases (Chapter 3 to chapter 6) and of melanin

protomolecules (Chapter 8).
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9

Vibrational Reorganizations
In Substituted Purines

3.1 Introduction

Natural nucleobases; adenine (Ade), guanine (Gua), thymine (Thy), cytosine (Cyt) and
uracil (Ura) which are primary UV chromophores in of DNA and RNA, have
extraordinary photostability under UV light within 260 nm absorption band.
Experimental®™! and computational™>" results have shown that the intrinsic
stability of nucleic acid bases originates due the presence of a unique manifold of
electronic excited states that are exquisitely tuned to facilitate sub-picosecond (ps) de-
excitation after photoabsorption. Within this manifold of states, the relative
positioning of optically allowed and forbidden transitions and their respective potential
energy surfaces (PES) determines the lifetime of the electronically excited state.

Photophysical investigations of systematically substituted nucleobases have
been instrumental in understanding the mechanistic origin of photoresistive properties
of canonical DNA and RNA bases.®?5U Change and/or addition of exocyclic
substitutions dramatically modulates photophysical properties in analogous base
derivatives, such as orders of magnitude longer excited state lifetimes and increased
fluorescence quantum yields.** One such example is the case of 2-aminopurine (AP)
in which amino substituent is at C2 site has a strong fluorescence, unlike its
nonfluorescent natural analog Ade which is 6-aminopurine.F8¥%2  Ab initio
computation has shown that the -NH, group blocks the deactivation path associated
with ring deformation at C2 site in AP, otherwise present in Ade."% Recently it has
been shown that it is not the purine chromophore, but the specific substituent at C6
position that facilitates ultrafast internal conversion in Ade and Gua.[?®

Matsika and co-workers have examined reorganizations of electronic states in
pyrimidines,*? and several substituted purines*! using multireference perturbation
theory (MRPT) methods. They show that substitution at C6 (by amino or carbonyl
group) always blueshifts the nn* state and redshifts the ‘nn* state as compared to
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those in the unsubstituted purines. This effect is small in C2 substituted purines and of
intermediate strength in doubly substituted (at C2 and C6 site) ones. Alteration of
substituent position drastically changes the structure of excited state PES and, thus
influences population decay from those states. Switching of amino substituent from C6
to C2 makes AP 1000 times more fluorescent than Ade.**%2%% |n comparison, 2,6-
Diaminopurine (DAP) which is a C2 and C6 amino substituted purine, fluoresces but
with a much lower quantum yield than that of AP.1*%

(a) Ade (b) AP, NgH (c) AP, N;H (d) DAP

¥ X

6a
S
1
Y 4 ‘ 3
3 L
(e) 9-meG % () 6-CIG T" (g) 6-ThG
- m \rg

Fig. 3.1 The structure of adenine (Ade), N9H and N7H tautomer of 2-aminopurine (AP),
2,6-diaminopurine (DAP), 6-chloroguanine or 2-amino 6-chloropurine (6-CIG) and 9-
methylguanine (9-meG), and 60thioguanine (6-ThG) optimized at B3LYP/6-
311+G(2d,p)//PCM level of DFT. Conventional numbering scheme of ring atoms is
mentioned in for Ade. The labile hydrogens that would be replaced by deuterium in a
H—D exchange experiment are marked (arrow).

f

Other than reshuffling the ordering of energies of excited electronic states,
exocyclic substitutions also modulate ground state vibrational structure. Our group has
previously reported a systematic shift in vibrational wavenumbers and mode
reorganizations due to exocyclic substitution by methyl (me),® oxo and amino
moieties,®®*® in purine and pyrimidines, and also due to the substitution of ring
nitrogen atom with carbon in deazapurines."’*® These changes in vibrational
wavenumbers report on alteration in ground state molecular geometry. Substitutions
by electron donating groups, such as amino, carbonyl, and by heavy atoms such as
chlorine and sulfur reorganize frontier molecular orbitals (MO) of the basic purine
moiety. These substitutions can also reorganize vibrational normal modes through
alteration in contributions from individual internal coordinates in potential energy
distribution (PED). Results of ultrafast absorption experiments have established that
substituents at C6 site play a crucial role in governing ultrafast de-excitation processes
in natural purines.”® In the current report, we derive substitution induced
reorganizations in PEDs of vibrational modes of six C2 and C6 substituted purines;
Ade, Gua, AP, DAP, 6-chloroguanine (6-CIG) and 6-thioguanine (6-ThG).
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0.8 - — Ade Fig. 3.2 UV-Vis absorption spectra of
EIE ——DAP an aqueous solution (30 pM) of
< 0.6 . e adenine, DAP, AP and GMP, and (5
E ] = IS ——GMP uM) of 6-CIG in phosphate buffer at
2 0.4+ a & pH 7.0. Two excitation frequencies
§ ] 1 used for RR measurement on these
< 0.2 1 nucleobases are mentioned (vertical

H—r—— arrow).
200 250 300 350
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In the case of an electronic excitation, the vibrational modes with highest
Frank-Condon (FC) activity get enhanced in a resonance Raman (RR) spectrum.l
Within hundreds of femtoseconds (fs) of photoabsorption, distortions along these
vibrational modes dictate photodynamics on excited state PES. RR spectroscopy has
been routinely applied to examine the vibronic activity of nucleobases in different
electronic excited states.’®*®% We employ RR spectroscopy with UV laser source
tuned to be in resonance with singlet electronic excited states of the substituted purines
and characterize their FC active vibrational modes. We analyze ground state
structures, tautomeric equilibria, characters of electronic transitions and vibrational
reorganization of the substituted purines vis-a-vis those of two naturally occurring
DNA bases, Ade, and Gua. Two resonant excitations at 225 nm and 260 nm
wavelength are used to probe distinct FC activity of these purines in two different
singlet excited states. Conclusions obtained from such analyses are crucial in
determining excited state dynamics of these purines. Changes in ground state
vibrational coupling between different internal coordinates affect the instantaneous
structural dynamics in these purines and are discussed in subsequent chapters.

3.2 Experimental and Theoretical Methods

3.2.1 Sample preparation. Ade, AP, DAP, Guanosine-5"-monophosphate (GMP), and
6-CIG free bases of HPLC grade purity were obtained from Sigma-Aldrich (St. Louis,
MO, USA) and were used without further purification. As Gua is not adequately
soluble ay neutral pH, its nucleotide GMP was used instead. All samples were
prepared by dissolving an appropriate amount of free bases in 50 mM tris-HCI buffer
at pH 7.0 and in D,O (Sigma-Aldrich, St. Louis, MO). The tris-HCI buffer was
prepared by dissolving the right amount of trizma base in miliQ purity water (Merck
Millipore, Billerica, MA, USA) and pH was adjusted by addition of appropriate
amount of 1 N HCI (DCI for samples in D,0). Samples were dissolved in D,O buffer
and were left overnight before recording their spectra for complete H/D exchange. All
samples for Resonance Raman experiments were 1 mM in concentration.
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3.2.2 UVRR and Absorption Spectroscopy. Experimental design for UVRR
spectroscopy is described in chapter 2. The resolution of the measured RR spectra is ~
0.7 cm/pixel and ~ 1 cm™/pixel at 260 nm and 225 nm excitation respectively. UV-
Visible absorption spectra were recorded with an Evolution 300 UV-Vis
spectrophotometer (Thermo Fischer Scientific, Waltham, MA, USA).

3.2.3 Computational methods. Ground state structures of all bases (Fig. 1) were
energy optimized using DFT with Becke’s hybrid gradient-corrected functionals
(B3LYP)!®*%] and atom centered Gaussian basis set, 6-311+G(2d,p). The harmonic
vibrational analysis was performed on these energy minimized structures to obtain
vibrational wavenumbers. Implicit solvation employing polarization continuum model
(PCM)7 was used to account for the bulk dielectric effect of water on predicted
geometries and vibrational wavenumbers. The hydrogen atoms that are connected to
electronegative nitrogen atoms of purine ring were replaced with deuterium (D) in
optimized geometry of H-species for computation of vibrational spectra of the
deuterated species. The magnitude of experimentally observed shift of a band due to
deuteration of labile hydrogen atoms from that in water was compared against
theoretically predicted shift (to be referred as isotopic shift hereafter) for reliable
vibrational assignment. PEDs of each vibrational normal mode were obtained using
the Vibrational Energy Distribution Analysis (VEDA) 4.0 program.® Time
dependent DFT (TD-DFT) within linear response regimel®™ was applied for
computation of electronic excitation energies of all nucleobases. All Single point TD-
DFT calculations were performed with B3LYP functional and on ground state
geometries, optimized at B3LYP/6-311+G(2d,p) level of theory in vacuo. The UV-Vis
spectra were simulated with the help of the program SWizard 5.0 and using the
Gaussian lineshape with a full width at half maxima (FWHM) of 3000 cm™. Atomic
charges were calculated using Mulliken’s population analysis.l’? The structures of the
energy minimized molecules, normal modes of vibration and molecular orbitals were
visualized using Chemcraft 1.6.") All DFT and TD-DFT computations were carried

out using the Gaussian 09 software package.l™
3.3 Results and Discussion

3.3.1 Ground state structures

Computed geometrical parameters for the neutral form of all the examined purines
(Fig. 3.1), together with the available X-ray and NMR spectroscopy derived structures
are described in Table 3.1 and Table 3.2. UV-Vis absorption spectra of these bases at
pH7 are depicted in Fig. 3.2. The computed bond lengths are in good agreement with
the experimental ones: the differences in the bond lengths hardly exceed 0.02 A.
Predicted structure of AP is in agreement with those computed by Broo et al.”™ and
obtained X-ray structure.l”® Energy minimized structures of N9H species of Ade and
DAP and N1H, N7H thione tautomer of 6-ThG are also in good agreement with
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published crystal structure parameters of these molecules./””~"®!

GMP is modeled as 9-methylguanine (9-meG) where bulky riboside group is
substituted with methyl moiety at N9 position of the purine ring for computational
efficiency. Predicted bond lengths between the C6 atom and oxygen in 9-meG,
chlorine in 6-CIG and sulfur (S) in 6-thioguanine (6-ThG) are in agreement with
previously reported computational® and experimental structural parameters.® It is
important to note here that the majority of the differences in purine ring structure of
guanine (Gua) and 6-thG do not arise from the replacement of oxygen by a sulfur
atom, but due to the difference in their prevalent tautomeric forms.!

In AP, changing electron rich -NH, group from C6 to C2 position causes an
increment of electron density on N1 and N3 atoms resulting in stronger N3—-C4 and
N1-C6 bonds. It also makes N1-C2 and C2-N3 bonds of AP weaker than
corresponding ones in Ade. The addition of another amino substitution at C6 does not
significantly perturb the structure of the purine ring in DAP other than weakening C5—
C6 and Ns—C4 bonds in comparison with those in AP. Chlorine, which has a single
unpaired electron in the outer shell makes a single bond with C6 atom, whereas both,
sulfur and oxygen having p* outer shell electron configuration make double bonds with
carbon. Thus, C6—Cl16 bond of 6-CIG is longer than both C=0 and C=S bonds in 9-
meG and 6-thG respectively. However, the = bond between C6 and S in 6-thG is
weaker than that of C=0 in Gua, due to more overlap between same orbitals type (2p)
of carbon and oxygen. The computed trend of these bond lengths is corroborated by X-
ray crystal data. In general exocyclic substitution on pyrimidine ring has a minimal
structural effect on imidazole ring, a fact predicted by DFT correctly.

While comparing between structural parameters obtained through theoretical
and experimental methods, it should be noted that, structures of these bases in
monocrystal, base-pair in DNA duplex or within the complex with a protein are
expected to differ from those computed on isolated molecules. Structurally, a majority
of changes occurs in C-N bonds of both the rings in solution phase because of the
more polarizable nature of these types of bonds compared to other bonds in purine.
However, bonds involving exocyclic moieties, such as C6=06, C6—Cl6 or C6—S6 and
C2-N2 undergo significant changes due to hydrogen bonding interactions with another
base in mono-crystal and double-stranded DNA, and with surrounding solvent
molecules.
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Fig. 3.3 UVRR spectra of pH 7.0 species
of (@) Ade, (b) AP, (c) DAP, (d) 6-CIG
and (e) GMP with 225 nm laser excitation
in 750-1750 cm™ Raman shift region. All
bases are of 1mM concentration and used
average laser power on sample was 0.6
mW.
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3.3.2 Tautomerism in substituted purines at neutral pH

Identification of accurate tautomeric forms in solution state is necessary for correct
assignment of vibrational modes, and subsequently to discuss their reorganizations
upon substitution. Exocyclic substitutions have dramatic effects of altering
Tautomeric equilibria of purines have been investigated in detail using NMR®2-2°]
and vibrational spectroscopic methods.>+°¢88-91 Dye to the sensitiveness of RR
spectroscopy to very small structural changes, it has been exploited for
discrimination between various tautomeric states of in many substituted purines in
a solution state [°4%>58.8%-91]
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Table 3.1. Bond lengths (A) of neutral Ade, AP, DAP, 6-CIG, 6-ThG and 9-meG computed at B3LYP/6-311+G(2d,p)//PCM level of
theory and available experimental structural data.

Adenine AP DAP 6-CIG 6-ThG 9-meG
Bond DFT Exp! DFT | Exp’ Inenzyme | per Exp’ Inenzyme | oer Exp® In enzyme DFT | Exp’ Indouble - per Exp
complex complex complex stranded DNA
N1-C2 1.340 1.340 1.355 | 1.365 1.355 1.350 1.359 1.373 1.358 | 1.376 1.339 1376 | 1.363 1.379 1.372 1.370
C2-N3 1.332 1.330 1.343 | 1.343 1.363 1.340 1.396 1.343 1.340 | 1.357 1.367 1314 | 1327 1.330 1.314 1.323
N3-C4 1.339 1.349 1.326 | 1.329 1.368 1.336 1.359 1.423 1.326 | 1.334 1.357 1.351 | 1.355 1.351 1.351 1.354
C4-C5 1.395 1.381 1.407 | 1.400 1.372 1.394 1.333 1.385 1.409 | 1.396 1.470 1.401 | 1.395 1.374 1.392 1.374
C5-C6 1.407 1.415 1.386 | 1.381 1.467 1.407 1.436 1.461 1.387 | 1.380 1.465 1396 | 1.376 1.416 1.426 1.419
C6-N1 1.345 1.351 1.332 | 1.332 1.329 1.339 1.319 1.359 1.311 | 1.313 1.345 1.386 | 1.411 1.386 1.415 1.390
C5-N7 1.385 1.385 1.390 | 1.389 1.396 1.388 1.377 1.379 1.384 | 1.387 1.332 1377 | 1372 1.394 1.382 1.389
N7-C8 1.311 1.308 1.306 | 1.318 1.372 1.308 1.351 1.381 1.307 | 1.310 1.348 1.352 | 1.344 1.300 1.309 1.300
C8-N9 1.372 1.362 1.379 | 1.360 1.364 1.377 1.344 1.328 1.377 | 1.377 1.348 1324 |1.335 1.363 1.377 1.383
N9-C4 1.372 1.374 1.369 | 1.368 1.396 1.371 - 1.401 1.368 | 1.358 1.333 1.369 | 1.364 1.368 1.367 1.379
C2-H2 1.085 - - - - - - - - - - - - - - -
C2-N2 - - 1.369 | 1.353 1.400 1.375 - 1.434 1.363 | 1.339 1.350 1359 | 1.319 1.421 1.361 1.338
N2-H2a - - 1.008 | 0.890 1.070 1.009 - 1.070 1.008 - 1.070 1.009 | 1.08 1.010 1.009 -
N2-H2b - - 1.009 | 0.883 1.070 1.009 - 1.070 1.008 - 1.070 1.009 | 0.87 1.010 1.009 -
C6-H6 - - 1.083 | 0.950 1.090 - - - - - - - - - - -
C6-N6 1.351 1.332 - - - 1.355 - 1.479 - - - - - - - -
N6-H6a | 1.007 - - - - 1.008 - 1.070 - - - - - - - -
N6-H6b | 1.008 - - - - 1.008 - 1.070 - - - - - - - -
C6-Cl - - - - - - - - 1.756 | 1.732 1.796 - - - - -
C6-0 - - - - - - - - - - - - - - 1.230 1.234
C6-S - - - - - - - - - - - 1.687 | 1.690 1.718 - -
N7-H - - - - - - - - - - - 1.010 | 1.10 - - -
N1-H - - - - - - - - - - - 1.013 | 0.96 1.010 1.012 -
C8-H 1.079 - 1.079 | 0970 1.090 1.079 - 1.090 1.079 - - 1.079 | 0.94 1.091 1.079 -
N9-H 1.009 - 1.009 | 0.871 - 1.009 - - 1.010 - - - - - - -
N9—C e - 1.466 - - - - - - - - - - - - 1.456 -

'Ref [77] X-ray crystal structure of adenosine; “Ref [76] X-ray crystal structure of AP monohydrate; *Ref ®? X-ray crystal structure of Alkyltransferase of
Schizosaccharomyces pombe (Atl1) in complex with DNA containing AP (PDB:4HDU) and DAP (PDB:4HDV); “Ref [78] X-ray crystal structure of a DAP
derivative, 1, 2-iminomethyl-3-methyl-6-amino-methyl-9H-purine; °Ref [79] X-ray crystal structure 6-CIG; °Ref ! X-ray crystal structure of Hexameric Purine
nucleoside phosphorylases (PNP) from B. subtilis (BsPNP233) with 6-chloroguanosine (PDB:4DAE); 'Ref [81] X-ray crystal structure of 6-thioguanine; °Ref [*4
Solution state NMR structure of an 11-mer DNA containing 6-thiodeoxyguanosine opposite to cytosine (PDB: 1KB1); °Ref [®! X-ray structure of guanosine
dihydrate.
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Fig. 3.4 UVRR spectra of pH 7.0
species of (a) Ade (ade), (b) AP,
(c) DAP, (d) 6-CIG, and (e) GMP
with 260 nm excitation in 1110-
1750 cm™ Raman shift region.
All  bases are of 1mM
concentration and incident laser
power on sample was 0.6 mW.
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The N9H tautomer has been established as the predominant form (more than 80-
85 %) of Ade in solution,®*°* vapor,®® and rare-gas matrix.!***°” The N9H tautomer of
Ade has been successfully used in explaining experimental vibrational spectra of adenine
in polycrystalline!™® and solution state."%? In the current study, DFT computed
wavenumbers and PEDs on N9H-Ade are in agreement with experimental band positions,
(Fig. 3.3 and 3.4) and previously published assignments.[**21%1%4 (Taple 3.3) Correct
vibrational assignment of Ade validates the use of the employed B3LYP/6-
311+G(2d,p)//PCM method for computation of ground state structure and normal modes
of vibrations and is used for other nucleobases throughout the rest of this thesis.

Unlike Ade, tautomeric equilibrium of AP at neutral pH is strongly debated.[’8%%

1091 of Fourier transformed infrared (FT-IR) spectra and resonance two-photon ionization
(R2PI) spectra in the gas phase using DFT calculations concluded that NgH tautomer is
the prevalent form present in a molecular beam.[*®! Ab initio calculations also show that
the N9H form is more stable than the N7H species by 18 kJ/mol in the gas phase.'*
However, X-ray crystallographic data suggests that at least 13 % of the population of AP
exists as the N7H tautomer in the crystalline state.[”® Using linear dichroism spectroscopy
of AP, 2-amino-9-methylpurine (2A9MP), and the 2-aminopurine riboside (APrib) in
stretched film of poly-vinyl alcohol, Holmen et al. have concluded the minor presence of
N7H tautomer.® Furthermore, these authors have not found that AP has single
exponential fluorescence decay with a lifetime (~ 10 ns) close to those found for 2A9MP
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and 2Apr. In a later study, the presence of two fluorescence decay components (with
lifetime t;=11.0 ns and t,=13.5 ns) for AP free base against only one component (t,=10.6
ns) for APrib was reported. This result suggested the presence of more than one
tautomeric forms in aqueous solution.'*® Both N7H and N9H species of AP have been
detected in supersonic jet experiments. %71

Despite being subjected to a number of vibrational investigations, ! jsotope
induced shifts of vibrational bands of AP has not been reported. We have obtained
excellent agreement between experimental isotopic shifts of RR bands of AP and DFT
computed isotope-induced shifts on the N9H-AP tautomer. (Fig. 3.3, 3.4, 3.5 and Table
3.4) We have compared experimental isotopic shifts of free AP base against the computed
ones for both the N7H and N9H neutral tautomers (Table 3.5). In Table 4 it is
demonstrated that the computed isotopic shifts (for N9H tautomer) of the six in-plane
stretching vibrations agree reasonably well with the experimentally observed ones. The
symmetric imidazole breathing vibration at 944 cm™ serves as a sensitive probe for the
position (N7 or N9) of the hydrogen atom. This vibration which has a significant
contribution from C5-N7 stretching coordinate, is insensitive to H/D exchange, a fact also
true for Ade and DAP. The predicted H—D shift (+ 15 cm™) on N7H-AP tautomer does
not agree with experimental observation. The N9H form correctly predicts insensitiveness
of this mode upon H/D exchange. Thus, UVRR and DFT derived isotopic shifts suggest
the N9H form as the predominant tautomer of free AP at neutral pH.

Table 3.2. Mulliken charge distributions (a.u.) on atoms of neutral Ade, AP, DAP, 6-CIG, 6-
ThG and 9-meG computed at B3LYP/6-311+G(2d,p)//PCM level of DFT.

Ade | AP | DAP | 6-CIG [ 6-ThG [ 9-meG

Atom Mulliken Charges (a.u.)
N1 | -0.508 | -0.466 | -0.586 | -0.420 [ -0.360 | -0.453
C2 | 0191 | 0570 [ 0537 | 0569 | 0521 0.556
N3 | -0.467 | -0.525 | -0.566 | -0.504 | -0.566 | -0.595
C4 [ 0231 [ 0335 [ 0252 | 0.299 | 0.331 0.072
C5 | 0372 | 0380 [ 0.306 | -0.044 | 0.066 0.382
C6 | 0.208 | -0.275 [ 0.231 | 0.093 | 0.548 0.416
N7 | -0.534 | -0.509 | -0.538 | -0.439 | -0.317 | -0.544
C8 | 0213 [ 0225 [ 0200 | 0272 | 0.272 0.180
N9 | -0.354 | -0.356 | -0.368 | -0.364 | -0.473 | -0.077

H2 0.118

N6 -0.477 -0.488

H6a 0.270 0.272

Héb 0.276 0.271

Cl6 0.013

S6 -0.776

H1 0.317 0.297
N2 -0.487 | -0.491 | -0.478 -0.360 -0.461
H2a 0.263 | 0.258 0. 268 0.279 0.268
H2b 0.260 | 0.258 0.267 0.270 0.276
H6 0.131

H8 0.150 | 0.150 | 0.145 0.154 0.157 0.146
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H9 0.312 | 0.305 | 0.306 0.314

H7 0.316
Cme -0.315
H9% 0.159
H9b 0.159
H9c 0.158

Apart from a minor presence (< 1%) of N7H species, matrix isolated FT-IR
spectra of AP were also successfully assigned to DFT computed normal modes of amino-
N9H tautomer only.!**? Additionally, TD-DFT computed UV-Vis absorption spectrum for
N9H tautomer remarkably resembles experimental UV absorption spectrum of APMY in
terms of peak positions and relative intensities of three bands between 200 nm and 240 nm
wavelength range, (See Fig. 3.6) suggesting N9H as predominant form.

J(@)AP, pD 7 .= 225 nm

1604

800 1000 1200 1400 1600 1050 1200 1350 1500 1650
Raman Shift (cm™) Raman Shift (cm™)

Fig. 3.5 UVRR spectra of deuterated species of AP (a and ¢) and DAP (b and d) pD 7.0 with
225 nm (panel a and b) and 260 nm (panel ¢ and d ) excitation. All bases are of 1mM
concentration and incident laser power on the sample was 0.6 mW.

Table 3.3. Assignment of computed?® vibrational wavenumbers on N9H form of neutral Ade to
bands in experimental spectrum and computed potential energy distributions (PED)"

Exp. UVRR in Exp. UVRR of | Exp. Ramanof | Comp.in | Comp.in b
H,0, at 225/260 nm | Ado in H,0° | Ade in solid state* vacuo® H,O" PED" in (%)
1649/- 1650* 1674 1665 1636 | str N6C6 (13) + be H6aN6H6b (39)
1604/1601 1603 1613 1642 1617 | str N3C4 (13) + N1C6 (12) - be H6aN6H6b (12) -
1583 1597 1613 1604 - str N3C2 (10) + be C4N9C8 (11) - H6aN6H6b
1488/1485 1485 1483 1524 1509 | str N7C8 (30) - be H8C8N7 (21)
1497/1504 1508 1463 1510 1492 | str N7C8 (10) - N1C6 (21) - be H2C2N3 (24)
1440/- 1458" 1423 1433 |- be HONOCS (23) + H2C2N3 (28)
-/1420 1428 1419 1440 1419 | str N9C4 (27) - N9C8 (10) + be HINOICS8 (11) -
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1393/1396 1386" 1373 1366 |- str N1C6 (10) + N6C6 (10) - N9C8 (12) + be
1363/1367 1376 1333 1365 1348 |str N1C2(29) + N7C5(21)
1328/1331 1309° 1308 1341 1319 | str N3C2(40) - N1C2(16)
1249/1251 1253 1248 1272 1266  |str N7C8 (23) + N1C2 (11) + be HONOCB (10) +
-11230 1213* 1234 1246 1239 |str N7C5 (25) + be H6bNGC (24) + N6C6NL (10)
1143/1146 1176 1162 1148 1142 | -str N6C6 (12) - be C2N3C4 (10) + C5N7C8 (22)
1083/- 1086* 1126 1085 1095 | str N9C8 (54) + be HONICS (31)
1022/- 1009 1025 1012 1013 |str N1C6 (28) + be HBbN6CE (42)
974 977 | tors H2C2N3C4 (80) - NLC2N3C4 (16)
944/943 916* 942 942 947 |- be CANICS (10) + NIC8N7 (52)
902/- 899" 899 899 900 |- be CBNLC2 (10) + C4NICS (13) + N1C2N3 (29)
840/- 851 839 849 877 | tors HBCBN7CS (84)
785/- 799" 797 805 820 [tors NIC2N3C4 (13) - C6NIC2N3 (13) -
721721 730 723 726 723 |str N3C4 (23) + N9C4 (10) + be C6N1C2 (10) +
701" - 685 689 |- tors CAN9C8N7 (20) - out N6C5NIC6 (44) -
636 - 666 670  |tors HONOCSN7 (11) - H8C8N7C5 (11) -
621/623 620 623 618 619 |- be CBN1C2 (12) - CAN9CS (14) + C2N3C4 (13) -

computed at B3LYP/6-311+G(2d,p)//PCM level of DFT and not scaled; "PEDs are computed using the
VEDA 4.0 program; “Ref [103] 213, 266 and 515 nm excited Raman spectrum of aqueous (pH 7.0)
adenosine (Ado), wavenumbers marked with * were observed with 515 nm excitation, the ones marked
with # were observed with 213 nm excitation and the others were obtained with 266 nm
excitation; “Ref [101] Normal Raman (Aex = 632 nm) of polycrystalline adenine; °Ref [101] computed
at B3LYP/6-31++G(d,p)//vacuo; abbreviations: str, bond stretching; be, bending; out, out of plane; tors,
torsion, sign indicates relative phase of movement of atoms of internal coordinates.

Unlike Ade and AP, a number of studies aimed at understanding the tautomeric
composition of DAP is limited. DAP has primarily been studied using vibrational
spectroscopies in the polycrystalline state,'****® and in a solution state.!*! Relative
intensities and band positions of our 225 and 260 nm excited spectra agree with those
reported by Dhaouadi et al. with 222 and 257 nm excitations in an aqueous solution of
DAP at 4°C.["% |In agreement with these previous reports, our vibrational assignment
(Table 3.6) based on a comparison of experimental and computed isotopic shifts
establishes NgH tautomer as the most abundant species of DAP at neutral pH in solution.
For all RR bands of DAP, other than the band at 1510 cm™, experimentally observed
isotopic shifts agree with theoretical shifts that are computed on NO9H-DAP.

GMP which exists as N1H, N9H and C6=06 form in neutral pH,® is modeled
with 9-meG. Raman wavenumbers and normal modes (Table 3.7) computed on 9-meG
agree reasonably with experimental band positions in RR spectra (Fig. 3.3 and 3.4) of
GMP at pH 7.0, and with previously published results.®®**"*® DFT assisted vibrational
assignment of FT-IR and 1064 nm excited FT-Raman spectra have concluded the
presence of both N7H and N9H tautomers of 6-CIG in an amorphous state.!**®! However,
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previous investigations from our group have established that 6-CIG predominantly exists
as the NoH tautomer in solution.®®*?% Vibrational assignments of 6-CIG bands are
described in Table 3.8. Additionally, experimentally determined lengths of N7-C8 and
C8-N9 bonds!™ that are very sensitive to the position (N7 or N9) of a hydrogen atom on
imidazole ring are in agreement with the computed bond lengths on NgH tautomer.(Table
3.1)

Theoretical and experimental studies in gas and solution state have shown that 6-
ThG exists as the thiol-N9H form in gas phase but as the thione-amino (N1H, N7H) form
in aqueous solution and solid state.*?-12] Using this thione-amino tautomer,
experimental FT-IR and FT-Raman spectra in a polycrystalline state,*! and normal
Raman spectra of 6-ThG® have been assigned. Due of unavailability of solution state
Raman spectra of 6-ThG, we have used band positions in solid state spectrum!*?>*?¢I and
have assigned them to normal modes computed on N1H, N7H species.(Table 3.9)

40-( —— 81 (=), 3056 nm

Molar Absorptivity
{mol'Lem™)

24 —_{b] _ ; (r=7*), 284.8 nm
2-AP, N9H

- 54 (r-x"), 230.9 nm
— S8 (r-2*). 210.8 nm

8 - j f f S11 (r-=7), 200.5 nm
0 X

a
32 ) —— S2(n-n") {x 5), 283.1 nm
24 3 2-AP,NTH . 86 (=-*), 226.5 nm
16 4 58 (z-7%). 214.1 nm
g —— 511 (n-7*), 202.6 nm
0 L

2*) (x 5) 279.5 nm

Fig. 3.6 Computed UV-Vis absorption
spectra of (a) N7H and (b) N9H tautomer of
2-AP at TD-B3LYP-631G+(2d,p)//gas level
of DFT and (c) experimental spectra of AP
at pH 7.0. A fixed FWHM of 3000 cm™ is

24 . .
15_—‘“’ 2P pH7O —_ua8m used to simulate UV-Vis spectra from
1 - 237 i

0 _J A computed oscillator strength.

0.0 4 = 206 nm

52;00 45600 3?;00 33:)0C

Absorbance (a.u.)

Wavenumber{cm")

3.3.3 Reorganizations of electronic states upon substitutions

Computed excitation energies and oscillator strengths against available
experimental Amax Of Ade,[m’lzg] AP,[HO] DAP,[39’129_132] GMP,[133'134] 6-CIGI2] (see
Chapter 4) and 6-ThGI?51%6:1%] are described in Table 3.10 a-f Several groups have
computed electronic excitations lying within low-energy absorption band (~ 260 nm) of
DNA and RNA bases.[**134136-141] Electronic structure of AP has also been investigated
using theoretical and experimental methods.[*%4%10°1421471 MRPT computed trends of
systematic redshift of *n* state upon single amino substitution (at C2 in AP), and double
substitution (at C2 and C6 in DAP) compared to that in adenine agree with our TD-DFT
predicted results. Positions of 'nz* state are also predicted in the correct order for adenine,
guanine, and AP, in comparison with ab initio results 136131
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A striking similarity exists between frontier MOs of AP and 6-CIG (Fig. 3.7) and
hence their ground state structural parameters are very similar.(Table 3.1) ‘zn* state of
AP, described by H—L one electron configuration (Table 3.10b) does not change either
position or character upon chlorine substitution in 6-CIG (Table 3.10c). The shifts in
lowest energy transition due to stabilizations and destabilizations of HOMO and LUMO
orbitals in these purines are depicted pictorially in Fig. 3.7. Changing electronegative
chlorine to amino group destabilizes both HOMO and LUMO by the different extent in
DAP compared to that in Ade and AP. This results in a blue shift of 'an* state of DAP
from that in 6-CIG. The introduction of carbonyl moiety in place of CI6 (in GMP) or NH;
(in DAP) at Cg breaks the conjugation of the pyrimidine ring and destabilizes both HOMO
and LUMO in GMP compared to those in Ade, AP, DAP and 6-CIG. GMP and 6-ThG
have very similar electron density in their frontier MOs, but the nn* state of the later lies
at~340 nm, 11?5128 ghifted by ~65 nm from that (~ 275 nm) of the former.
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Table 3.4 Assignment of computed®® vibrational wavenumbers on N9H form of neutral AP to bands in experimental spectrum,
isotopic shifts® and computed potential energy distributions (PED)"

Exp. .
Exp. UVRR Exp. Solid . Exp. Exp. UVRR
in H20, at ﬁ::e state, C%mga'“ ig%m%b PED in H,0 Shift %ﬂ'.'f’t‘i %‘r’]ﬂg in D20, at iﬁ%m‘(’)'a iﬁ%mgb PED in D,0
225/260 nm IF:)TIRE FTIR/Raman’ 2y 2 (%)>© 225/260 nm 1 1 225/260 nm 2 2 (%)>©
bt 1 (cm™) (cm™) it (em™) | (cm™) 1 (cm™) (cm™)
(cm™) (cm™) (cm™) (cm™) (cm™)
str N3C4 (41) - C5C6 - str N3C4 (41) + C5C6 (29)
1643/1637 | 1626 1618/- 1650 1683 | () -10/-8 7 8 | 16331620 | 1642 | 1676 | i oCE(TY 0
] 1594 1649/1639 1620 1644 | 2 NoCZ ((71§)) * be . 475 | -454 ; 1166 | 1169 | be D2aN2D2b (46)
1586/1588 | 1550 1582/1587 1597 1619 ?}rG)CF’CG (31) - N1C2 44 6 6 | 1582/1584 | 1591 | 1613 | -strC5C6 (28) + N1C2 (19)
str N7C8 (39) - be str N7C8 (42) - be H8C8N7
-/11514 - 1511/1517 1528 1552 | oong (o1 - 5 - 1523 | 1560 | {39
- str N7C8 (17) + N3C2 (10)
-/1496 - 1491/1485 1481 1512 ?}'2)’\‘1 ESI\(IlltEI)ZESN(ll(Z:)(S ; +19 +6 ; 1487 | 1531 | - N2C2 (16) - be NIC2N3
(10)
siivacs ((1257)) - be str N2C2 (17) + be H6CEN1
1476/1470 | 1467 1452/- 1435 1460 | cocent  an 47 +6 +5 | 1480/1477 | 1440 | 1466 | (28) + C5C6N1 (12) +
N1GZN3(1) N1C2N3 (18)
1434/1432 | 1416 1428/1425 1404 1410 ;453922?3?6)(17) + be 5/5 ; 1439/1437 | - -
str N1C6 (14) + C5C6
1365/~ | 1352 | 1360/1360 1360 | 1382 | (O “(‘1382 ao - +11 #11 | 41 | 1376/1373 | 1370 | 1393 | strN1C6 (32)- N3C2 (11)
H2aN2C2 (13)
str N7C8 (16) - N1C6 str NIC6 (15) + N3C2 (19) -
; ; ; 1276 1313 | (1) Nace (20) 13 11 5 1295/- 1271 | 1302 | NoCe (15) - be HOCONA (L)
str N9C4 (16) + be )
1307/1306 | - 1310/1302 | 1207 | 1301 | HeCeNL (37 - | 15013 | +15 | +9 | 13231310 | 1306 | 1316 | S C3C6 (10) ¥ N9C4 (23)
C5C6N1 (10) e 27)
str N7C8 (14) + N1C6 (14) -
1285/1283 | 1276 | 1284/1285 1330 | 1348 | ey | 1068 +1 | +9 | 1295/1289 | 1339 | 1349 | be N7CBNO (16) + H8CENT
(37)
“be HBC8N7 (18) + - be HBC8N7 (21) -
1247/1249 | 1238 1250/1255 1108 1204 | csceN1  (32) - |  -8/-13 -4 0 | 12391236 | 1198 | 1200 | D2aN2D2b (23) + C5C6NL1
C8NIC4 (11) (20)
tors H6C6N1C2 (60) - tors HBCBNIC2 (79)
i - - 975 974 | cscenice (11) - 0 0 i 974 974 | Cscenice (15)
946/- 955 954 945 942 | be N7C8N9 (68) 2 2 0 944/- 942 940 ?f{S;“QCS (18) + be N7C8N9
- str N3C2 (28) + be
1105/- - 1142/- 1101 1102 | [anzor is) ; - - ; ; -
- - 1125 1080 1072 | st N9CB (54) + be 219 | -210 : 862 853 | - be N7CBN9 (13) + be
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HIN9CS (32)

DINICS8 (55)

- str N1C2 (18) + N9C4

str N1C2 (19) + be

973/- 965/968 974 978 | (10) + be CONLC2 (13) -96 100 | -101 877/- 877 878 | -
- tors HBCBN1C2 (19) D2bN2C2 (46)
tors HBC8N7C5 (82) + tors HBC8N7C5 (83) +
j 872I- 880 850 N7C8N9C4 (12) -1 0 } 880 849 N7C8N9C4 (12)
- str N2C2 (15) - be - tors C4N3C2N1 (16) +
844/839 844/840 837 837 | CoNIC2 (13 +|  -24 20 | -16 820/- g1 | 817 | ducas (0 - -
C8N9C4 (38) (16) ou
N2N3N1C? (16)
“tors CANBC2NI (22)
+ C6N1C2N3 (21) - str N2C2 (10) + be
) 799)- 816 809 C5CBN1C2 (20) + out ) -3 -1 . 808 806 C8N9C4 (20)
N2N3N1C2 (17)
?irg)l\liclleg(clf)(zo;\u%i str N3C2 (10) + N1C2 (14) +
797/797 7871792 805 808 | CaNsc2 (15 +| 81 | -14 | -13 | 780786 | 792 | 794 | N9 (10)-pe HANSCZ (19)
C6NIC2  (10) + s (16)
N1C2N3 (12) (11)
~tors C6N1C2N3 (10) - ~tors C6NIC2N3 (10) -
C8NICACS (20) - out C8NICAC5 (19) - out
- 744- 744 735 | NoN3NIC2 (1) + - -1 -2 - 742 734 | NoNaNic2 (1) o+
N9C5N3C4 (17) NIC5N3C4 (16)
;tolfgg'gg,\’}'fg:”égl? tors H8CBN7C5  (15)
- 668/- 654 655 | Nrconoca (50 6 13 | 13 - 641 642 | N7CBN9CA  (59)  +
CaNoCACS (10 C8NICACS (14)
be CAN3C2 (16) +
. 631/639 639 638 | NIC2N3  (24) - 5 a5 | 15 ; 624 | 623 | D¢ CANSC2(23) + NIC2N3

N2C2N1 (17)

(22) - N2C2N1 (10)

“computed at B3LYP/6-311+G(2d,p)//PCM level of DFT and not scaled; "computed at B3LYP/6-31G(d,p)//vacuo level of DFT and not scaled; all hydrogen
atoms in optimized structure of N9H (or N7H) species are replaced by deuterium (D) to make deuterated forms corresponding to species at pD 7.0 in
experiment; “PEDs are computed using the VEDA 4.0 program; abbreviations: str, bond stretching; be, bending; out, out of plane; tors, torsion, ® Ref [145] FTIR

in gas phase; 'Ref [111] (K.O. Evans’s PhD Thesis) FT-IR and Raman (Ae.= 633 nm) of polycrystalline AP.
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Table 3.5 Experimental and computed® vibrational wavenumbers and isotopic shifts® with computed potential energy distribution

(PED)° of N9H and N-H tautomers of AP at neutral pH.

Chapter 3

Theory, N9H-AP Experiment Theory, N7TH-AP
Comp. wavenumber, UVRR, FTIR, Comp.
PED in H,0 isotopic shift wavenumber, Solid wavenumber, PED in H,0
(%)° (cm™yP isotopic shift state isotopic shift (%)°
(cm™ty¢ (cm™y® (cm™)P

str N3C4 (41) - C5C6 (22) 1650, -8 1643, -10 1618 1646, -6 str N1C6 (11) - N3C2 (14) + N7C5 (27)
str N2C2 (10) + be H2bN2H2a (78) 1620, -454 1629, -466 1649 1616, -451 be H2bN2H2a (79)

- str N1C6 (11) - N3C4 (23) + be C4N9C8 (11)
str C5C6 (31) - N1C2 (16) 1597, -6 1588, -8 1582 1594, -7 + C5N7C8 (16)
- str N2C2 (15) - be H6C6N1 (27) - str N2C2 (17) + be H7N7C8 (12) + H6C6N1
C5CENI (11) - NIC2N3 (19) 1435, +5 1469, +6 1452 1452, -15 (14)
f\t,;gi%foglfl t),; 5253%62(0120 )(i3|\)13c2 (10)- 1369, +1 1361, +12 1360 1371, -20 - str N2C2 (15) - N7C5 (13)
str N7C8 (15) + N1C6 (21) + be H8C8N7 str N9C8 (14) + N1C6 (19) + N7C5 (11) + be
(31) 1330, +9 1285, +10 1284 1319, -5 HBCEN1 (30)
e 1297, +9 1307, +15 1310 1265, -15 - ir NOCB (21) + NC6 (12) - be HBCBNO (15)
- be HBCBN7 (18) + C5C6N1 (32) - str N9C4 (11) - N7C5 (15) + be H8C8NO9 (18) +
C8N9CA (11) 1198, 0 1247, -8 1250 1194, +3 C5N7C (12)

str N1C2 (34) + N2C2 (10) - N9C4 (11) - be
tors HGC6N1C2 (60) - C5CE6N1C2 (11) 974, -101 973, -96 965 975, +35 CEN1C? (14) + H2aN2C2 (11)
be N7C8N9 (68) 945. 0 946. -2 954 941 +15 ilbze) C4NO9C8 (14) + N7C8N9 (56) - C5N7C8
str N3C2 (12) + N1C2 (19) + N9C4 (10) -
be CANAC? (15) + CONIC2 (10) + 805, -13 797,-8 787 802, -10 o N (10) + NIC2 (18) + be CONIC2 (20) -
N1C2N3 (12) (10)
S 837, -16 844, -20 844 840, -15 be CANSCS (30)

@ computed at B3LYP/6-311+G(2d,p)//PCM level of DFT and not scaled; "All hydrogen atoms in optimized structure of NgH (or N,H) species are replaced by
deuterium (D) to make deuterated forms corresponding to species at pD 7.0 in experiment and harmonic vibrational frequencies are computed on these structure
without further geometry optimization; PEDs are computed using VEDA 4.0 program; “Experimental wavenumbers and isotopic shifts of AP free base at 225
nm excitation, described in Table 3.4; °Ref [111] FTIR of polycrystalline AP; abbreviations: str, bond stretching; be, bending; out, out of plane; tors, torsion; The

isotopic shifts of the marker bands differentiating N9H and N7H tautomers are shown in bold.
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Compared to the number of studies investigating low-lying 'nn*, 2an* and 'nn* states, very
few have computationally characterized electronic states below 230 nm in purines.%10133134] \wjithin
210-220 nm region, all the purines have strong electronic transitions (B, and By, according to Platt’s
convention) that are of n* character. Low energetic L, and L, States at ~ 260 nm and high energetic
Ba. and By transitions at ~ 210 nm are a common feature of the class of compounds with six-
membered ring fused to five-membered rings. These states are assigned to available experimental
data for each purine. (Table 3.10 a-f)

Q @ N Fig. 3.7 Relative ordering of frontier

@Q wgl:’@ ,&l}a ;‘:15‘ molecular orbitals; highest occupied

] molecular orbital (HOMO or H) and
-2 lowest unoccupied molecular orbital
4 i sx6 (LUMO or L) of Ade, AP, 6-CIG, DAP,
] 6-ThG and 9-meG computed at B3LYP-
6 6311+G(2d,p)//vacuo level of DFT.
1 o o 0 S e

Ade AP 6- CIG DAP 6- ThG 9- MeG

L

Energy (ev)

Linear and magnetic dichroism measurements have resolved the B, and By, absorption bands
of AP around ~215 nm into two components at 220.3 and 206.2 nm.'% |n agreement with
experiment, TD-DFT also predicts these two states as of pure nn* character at 210.7 and 200.5 nm
respectively.(Ss and S;; in Table 3.10a) Similar to low-lying electronic states, these two excitations
also preserve their characters in 6-CIG and occur at similar positions, 217.5 and 202.2 nm
respectively.™ However, relative intensities of these two transitions differ in 6-CIG and in other
purines with the occurrence of additional intermediate states. The corresponding By, state in GMP,
Ade and DAP is located at ~218 nm, ~210 nm and ~215 nm respectively. Thus, unlike L, and L
states, the high-lying electronic transitions of purines do not follow a substitution-dependent general
trend.

3.3.4 Vibronic characters of L, and By, excited states

Inspection of relative intensities in UVRR spectra helps to recognize vibronic characters of the
purines excited states that are in resonance with excitation lines.’™® In case of 260 nm excitation, all
five bases show a distinct intensity pattern (Fig. 3.3) compared to those in their respective 225 nm
excited spectra.(Fig. 3.4) Band positions and intensities of Ade and GMP spectra agree with
previously published results.®*¢*" |n AP, DAP and 6-CIG, the 225 nm wavelength is in resonance
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with By, electronic state whose position and character do not get affected by substitution at C2 and
C6. However, a very different experimental RR intensity pattern shows that change of -NH,
substituent position from C6 (Ade) to C2 (AP) has a drastic effect on the excited state structures.
Double substitutions with chlorine (in 6-CIG) or amino (in DAP) make the spectra more complex
with an additional number of enhanced bands than both of single substituted Ade and AP.

Fig. 3.8 and 3.9 depict the involved molecular orbitals of five purines in each of the
electronic transitions when excited with 225 and 260 nm lasers. In the case of Ade and GMP, 225 nm
wavelength lies in between first allowed bright state at ~ 260 nm and By, state at ~ 210 nm.(Fig. 3.2)
In 225 nm excited spectra of Ade, the RR spectrum has a band at 1604 cm™ with the largest intensity
and four bands at 1488, 1354, 1335 and 1251 cm™ with moderate intensities. Observed RR intensities
of GMP and Ade at 225 nm are primarily derived from By, (~210 nm) state and are discussed in detail
in chapter 5 and chapter 6. The experimental®® and computed absorption spectrum of AP (Fig. 3.6)
clearly depicts a considerable amount of overlap between three close by nn* electronic states at ~
241.7 (Lp), 220.3 (Bp) and 206.2 nm. Thus, the 225 nm excited RR spectrum of AP is expected to
have contributions from these three electronic states. Enhancement and de-enhancement of
vibrational bands of AP will depend on the constructive or destructive interference of the interacting
electronic states along different normal mode coordinates. /X814
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Table 3.6 Assignment of computed® vibrational wavenumbers on NgH form of neutral DAP to bands in experimental spectrum,
isotopic shifts® and computed potential energy distributions (PED)"

Exp. UVRR Exp. Exp. Exp. Exp. | Comp. Exp. Comp. | Exp. UVRR | Comp.
in H,0, at UVRRin | Solid Solid Solid |in H,0? Shift Shift* | in D20, at |in D,0%
225/260nm | H,0,at | state, state, state, | (cm™) PED in H,0 225/260 nm | (cm™) |225/260 nm | (cm™) PED in D,0
(cm™) 280nm | FTIR FT- FTIR' (%) (cm™) (cm™) (%)
(ecm? | (cm™?® | Raman® | (cm™)
(cm™)
str N3C4 (12) - be H2bN2H2a (11) - str N3C4 (15) + N1C6 (15) - be
1661/- - 1662 - 1662 | 1631 ||ineHea (21) -41 -14 -11620 1617 | Nacacs (1a)
- str N3C2 (15) - be C6N1C2 (13) +
1622/1620 1612 1616 - 1616 | 1635 |be H6bNGH6a (26) - N3C4C5 (10) -12/-16 -36 | 1610/1604 | 1599 | 5r7cs (16) + CANSCS (15)
1598/1601 - - - 1606 | 1616 | o 2ONENZR (OO - HOONOFOY gppr400 | 425 | 117611079 | 1101 |ffPPONEDRR (59)  DOONGDSe
17
str N3C2 (15) + be H6bN6H6a (15) i
-11574 - - 1582 1582 | 1596 |~ Conaca (10)- CANOCS (12) - - - -
-/1542 - 1530 1530 1530 1519 |- str N7C8 (38) + be H8C8N7 (22) 0 2 -/1542 1521 |- str N7C8 (34) + be HSC8N7 (19)
1510/1510 | 1508 - - - | 1484 |-strNIC6 (33)+ N6C6 (19) 7 8 1517 | 1476 | OC7 (1) NICO (28) ¥ NGCO
str N7C8 (10) - N1C2 (11) + N2C2
1490/1488 - 1477 1484 1477 | 1456 | 53", Noca (13) -1 - 1490/1487 - -
- str N3C4 (14) + N1C2 (13) +
-/1412 - - 1420 1439 | 1408 | \ocq (13) - be HONOCS (1) -8 11 | 1405/1404 | 1397 |- strN3C4 (10) + NOC4 (23)
1401/1402 1402 1395 - 1395 | 1391 |- str N9C8 (13) + be HON9ICS (28) - - - - -
str N1C6 (11) - N1C2 (13) + be - str N1C6 (11) + N1C2 (20) - be
-11374 - - 1374 - 1355 | con7Ca (17) + HBCBNT (13) -43 -13 -/1331 1342 conrce ((113) - H8C8N7 (15) +
- str N7C8 (18) - N3C4 (16) + N7C5 str N7C8 (13) + N1C2 (11) + N9C8
1348/- 1349 1335 - - 1302 | 29 "pe HECENT (19) 18 19 | 1367/1368 | 1321 |y e viscent (18)
- str N7C8(12) + N6C6 (10) - N7C5
- str N7C8 (14) + N9CB (12) - be
1290/1291 1290 - 1306 1290 | 1258 g% + be H6aN6C6 (11) - H8C8N7 -2/-2 -4 1288/1289 | 1254 | e anr 1) + DebNGDSS (13)
str N9C4 (14) + be C5N7C8 (14) - str N7C5 (18) + be H8C8N7 (11) -
1240/1237 1237 1227 - 1227 | 1162 |/ jacan7 (13) 2/5 22 | 1242/1242 | 1184 | L5000 o) + DebNGDGa (17)
1155/1157 1158 1154 1158 1145 | 1159 |str N1C2 (15) + be H2aN2C2 (23) +|  -48/51 -54 | 1107/1106 | 1105 |be C5N7C8 (16)+ DBbN6D6a (20)
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H6aNBC6 (26)

- str N3C2 (10) - N1C2 (13) +

1124 - 1113 | 1116 | 1113 | 1088 |str N9C8 (48) + be HONICS (22) -14 57 1034/- | 1031 [N6CE (10) - N2C2 (15) + be
D2bN2D2a (10) - D6bNGD6a (14)
- - 1145 - - 1080 |13 NSC2 ((110%) + be H2aN2C2 (24) - -212 -/848 868 | be DINGCH(S5) - N9CBN7 (17)
str N1C6 (10) + N1C2 (18) - be str N9C8 (10) + be D2aN2C2 (29)
987/988 981* 984 978 984 | 983 |Genico(ad) . HeaNsCs (36) -26/-25 28 | 961/963 | 955 |3 A0 0 PNacan 1)
945/944 948 967 946 967 | 948 |be N9CBN7 (55) -4 -2 941/- 946 | str NICB (19) + be N9CBNT (45)
str N3C4 (10) + be N3C4C5 (10) -
831/836 831 846 - 846 | 833 |C2N3C4 (10) + NIC2N3 (15) +|  19/9 15 | 850/845 | 848 | g NaCE O be DONGCO (2L
C4N9CS (24)
- - 891 883 883 854 | tors HBC8BN7C5 (84) 0 - 854 | tors HBCBN7CS5 (83)
- tors CBN1C2N3 (13) + N1C2N3C4 - tors C6NIC2N3  (14) +
795/796 - - 817 - 809 |(22) - CBN7C8N9 (14) + out|  4/12 -1 | 790798 | sos  |NCANECA D oR )
NBC5N1C6 (12) - N3NIC5C4 (24) N3NOCECA (22)
- tors C5N7C8N9 (11) + out - tors C5N7C8N9 (11) - out
740/- - 766 768 - 753 | N6C5NICS (10) - N2NIN3C2 (67) -1 -2 739/740 751 Naninac2 (67)
tors C4N9C8N7 (18) + out tors C4N9C8N7 (16) + out
723/- - 733 - - 686 | N6CSNLCS (51) + N3N9C5C4 (13) 17 683 | NecsN1Cs (55) + NaNgCSCa (13)
- tors  HON9C8N7 (20) +
- - 688 - 688 660 |H8C8N7C5 (12) - CANIC8N7 (10) 13 647 E‘if) T%%?q%%f,’\lgl(“gs) CANICBNY
+ C5N7CBNO (41)
- be N3CAC5 (11) + C2N3C4 (15)
-1649 650 658 659 646 | 652 |beN1C2N3(14) -36 -44 608 |’ Nicans 12y
/606 ) 505 ) 505 636 | ST N6C6 (12) + N2C2 (10) + NOC4 38 5gg | st N6CB (10) + N2C2 (13) + be

(10) + be C6N1C2 (25)

C6N1C2 (25)

“computed at B3LYP/6-311+G(2d,p)//PCM level of DFT and not scaled; "All hydrogen atoms in optimized structure of N9H (or N7H) species are replaced by
deuterium (D) to make deuterated forms corresponding to species at pD 7.0 in experiment and harmonic vibrational frequencies are computed on these structure
without further geometry optimization; “PEDs are computed using the VEDA 4.0 program; ¢ Ref [116] UVRR of aqueous solution at 4°C with 281 nm of
excitation, wavenumber marked with * was observed with 257 nm excitation; “Ref [115] FTIR in polycrystalline state and FT-Raman (Aee= 1064 nm); 'Ref
[114] FTIR of DAP in polycrystalline state; abbreviations: str, bond stretching; be, bending; out, out of plane; tors, torsion, sign indicates relative phase of

movement of atoms of an internal coordinates
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Fig. 3.8 Isodensity surfaces (0.04 e/bohr’) of involved Kohn-Sham molecular orbitals in
electronic transitions associated with 260 nm excited RR spectra of (a) Ade, (b) DAP (c) Gua,
(d) 6-CIG and (e) AP. Experimental band maxima (in nm) corresponding to respective
electronic transition are also mentioned.

Table 3.7 Assignment of experimental vibrational bands of GMP on computed® wavenumbers

of 9-meG
Experiment Computed
GMP, UVRR Gua, solid,
in H,0, at Raman at NgH-Gua® NgH-Gua® 9-meG? PED (%)™
225/260 nm 632.8 nm° (cm™) (cm™) (cm™) 0
(cm™) (cm®)
1689/1681 1675 1797 1607 1696 str O6C6 (54) - be C6N1C2 (16)
1607/1602 1602 1667 1641 1642 be H2aN2H2b (75)
1580/1576 1551 1621 1592 1577 ?3;')\'%4 (27) - be CSN7C8 (11) - CANICB
- - 1610 1596 1508 - str N3C2 (37) + be HIN1C2 (27)
str N7C8 (15) - be N3C4C5 (12) +
1539/1537 1559 1550 1563 CANOCS (16)
1485/1486 1479 1517 1500 1499 be HObCmeH9a (24)
1414/1412 1421 1441 1421 1425 str NOC4 (24) - be C5N7C8 (13)
1365/1366 1361 1365 1356 1383 str NOC8 (10) + be C5N7C8 (14)
- 1390 1390 1301 1345 ~str N9C8 (16) - be HIN1C2 (13)
] ] 1337 1337 1241 ?gzs I)\IZCZ (14) - N7C5 (13) - be HIN1C2
1249/1240 ; } ;
~str N7C8 (15) - N3C4 (11) + N7C5 (15) -
1319/1319 1234 1310 1306 1301 be HBCANT (10)
str N9Cme (16) + be H8C8N7 (41) -
1209/1204 1186 1176 1177 1247 NOCENT (14)
1176/1173 1159 1141 1147 1156 (1583 N7C5 (13) + N1C6 (33) - be C6N1C2
- str N9C8 (17) + be N9C8N7 (18) + tors
1121/1111 1048 # 1074 1084 1062 HOACMENCS (17) - HORCmeNOCS (17)
1078/1079 1048 # 1076 1003 1112 2{7')\'302 (11) + N2C2 (1) + be H2bN2C2
str NIC2 (12) - N1C6 (19) + be C5N7C8
1034/1015 1048 # 1047 1043 1074 (11) - C2N3C4 (12)
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- str N9C4(10) + str N1C2(24) - be

-/1020 937 945 %1 1027 C5N7C8(11) - be H2bN2C2(10)
str N3C4 (1) + N9CB8 (1) + be N3C4C5
866/868 848 835 835 856 120 N1G23 (10) o NowBNg (12)
8221- 879 822 851 848 tors HBCBN7C5 (82)
~tors C5N7C8NQ (23) - out OBN1C5C6
794/789 775 765 798 797 30 NaNSCECH 21
7689 693 729 735 - out OBNLC5C6 (16) - N2NIN3C2 (63)
- tors CAN9C8N7 (14) + out O6N1C5C6
693 # 694 707 (35) - N2NIN3C2 (12) - N3NIC5C4 (16)
710 668 687 be OBC6N1 (20) + N2C2N3 (18)
797 str N9Cme (21) - be N1C2N3 (15) +
NICBN7 (18)
o1 o5 626 o1 ?tlrs r)\ucz (14) + N1C6 (12) + be CBNIC2

%this study, computed at B3LYP/6-311+G(2d,p)/PCM level; "PEDs are computed using the VEDA 4.0
program; “Ref [118] Normal microRaman spectra (Aeyc = 632.8 nm) of polycrystalline guanine and
computed on N9H-Gua at B3LYP/6-311++G(d,p)/vacuo level; “this band is not assigned with certainty
in Ref [118]; abbreviations: str, bond stretching; be, bending; out, out of plane; tors, torsion, sign
indicates relative phase of movement of atoms of internal coordinates.

The 260 nm excited UVRR spectra of GMP and 6-CIG are very similar in
intensity pattern, as reported earlier,®® however, the involved MOs in the corresponding
electronic transition are quite different.(Fig. 3.8, panel ¢ and d) While in GMP the RR
intensity is primarily borrowed from a strong L, transition at ~ 248 nm, a mixed
contribution from both L, (~ 310 nm) and By (~242 nm) states is expected in the
enhancement of vibrations of 6-CIG. On the other hand, although the characters of
involved MOs that are associated with excitation at 260 nm and 225 nm wavelengths are
identical for AP and 6-CIG, their RR spectra are entirely different in terms of both band
positions and relative band intensities. Especially unlike in AP, Ade, DAP and GMP three
in-plane ring modes (954, 919 and 832 cm™) below 1000 cm™ become RR active in 225
nm excited spectrum of 6-CIG. Thus, substitution of a Cl for O or NH, not only alters
ground state structures but significantly modifies the intrinsic FC activity in the By
electronic states. An excitation wavelength of 260 nm is located in between L, and L,
transitions in AP, 6-CIG and DAP. Thus, RR intensities in 260 nm excited spectra of these
three bases would be derived from a mixed contribution from both the electronic states.

3.3.5 Vibrational reorganization in substituted purines

3.3.5.1. Substitution effects on pyrimidine localized vibrations

Alteration of internal coordinate contributions to PEDs and shift in vibrational
wavenumbers due to double substitutions at C2 and C6 position of purine is described in
Table 3.11. Effects of changing C6 substituent in four purines; GMP, 6-CIG, DAP, and 6-
ThG, all containing amino moiety at C2 are described in Table 3.12. Owing to positive
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resonance effect, the addition of an extra NH, group at C2 site makes N1-C2 and C2—-N3
bonds weaker in DAP compared to those in Ade. These changes are reflected in
downshifting of 1649 and 1602 cm™ band of Ade to 1625 and 1574 cm™ in DAP
respectively. Unlike in AP, in doubly substituted DAP an RR band at 1625 carries
maximum intensity. These two modes get upshifted to 1585 and 1639 cm™ in 6-CIG
where the 6™ NH, of DAP is substituted by a Cl atom. Such a substitution reduces =«
electron density of the aromatic ring through the negative inductive effect and strengthens
N1-C2, C5-C6 and N3-C4 bonds. As a result, force constants of the normal modes that
are composed of stretching of these bonds increases, and the corresponding Raman bands
upshift.

@) 6-CiG Fig. 3.9 Isodensity surfaces

@} ,!%Q Jéﬁf)o (0.04 e/bohr®) of involved

230 nm Kohn-Sham molecular

szm _,m 2175 m ‘5 2 orbitals in electronic

transitions associated with

(b)
2O-DAP . Ls3 225 nm excited RR spectra of
9@ 2M50m - ~ (@) Ade, (b) DAP (c) Gua, (d)
L+2ie) 2-AP 6-CIG and (e) AP.

© A ‘ ,% vlgj" . Experimental band maxima
ua . H-2 .\ . .
‘fﬁ 2>t (in nm) corresponding to
/' e ey respective electronic
ne W PN i;"ﬁ} = U@’ / transition are also mentioned.
TN @:2
B

The conjugation of the pyrimidine ring breaks in GMP because of oxygen
substitution at C6 in place of a Cl atom (6-CIG) or an NH;, group (DAP and Ade). C6
makes a double bond with exocyclic O6 due to a higher amount of = orbital (2p) overlap.
As a consequence C6—N1, N1-C2, N3-C4 and C5-C6 bonds get weaker. A large
downshift of various pyrimidine localized modes, e.g. 1407 cm™, 1469 cm™ and 1585 cm™
of 6-CIG to 1331 cm™, 1414 cm™ and 1576 cm™ in GMP, also establish the same fact. The
UV-Vis absorption of 6-ThG shows a peak at ~ 340 nm, about 30 nm red-shifted from the
lowest energy band (~ 310 nm) of 6-CIG and about 65 nm red-shifted from the first nz*
transition of GMP (~ 275 cm™). It clearly suggests an increase in m electron conjugation of
the purine ring from GMP to 6-CIG to 6-ThG. The magnitude of C6-S6 bond length (1.68
A) lies in between that of C6=06 (1.23 A) in GMP and C6—C16 (1.75 A) in 6-CIG.
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Table 3.8 Assignment of experimental RR spectrum of 6-CIG using computation® on N9H
tautomer and potential energy distributions (PED)"

Exp. UVRR in H,0,

a
at 225/260 nm Computed PED (%)"
-1 (cm™)
(cm™)
1641/1639 1647 | s NIC6 (18) + N3C4 (16) — be N3C4C5 (14)
1602/1606 1622 | str N2C2 (10) + be H2aN2H2a (76)
1585 1572 | sttN3C4 (12) = N3C2 (19) — be C2N3C4 (11) — CANOCS (13)
1520/1515 1508 | str N7C8 (37) —be HSC8N7 (19)
1476/1480 1472 | str N2C2 (20) + be NIC2N3 (15)
1407 1408 | s NIC6 (23)—N3C4 (12) - N2C2 (12) + N9C4 (17)
1386/- 1414 | - str NIC6 (10) + N9C8 (16) + be NONIC4 (35)
“str N9C4 (10) - N7C5 (16) + be NON9C4 (10) + H2aN2C2 (11)
/1354 1574 | Conaca (15)
“StrN7C8 (15) - N7C5 (14) —be C5N7C8 (11) — HSCSNT (23)
1309 13271 | NocsN7 (12)
Str N7C8 (16) — N1C6 (19) + N3C4 (15) + N1C2 (14) + be
1260 1287 | Hgcan7 (10)
1191/1194 1199 | str N7C5 (21) —be C5N7C8 (10) + HSCSNT (24)
1120 1103 | str N3C2 (25) + be H2aN2C2 (48)
1088/1092 1086 | str N9CS (54) —be NONOC4 (28)
1043 1037 | s NIC2 (25)—be H2aN2C2 (11)— CI6C6NI (1)
954 953 —be C5N7C8 (12) + NOCSNT (47)
STNIC2 (13 )+ N2C2 (10 ) — CI6C6 (23 ) + be C6NIC2 (11) +
917/919 900 C5N7C8 (12 )~ N9CSN7 (12)
631 628 ?;rll)\I3C4 (10) —be C2N3C4 (10) + NIC2N3 (17) + CANOCS
500 507 tors C6NTC2N3 (14) — NIC2N3C4 (21) + CSN7C8NO (12) —out
N2NIN3C2 (10) + N3N9IC5C4 (32)
&7 507 tors C6N1C2N3 (14) - NIC2N3C4 (21) + C5N7C8NS (12) - out
N2NIN3C2 (10) + N3NIC5C4 (32)

“computed at B3LYP/6-311+G(2d,p)//PCM level of DFT and not scaled; "PEDs are computed using
VEDA 4.0 program; abbreviations: str, bond stretching; be, bending; out, out of plane; tors, torsion,
sign indicates relative phase of movement of atoms of internal coordinates.

Table 3.9 Assignment of experimental vibrational bands of 6-ThG in solid state using
computation® on thione-amino (N;H, N;H) tautomer and computed potential energy

distributions (PED)"

Experiment in
polycrystalline Experiment in solid state* Computed®
state®
FT- SERS of | SERS M| \waven
FTIR Raman 6-ThG + b
1 Raman 1 6-ThG umber PED" (%)
(Cm ) (Cm-l) (Cm ) (Cm_l) HAS (Cm_l)
(cm™)
1625 1620 1667 - - 1645 | - str N3C2(11) + be H2aN2H2b(60)
1585 1590 1592 1607 1592 1625 str N3C2(20) - str N7C5(18) + be H2aN2H2h(12)
1539 1537 1543 1551 1551 1590 | str N2C2(10) + be HIN1C2(42) + be N1C2N3(11)
str N3C4(24) + str N7C5(10) - be C4AN9C8(13) - be
1480 1482 1485 1499 1491 1545 C5N7C8(13)
1433 1439 1441 1453 1453 1493 | - str N9C8(18) + be CAN9C8(10) + be HBC8N9(30)
- - 1427 1427 1427 1450 - str N7C8(22) + be H7N7C8(35)
1370 1369 1372 1382 1375 1399 str N7C8(14) + str N2C2(16) - str N1C2(15)
str N3C4(15) - str N9C4(17) - str N7C5(25) + be
1314 1326 1260 1297 1297 1372 C5N7C8(18)
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1285 - - 1271 1271 1389 | - str N9C8(11) + str N9C4(L1) - be HIN1C2(21)
1225 1229 1231 1247 1247 1280 | str N9C8(40) + be HBC8NI(23)
1140 - 1140 1139 1145 1210 | - str N7C5(19) + str N1C6(17) + be H8C8N9(18)
- 1130 - - 1126 1199 | str NIC6(45) - be HIN1C2(14)
1100 1112 - - - 1130 | str N3C2(19) - str N9C4(13) + be H2bN2C2(36)
1078 1080 1034 1030 1030 1121 | str N7C8(40) + be H7N7C8(34) - be H8CBN9(11)
- 980 992/970 990 - 1025 | str NIC2(19) - be H2bN2C2(21) - be C5N7C8(12)
- 945 944 954 948 971 - str N1C2(23) + str S6C6(24) - be N7C8N9(20)
- 923 924 915 915 946 str S6C6(11) - be CAN9ICS(13) + be N7C8N9(41)
812 838 839 839 839 901 tors HBCBNICA(85) - tors CANICBN7(13)
295 76 ] i 836 str N3C4(14) + be CAN9CB(29) - be C2N3CA(13) +

be N1C2N3(17)
tors C2N3C4C5(23) + tors CAN9C8N7(25) - tors

735 ) ) ) ) 798 N1C2N3C4(13) - out N3C5N9IC4(20)
693 719 714 - - 729 out N2NIN3C2(71)
) } ) - tors HIN1C2N2(32) + tors C5SN7C8N9(19) + out
645 649 670 S6N1C5C6(24)
- tors HIN1C2N2(43) - tors HZN7C8N9(11) - tors
B 656 ) ) } 663 C5N7C8N9(23)
be C2N3C4(10) - be N3C4N9(13) + be
600 - - - - 647 N2C2N3(11) + be N1C2N3(16) - tors
H1N1C2N2(12)
565 - 562 554 561 595 tors C5SN7C8N9(13) - out SEN1C5C6(40)

computed at B3LYP/6-311+G(2d,p)//PCM level of DFT and not scaled; "PEDs are computed using the
VEDA 4.0 program; ‘Ref [125] FTIR and FT-Raman (Lec = 1064 nm) of polycrystalline 6-ThG; “Ref
[126] normal Raman of solid 6-ThG and SERS with Au nanoparticles at 632.8 nm excitation;
abbreviations: str, bond stretching; be, bending; out, out of plane; tors, torsion, sign indicates relative
phase of movement of atoms of an internal coordinates.

Exchanging the position of NH, group from C6 to C2 downshifts the pyrimidine
stretching mode of Ade from 1602 cm™ to 1588 cm™ in AP. The introduction of another
NH, at C2 site further downshifts this mode by 14 cm™ in DAP due to an increase in 7
electron conjugation of the pyrimidine ring. A similar amount (10-13 cm™) of isotopic
downshift of this mode in three purines (Ade, AP, and DAP) suggests a comparable
amount of coupling of exocyclic NH, vibration with this mode. Replacing NH, moiety
with oxygen at C6 upshifts this band back to 1602 cm™ in GMP, by decreasing the =«
electron conjugation. Substitution of O6 by a chlorine (6-CIG) or sulfur (6-ThG) atom
also upshifts of this band by 4 and 18 cm™ in 6-CIG and 6-ThG respectively.(Table 3.1)
Another in-plane ring distortion mode of GMP at 868 cm™ undergoes a large downshift
of 73 cm™ in 6-ThG and of 36 cm™ in 6-CIG. This trend is also in agreement with a
gradual increase of m conjugation of pyrimidine ring from GMP to 6-CIG to 6-ThG.
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Table 3.10 TD-DFT® computed vertical electronic excited state energies, oscillator strengths
(fuac) OF the neutral forms of the studied purines; (a) Ade, (b) AP, (c) 6-CIG, (d)DAP, (e) GMP
and (f) 6-ThG, and available experimental data.

a.Ade, NgH
This Work Published
. Major orbital
Singlet Transition type Contribution® AE ven fuac EXP. Amax
states (%) nm (eV) nm (eV)
S1 nr* H-1->L (90) 251.01(4.94) 0.0133 269.7 (4.60)°
S2, L, P HoL (83) 248.11 (5.00) 0.1916 258.5 (4.80)°
H2-L (24) ¢
%
S3 n HooL+1 (63) 236.40 (5.24) 0.0346 230.0 (5.38)
S4 P H—L+2 (34) 230.47 (5.38) 0.0071
H-1—L+1 (85)
%
S5 nm Ho1142 (1) 222.54 (5.57) 0.0012
S6 Tt HoL+3 91) 219.48 (5.65) 0.0043
S7 nr* H3-L (95) 211.69 (5.86) 0.0006
H-2—L (40)
S8, By Tt HoL+1 (12) 200.79 (6.17) 0.1465 210.3 (5.90)°
H—L+4 (39)
H-2-L (15) c
s9 — Ho 1142 (30) 200.10 (6.20) 0.116 1970 (6.30)
H—L+4 (26)
b.AP (NgH)
This Work Published
. Major orbital Exp.® Exp.® f
Ssltr;?éit Transition type | Contribution néE(é"'\"/) Fuac Mmax g mAnE(V;Q/)
(%) nm (eV) (M?ecm™)
S1, L, T T H—L (94) 284.78 0.1314 305.8 (4.05) 5400 295 (4.2)
S2 no o H-1-L (98) 279.49 0.0021 277.7 (4.47) ~ 140
T n* H-2—-L (35)
sS4 Ho 142 (60) 230.91 0.0498 241.7 (5.1) 4200 248 (5.0)
H2—L (38)
S8, By T m* HoL+2(25) | 21076 | 0.2519 220.3 (5.6) 14900
HoL+4 (21)
T m* HoL+4 (47)
S11 HoL+5 (30) 200.54 0.1691 206.28 (6.0) 10900
€.6-CIG (NgH)
. . . Exp.
Singlet -, Major orbital AE yert
states Transition type Contribution® (%) nm (eV) fuec Mmax
nm (eV)
SL, L, ot HoL(94) 284.2 (4.36) 0.1437 310.4 (3.99)
S2 non* H-1-L(98) 264.8 (4.68) 0.0015
S3 n—Ryd* HoL+1(96) 235.8 (5.26) 0.0026
HoL+2(61),
S4, Ly ok H-2L(34) 232.7 (5.33) 0.0663 241.7 (5.13)
H-2—L(+34)
S8, By Tt HoL+5(24) 209.3 (5.92) 0.2583 2175 (5.7)
HoL+2(+19)
HoL+5(+36)
*
s11 " Hd L (30) 201.8 (6.14) 0.1292 202.2 (6.13)
d. DAP (NgH)
This Work Published
Singlet Transition Major orb_|ta!) AEert EXp. Amax® AE e
Contribution fuac
states type (%) nm (eV) nm (eV) nm (eV)
S1, L, n— ¥ H—L (90%) 266.0 (4.66) 0.1658 280.0 (4.43) 269.6 (4.6)
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S2, Ly n— ¥ H—L+1 (98%) 254.7 (4.87) 0.0014 253 (4.9)
S3 Tt H—L+3 (80%) 240.9 (5.15) 0.0265 245 (5.06) 253 (4.9)
H-2-L (26%),
s4 n—s m* Ho1 oL (62%) 239.4 (5.18) 0.0044
n— ¥ H-2-L (19%),
S5, By T ¥ HoL+2 (13%), 238.3 (5.20) 0.0744 215 (5.77)
n— * H—L+3 (60%)
S6 T H—L+4 (86%) 232.30 (5.34) 0.0146
s7 T 1t HoL+5 (83%) 210.78 (5.88) 0.0099
e. GMP
This Work, NgH-Gua Published
-, Major orbital i
Singlet states Transition Contribution” ABver fuac EXp. Amax
type (%) nm (eV) nm (eV)
s1 T — t HoL (38) 264.2 (4.69) 0.0306
S2, L, T — 1t H—L+1 (30) 254 (4.88) 0.1136 276 (4.47)
n— w* H—L+2 (48)
S3, Lp s Ryd HOL43 (40) 239.3 (5.18) 0.1276 82 5.00)
n— Ryd H—L43 (59) 238.3 (5.24) 0.1124 o
S4 n— ¥ H—-L+2 (36) T )
H-3—L (33)
S18, B, T H-3—L+1 (23) 184.6 (6.71) 0.0205 217.7 (5.7)
H-3—L+2 (23)
H-3—L (39)
sk
S19 P Ho3 142 (36) 183.1 (6.72) 0.1411 200.1 (6.2)
f. 6-ThG (N;H, N;H)
This Work Published
. Major orbital i
Singlet states, Transition type Contribution® AE vert fuac EXP. Amax
nomenclature (%) nm (eV) nm (eV)
S1 n— ot H-1>L (99) 385.61 (3.22) 0.0000
S2, L, T — * H—L (94) 324.97 (3.81) 0.2595 340 (3.65)
S3 T ¥ HoL+1 (94) 270.52 (4.58) 0.0123
S4, Ly T ot HoL+2 (83) 260.08 (4.76) 0.0387 256 (4.84)
n— n* H-1—L+2 (60)
S7 0 Ho1-L+1 (15) 251.61 (4.92) 0.0252
S8 P H 2—L (59) 248.17 (4.99) 0.0278
#59 — Ryd* H 25L +3 (97) 24356 (5.09) 0.0159
T — 1t H-4—L (40)
S11, B, g HooL4 (28) 224.47 (5.52) 0.1179 -
mo HoL+4 (49) 215.94 (5.74 0.0897 '
S13, By n— ¥ H-4-L (25) 94 (5.74) )
#523 T — 1t HoL+9 (88) 183.1 (6.72) 0.1411
T — H-2—L+2 (38)
S25 T HoL+8 (34) 192.15 (6.45) 0.3062 204 (6.08)

dcomputed at TD-B3LYP/6-311+G(2d,p)//vacuo level on geometry optimized at same level of ground
state DFT; Ppercentages are calculated as 100 x twice the squares of the coefficients in the CI expansion
of TD-DFT wave functions; ‘average experimental Ama from Ref [134] and references there in; “Ref
[128]; °Ref [110]; " Ref [43]; %average experimental Ams from Ref [129], [130], [131], [132]; "From Ref
[43], results are from CASSCF calculation followed by MRPT correction; 'average experimental Amay
from Ref [134] and references there in; Javerage experimental transition energies from Ref [135],
[126];Abbreviations: &, molar extinction coefficient. "States with contributing orbitals that are not

localized on the molecule.
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3.3.5.2. Substitutions reorganize normal mode compositions

Exocyclic substitution not only shifts position of vibrational frequencies by modulating
ground state structure but also reorganizes the PEDs associated with those vibrations. The
RR band of AP at 1247 cm™ that originates from bending of C5N7C8 and H8C8N7
coordinates is downshifted to 1146 cm™ in Ade. This large shift is a consequence of a
substantial amount of coupling of C2N3C4 and N9C8N7 bending and C6-N6 stretching,
and also decoupling of stretching of N7-C5 coordinate. Switching amino group from C6
to C2 also considerably decreases the coupling of exocyclic —NH, vibration with this
mode; evident from lesser isotopic shift (- 8 cm™) in AP compared to large (+ 36 cm™)
shift in Ade. The introduction of a Cl or O atom in place of NH, at C6 position entirely
alters PED of this mode and a direct correspondence is not found in 6-CIG and GMP
respectively.

A change of substituents on the pyrimidine does not significantly distort structural
parameters of the imidazole ring. (See Table 3.1) On the other hand, vibrational modes
localized primarily on pyrimidine coordinates behave differently. The in-plane imidazole
breathing mode which occurs at ~ 945 cm™ in Ade, AP and DAP does not change its
position by addition or switching of NH, moiety on pyrimidine ring. (Fig. 3.10) But,
substitution of -NH, by a Cl atom at C6 causes a ~30 cm™ downshift of this mode in 6-
CIG. (See Table 3.12) This downshift does not result from changes in the geometry of the
purine but due to the coupling of C-CI6 stretching coordinate with imidazole breathing
vibration. The heavy Cl atom increases reduced mass of this normal mode and hence
decrease its frequency. Similar coupling with the exocyclic stretching coordinate is
observed in 6-CIG at 919 cm™, in 6-ThG at 923 cm™ and 954 cm™(Table 3.12), and in
other halogenated pyrimidines also.”® It is known that the exocyclic carbonyl (C6=0)
stretching coordinate does not couple with any ring breathing vibrations of GMP. Thus,
this imidazole localized mode experiences an upshift in GMP compared to the
corresponding modes observed in both 6-CIG and 6-ThG. (Table 3.12) Activation of such
exocyclic stretching has unprecedented implications in initial excited state structural
dynamics of these purines (GMP and 6-CIG) discussed in chapter 3 and 4.

Table 3.11. Experimental band positions (cm™), computed® wavenumbers and vibrational
mode descriptions for important ring modes of Ade, AP, DAP and 6-CIG.

Modes description Ade DAP AP 6-CIG

Comp.? Exp. Comp.? Exp. Comp.? Exp. Comp.? Exp.
em® | em® | @em® | em® | @em® | em® | em?) | mh
Pyrimidine ring def. 1636 1649 1635 1620 1650 1637 1647 1639

2" NH, sci. - - 1616 1601 1621 - 1622 1606
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Pyrimidine def. 1617 1601 1596 1574 1597 1588 1572 1585
C8H8 be. + N7C8 str. 1509 - 1519 1542 1528 1514 1528 1515
N7C8H be. + NOCBsStr. | 1965 | 1396 | 1301 | 1402 | 1369 | 1365 | 1374 | 1354
+ ring def.

C5N7C8 + HBC8N7 be. | 1142 1146 1162 - 1198 1249

C8NO str. + CANOH9 be. | 1095 1083 1087 - 1080 - 1086 1092
th

67 NH2 rock. 1013 | 1022 983 988

Imidazole ring def. 947 943 948 944 945 946 900 919
(C6-CI6 str. in 6-CIG)

C8H out of plane be. 877 840 854 - 880 - 882

Cvﬁgg”'d'”e tors. + C8H 820 785 809 796 805 797 807 787

®computed at B3LYP/6-311+G(2d,p)//PCM level of DFT on respective neutral tautomer (See text), not
scaled; abbreviations: comp: computed; exp: experimental; Pu: purine ring; Pyr: pyrimidine ring; Imd:
imidazole ring; Def: in-plane deformation; Breath: in-plane ring breathing mode; str: bond stretching;
be: in-plane bending; Rock: in-plane rocking motion; Wag: out-of-plane wagging; Tors: out-of-plane
torsional distortion. For detailed normal mode description see Table 3.3, 3.5, 3.7 and 3.9.

Ade AP DAP 9-meG* 6-CIG 6-ThG
/ /oy
/-Y\ A /\f‘\ o H Y rg .
O AR O B
1601 (1617) 1588 (1597) 1574 (1596) 1576 (1577) 1585 (1572) 1590 (1635)
L o Al W A e
= | r ?I 2 -
(b) . = ‘f‘Y"?\ W?‘” )Y‘Y X »’W*év ~m“
- [ <& W // v \-« e L8 a
943 (947) 946 (945) 944 (948) 1020 (1027) 919 (900) 923 (946)

Fig. 3.10. Experimental (computed ) vibrational frequencies and normal mode description of
(a) in-plane pyrimidine stretching and (b) in-plane imidazole breathing of Ade, AP, DAP , 9-
meG, 6-CIG and 6-ThG. Vibrational frequencies (not scaled) and normal modes are computed
at B3LYP/6-311+G(2d,p)//PCM level. * Experimental wavenumbers correspond to those of
GMP at neutral pH.

Positions of certain vibrational modes are not sensitive to the substituent present at
C6 but undergo substantial rearrangement in their PEDs. One such example is the unique
RR signature of GMP at 1486 cm™, that arises from stretching of the pyrimidine ring and
N7-C8 bond, and also a contribution from N1-H bending. (Fig. 3.10) Upon substitution
of oxygen by Cl or S, this band experiences a minimal (6 cm™ and 4 cm™ respectively)
downshift in 6-CIG and 6-ThG. (Table 3.12) In 6-ThG, this band does not undergo major
shift but the presence of hydrogen at N7 reorganizes the normal mode: N7-C8 stretching
decouples and the contribution from N3-C4 and C5-N7 stretching increases compared to
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those in GMP. However, according to the computed PEDs, in 6-CIG a considerable
amount of NH, scissoring is coupled with this ring deformation mode. Coupling of
exocyclic amino vibration with this pyrimidine stretching mode has been evident from a
18 cm™ downshift of this band in inosine monophosphate (IMP) from that in GMP.®!

In comparison, alkyl substitution at N7 or N9 does not break conjugation of the
imidazole ring. Vibrational properties of such purines; 7-methylguanine (7-meG), 9-
ethylguanine (9-EtG) and 7-alyl-8-oxoguanine have been studied in comparison with
those of Gua by several groups.**"*5-1%4 Methyl substitution at N7 rearranges the bond
orders of N7-C8 and C8-N9 in 7-meG compared to those in N9H-Gua or 9-meG. Such an
alteration does not affect the structure of the pyrimidine ring and various exocyclic bonds
involving the C2 and C6 atoms — a fact also evidenced from a similar position of
vibrational frequencies in Gua and 7-meG.*" A similar band position of the C=0
stretching mode also reflects the unperturbed strength of the carbonyl bond in both N9 and
N7 substituted Gua. However, the heavy —CH3; moiety at N7 causes large downshift of
imidazole breathing vibration; from 937 cm™ in Gua to 844 cm™ in 7-meG by increasing
reduced mass of this normal mode.

Table 3.12. Experimental band positions (cm™), computed® wavenumbers and vibrational
mode descriptions for important ring modes of GMP, 6-CIG and 6-ThG.

Modes description 9-meG 6-CIG 6-ThG
Comp2® | EXP: Comp.? Exp. Comp? | Exp.S
(cm™) GMlP (cm™) (cm™) (cm™) (cm™)
(cm™)
NH, sci. + C2N3 str. (Triene str.) 1642 1602 1622 1606 1645 1620
Pyrimidine def. 1577 1576 1572 1585 1625 | 1590
N H be.+ N7C8 str. 1563 1537 1528 1515 1590 | 1537
Pyrimidine str. *+ NIH be. = N7C8 | 1499 1486 1472 1480 1545 | 1482
C5C6 str. + NOH + C8H be. 1383 1366 1414 1381 - -
C8NO str. + NOH + Ny H be. 1301 1319 1327 1309 1372 | 1326
iy NTIbe TECOSE 547 1204 1198 1194 | 1280 | 1229
i’t}r/.rimidine breath. + C-CI6, C-S6 ] ] 953 954 o71 045
Icr’ll(i;‘)af‘)éisl’gj?;hé}hgflé st (6= 1007 1020 900 919 946 923
In-phase pyrimidine + imidazole 856 868 829 831 836 795

breath.

%computed at B3LYP/6-311+G(2d,p)//PCM level of DFT on respective neutral tautomer (see text), not
scaled; °computation is performed on 9-meG; © Ref [125] FT-Raman of solid 6-ThG; abbreviations:
comp: computed; exp: experimental; Pu: purine ring; Pyr: pyrimidine ring; Imd: imidazole ring; Def:
in-plane deformation; Breath: in-plane ring breathing mode; str: bond stretching; be: in-plane bending;
Rock: in-plane rocking motion; Wag: out-of-plane wagging; Tors: out-of-plane torsional distortion. For
detailed mode description see Table 3.7-3.9.
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3.3.5.3. Performance of DFT in predicting electronic and vibrational properties

TD-B3LYP computed excitation energies in the gas phase are within 0.2 eV of the
corresponding experimental Amax Value. Such deviations are expected as UV-Vis
absorption spectra are computed in vacuo and compared against solution state
experimental Amax. In the current study, for the purpose of comparison with published ab
initio results, all excitation energies are computed in vacuo. Use of implicit, e.g. a
continuum solvation (PCM) and explicit solvation (hydrated with hydrogen bonded water
molecules)1%°12034] jimproves prediction of (i) transition energies for both n* and nm*
states, and (ii) orbital description of these predicted transitions in nucleobases. Such more
sophisticated and resource expensive calculations are performed for GMP, Ade and 6-CIG
in preceding chapters. (See chapter 4, 5, 6) B3LYP hybrid functional is found to perform
adequately in predicting vibrational properties of nucleobase systems, as previously
documented by several authors,P5°710L117.1815571571 The inclusion of extra diffuse and
polarization functions improves predictions of vibrational wavenumbers and also reduces
n—Ryd* type contamination in configuration description of higher lying excited states
below 220 nm. Although position of predicted wavenumber of a vibrational band can
deviate from the experimental band position by as large as ~15 cm™, the computed
isotopic shifts are found in good agreement with corresponding experimental shifts.
Furthermore, it is also found that the aforementioned functional predicts isotopic shifts
that are of correct magnitude and direction in comparison with experimental shifts
irrespective of the size of the used Gaussian basis set. (See Table 3.4)

3.4 Conclusion

Nontrivial effects of exocyclic substitution on vibrational, geometric and electronic
structures of six substituted purines are extracted by analyzing experimental resonance
Raman spectra at two different excitation wavelengths, and DFT computed vibrational
normal modes and excitation energies. By comparing experimental and DFT predicted
isotopic shifts, AP is established to be predominantly present as N9H tautomer at pH
7. Gradual increase in the conjugation of the pyrimidine through substitution of OG6 in
GMP by NH; (in DAP), CI (in 6-CIG) and S (in 6-ThG) moieties is explained by the
systematic downshift of ring stretching vibrations. The wavenumber associated with
symmetric imidazole breathing is found to be insensitive to the position of the -NH
moiety at C2 or C6 on pyrimidine ring. However, this mode gets considerably
affected with chlorine, sulfur or oxygen substitutions at C6. While Cl and S
substituents at C6 cause down shift, oxygen atom at C6 position results in complete
reorganization. Unlike in all bases, the presence of N7-H in 6-thG decouples
contribution of N7—C8 stretching coordinate from all in-plane ring vibrations. Independent
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of the choice of basis set, DFT is shown to be extremely useful in predicting correct (in
direction and magnitude) isotopic shifts rather than the absolute position of the bands
themselves.

Though ground state normal modes of a molecule do not have a direct
correspondence to those in its electronic excited state, they preserve their character within
tens of fs after photoexcitation. Any reshuffling of these modes in the ground state would
naturally hinder intramolecular energy flow through FC active vibrations and interaction
of these modes with surrounding solvent bath. A heavy substitution, such as Cl atom in
place of O leads to strong coupling of imidazole localized vibrations (such as, 919 and
954 cm™) with the C6-Cl6 stretching vibration in 6-CIG. The significant intensity of
these RR bands of 6-CIG at 225 nm excitation suggests a significantly different initial
structural dynamics in 6-CIG than that in GMP. In the context of the continuous
search for molecular probes with better spectral properties, unique RR signatures of the
non-natural nucleobases; viz., AP, DAP, 6-CIG studied here have the potential be used as
site-specific vibrational reporters of DNA structure and dynamics in different
environments.
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Chapter 4

4.1 Introduction

Ultraviolet (UV) light is a ubiquitous stressor to physical, chemical and biological
systems in all organisms. Although subjected to continuous cycles of photodamage
and repair, deoxyribonucleic acid (DNA), our genetic information carrier, has
remained structurally unaltered during a long evolutionary period. This structural
robustness of DNA is ascribed to photoresistive properties of constituting nucleobases
to UV radiation among other reasons. All five natural nucleic acid bases: guanine
(Gua), adenine (Ade), cytosine (Cyt), thymine (Thy) in DNA, and Uracil (Ura) in
RNA have substantial absorption cross-sections at UV wavelengths. These bases are
shown to exhibit ultrafast relaxation from the first excited nn* state (S;) to the ground
electronic state within sub-picoseconds (ps) following photo-excitation. The
underlying photophysics has been extensively studied using a variety of
experimental ™% and theoretical methods.!***"! These studies reveal that each natural
base has a unique molecular mechanism to get rid of excess photon energy via internal
conversion (IC) and vibrational relaxation. Short-lived excited states minimize the
possibility of undergoing photochemical reactions leading to photoproduct formation.
The absence of substituted bases with long excited state lifetimes in natural RNA and
DNA suggests possible existence of UV induced photodamage as a selection
pressure Y during the prebiotic era.

UV radiation is broadly classified as UV-C (100-260 nm) and UV-B (260-350
nm) and response of nucleobases in the presence of both types of radiation is relevant
to overall stability. Several studies have dealt with the effect of photoexcitation to the
lowest energy, strong nn* electronic state at ~260 nm in purines and pyrimidies. Many
ultrafast spectroscopic and theoretical studies of excited purines have indicated that
pyramidalization initiated via torsional motions around double bonds of purine or
pyrimidine rings are necessary for accessing a non-radiative path for the return to
ground electronic state (So).1**#**! Resonance Raman (RR) intensity derived nuclear
dynamics show that initial structural distortions in several bases may lie along
photochemical reaction coordinates of various photoproducts.[’**4

While these studies are valuable and indicate the damage UV-B may inflict,
nucleobases do absorb significantly more efficiently at the red edge of UV-C region
(100-260 nm) than UV-B. Since the flux of solar radiation in UV-C region was several
folds higher during the early stages of evolution, than that present today,
understanding the response of nucleobases to UV-C is important.’®?”) Effective
dissipation of energy deposited on nucleobases following absorption of UV-C photons
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would be necessary for the survival of genetic information. Our understanding of the
photophysics of nucleobases in response to UV-C excitation is very poor. To our
knowledge, there is no report as yet of the dynamics that a natural or analog
nucleobase system undergoes upon photoexcitation in UV-C. As a part of a series of
studies on purine analogues, we report here the initial excited state dynamics of 2-
amino-6-chloropurine (Fig. 4.1), also known as 6-chloroguanine (6-CIG) within the By
absorption band. In 6-CIG, the oxygen atom of Gua is replaced by a heavy and more
electronegative chlorine atom. 6-CIG is used as a purine model with the specific aim
of deducing the role of the carbonyl moiety in its natural counterpart Gua.

Fig. 4.1 Structure of neutral aqueous 6-CIG obtained by energy minimization at B3LYP/6-
311+G(2d,p)//PCM level of theory. Aqueous 6-CIG was modeled as 6-CIG*6H,0 complex as
shown. All H-bond distances (in A) between water molecules and the base along are labeled.
Conventional numbering of ring atoms is indicated. Directions of computed transition dipole
moments for L, and By, states are shown with bold arrows. Indicated magnitude of the
transition dipole moment vectors is magnified by a factor of two (for By) and three (for L)
over the calculated value for improved visualization.

Excess vibrational energy of an electronically excited molecule is dissipated
via specific vibrational modes internally and through interaction with solvent degrees
of freedom. Ultrafast deactivation of natural bases in a radiationless manner contrasts
with fluorescent behavior of analogous molecules which do not return to Sy as fast as
the former. In nucleobases that have sub-ps S; lifetime, initially populated excited
state depopulates to S via crossings of potential energy surfaces of close-lying
electronic states, also known as conical intersection (Cl). These bases can only reach a
Cl via out-of-plane distortion of Sy state geometry from the Frank-Condon (FC) region
of the excited electronic state. Instantaneous distortions of a nucleobase on the excited
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potential energy surface (PES) are important physical quantities that determine
photophysics at a later time point after photoexcitation.

RR spectroscopy is the only experimental technique that can determine
vibrational mode-specific instantaneous structural distortions of a molecule following
photoexcitation to an electronic state.’** When Raman excitation is in resonance
with a particular excited state, observed intensity of the RR band is proportional to the
square of the distortion along each FC active vibrational normal mode. Conversely, if
Raman intensities are measured, the distortion of the molecular structure in the excited
state with respect to that in the ground state can be determined. Thus, while the
wavenumbers of RR bands of a molecule report structure of the Sy state, their
intensities encode information about the resonant electronic state. Structural distortion
in the excited state measured along normal coordinates is expressed as dimensionless
displacements (A). These As are proportional to the slopes of the excited electronic
PES along that coordinate.?** Displacements taking place within tens of
femtosecond (fs) after photoexcitation can be extracted from analysis of excitation
wavelength dependence of intensities of RR active vibrational modes, i.e. Raman
excitation profiles (REP).

We have employed Lee and Heller’s time dependent wave packet (TDWP)
formalism®*34 to simulate experimental REPs and the absorption spectrum of 6-CIG
in a self-consistent manner. We determined change in internal coordinates of Sy state
of 6-CIG upon photoexcitation to By, electronic state. We find that the partitioning of
internal reorganization energies among different vibrational modes is influenced by
change in the charge distribution upon photoexcitation. We used a Brownian oscillator
model® to account for homogeneous effects and a simple Gaussian broadening
function to account for static, inhomogeneous broadening. Simultaneous modeling of
Raman excitation profiles of multiple modes and the absorption spectrum allows us to
partition the total line-width broadening contributions into two components: dynamic
homogeneous, and static inhomogeneous components, contributing to both, absorption
and Raman line-shapes.

4.2 Material and Methods

4.2.1 Sample Preparation and UVRR experiment

6-CI1G (2—amino-6-chloropurine, 99%) was purchased from Sigma Aldrich (St. Louis,
MO) and used without further purification. For UVRR measurement 6-CIG was of 1
mM in concentration in miliQ water, pH 6.8. Sodium perchlorate of 0.5 M
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concentration (in milliQ water) was used as an internal standard (IS) for measured
intensity of sample bands. Samples were spun in a quartz tube along its axis for
reducing photodamage.

4.2.2 Raman spectral processing

The UVRR spectra of 6-CIG were obtained across a range of excitation wavelengths
within 210-230 nm, following method described in Chapter 2. For every recording,
integrity of sample was cross-checked by comparing the first spectrum and the last
spectrum with a total accumulation of 10 min. After subtraction of buffer spectra, the
Raman bands of 6-CIG were fitted using Lorentzian line-shape in Origin 7.0, and the
areas under the fitted bands were taken as Raman intensity of the bands. The position
and width of each RR band was kept fixed for the spectra obtained at all the excitation
wavelengths.

4.2.3 Raman depolarization ratio

(b)

| ! | ! | ! | ! |
800 1000 1200 1400 1600
Raman Shift (cm™)

Fig. 4.2 (a) Parallel polarized and (b) depolarized spectra of 6-CIG with 220 nm laser
excitation.

Raman depolarization ratios of RR bands of 6-CIG were measured by using a rotatable
UV coated Glan-laser alpha-BBO polarization analyzer (Thorlabs Inc., Newton, NJ,
USA), placed between collection optics and spectrometer slit, as described in chapter
2. (See Fig. 2.6 for optical setup) Fig. 4.2 shows 220 nm excited spectrum of 6-CIG in
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parallel and perpendicular direction with respect to polarization of incident laser beam.
The depolarization ratios of all intense bands of 6-CIG are described in Table 4.1 and
are close to 0.33 except for the bands at 1641 cm™. For the low intense bands it was
difficult to reliably measure intensity for the depolarized spectrum because of their
inherent low intensity. Thus, a depolarization value of 0.33 is assumed for the low
intensity modes.

4.2.4 UVRR cross-section and correction for spectrometer response

The absolute UVRR cross-sections of each band of 6-CIG was determined using the
eqn. 2.21a and 2.21b as described in chapter 2.1%°3® Response function of the detection
system, S(A) = D(L)/T(L) was measured using a calibrated D,O lamp (Ocean Optics
Inc., Dunedin, FL) and was used to correct sample band intensity for spectral
sensitivity of spectrometer as described in Chapter 2 and previous publication from
our lab.B”! Self-absorption of resonance Raman scattered photons lying within the
absorption band of the molecule, is also corrected by the factor K(n, As)®® described
in Chapter 2.

Table 4.1. Depolarization ratio for Raman bands of 6-CIG obtained at excitation wavelength
of 220 nm.

RR Band Depolarization ratio
cm’)
6-CIG, 1, .=220 nm

831 0.37 £0.04

919 0.38 £ 0.02

954 0.35+0.05
1120 0.40 £ 0.04
1260 0.38 +0.01
1309 0.33+£0.04
1407 0.37 £0.04
1476 0.35+0.04
1641 0.46 £0.16

4.2.5 Extinction coefficient and absorption cross-section

Extinction coefficient, & (1 mol™ cm™) of 6-CIG was determined as slope of the linear
fit of concentration against measured absorbance at eight different concentrations
within 1 to 20 uM. Extinction coefficient is converted in to absorption cross-section,
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oa (A%molecule) using the relation, ca= 2.303 x 10* ¢ /N, Na being Avogadro’s
number. "]

Absorption spectrum of 6-CIG within 190-260 nm (Fig. 4.3, panel b) region
was fitted with the minimum required (four) Gaussian functions for initial fitting with
no external constraints. This yielded a transition dipole length of By, state of 1.4 A (6th
singlet state in Fig. 4.3, panel b). Since the absorption spectrum is smooth and
structureless, fit to the experimental absorption spectrum does not provide unique
positions and intensities to the underlying electronic bands. Several iterations of
simultaneous fitting to REPs of all modes and the absorption spectrum were made to
obtain a self-consistent position and width of the By band. This yielded a final
transition dipole moment of 1.1 A.

213.2 nm
204.6 nm

Absorption Cross-

<+
%‘ 2 5] Computed ——s3, = (b)
€ X, —— S6, nn*
S 3 — 89, nn*
2= 34 —S$11, nn*
<o 2]
i
2%
™ . — L, 2417
2 34 Experimental b nm
3 ——B,,219.1nm
QD
°
=
~
<
=
2
e
(%]
(1]
]

39 42 45 48 51 54
Wavenumber (cm™) x 10°

Fig. 4.3 (a) Computed molecular orbitals of 6-CIG involved in the electronic transition
observed in experiments at 217.5 nm; (b) bottom: deconvolved experimental spectrum with
component spectra, standard spectroscopic labels of the bands and Ama; top: computed
absorption spectrum, excitations and nature of the excited states of 6-CIG. Electronic
absorption spectrum was computed using TD-B3LYP/6-311+G(2d,p)//PCM method on 6-
CIG+6H,0 complex. Computed band positions are depicted with a Gaussian line shape of
fixed line width (2500 cm™). H and L stand for HOMO and LUMO orbitals respectively.

4.2.6 Simulation of absorption and RR cross-section

Experimental RR excitation profiles and absorption cross-section were simulated
using time dependent wave packet propagation formalism of Lee and Heller*:3334
through the egns.2.21a and 2.21b, and employing Brownian oscillator spectral density
model®*3% for accounting homogeneous broadening mechanisms, described in
Chapter 2.
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4.2.7 Deconvolution of the absorption spectrum

The experimental transition dipole length of the By transition obtained from an
unconstrained fit (with three Gaussians) to the experimental absorption spectrum is 1.4
A. However, we found that the simultaneous fit to all REPs and the absorption cross-
section could not be obtained with this transition dipole strength value. The best fit for
all the RR active modes along with absorption spectra was obtained iteratively with a
reduced transition dipole length of 1.11 A. As no prior knowledge regarding exact
location and intensity of B, and nearby electronic states is available from experiments,
such as, linear and circular dichroism spectroscopy, the experimental absorption
spectrum was deconvolved with this constraint. The position of By state was fixed at
45641 cm™ (219.1 nm) which was the peak of the simulated absorption spectra after
simultaneous fit of all REPs. Next, intensity (area under Gaussian curve) of the By
state was relaxed and those of next high lying component was manually iterated to so
that the resulting area under deconvoluted By, band yields a transition dipole length
close to 1.11 A. In this procedure TD-DFT computed results help in determining
minimum number of required Gaussians to deconvolve the broad absorption spectra.
(See Table 4.3)

4.2.8 Fitting of Raman excitation profiles and absorption cross-section

The initial guesses for the displacements along different normal coordinate were
obtained from average intensities of the all RR bands relative to that of the band at 954
cm™ in the spectrum with 216, 220 and 224 nm excitations. The transition dipole
moment strength of 1.11 A was derived from deconvolution of experimental
absorption spectra as described in preceding section. Zero-zero transition energy was
estimated so that the red edge of simulated absorption spectra agrees with
experimental one. The solvent relaxation time less than 50 fs as obtained by Jimenez
et al. from fs fluorescence up-conversion measurement on coumarin in water,“”! by
Milan-Garcés et al. from RR intensity analysis on tryptophan in water™! and MD
simulations.’**** Values of the parameters were then iteratively optimized by using a
self-consistent procedure to fit the REP and absorption spectrum simultaneously. The
quality of the fit was determined by visual inspection and later by varying each
parameter by 10 % of its best fit value. The simulation is performed with MATLAB
(The MathWorks, Natick, MA)
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4.2.9 Quantum chemical computation

6-CIG is modeled as N9H neutral tautomer which is most prevalent form in solution
state!*?, The solvent environment around the base was mimicked by explicit water
molecules whereas polarizable continuum model was employed to take into account
the bulk dielectric environment. Six water molecules were strategically placed to make
hydrogen bond contacts with the base (Fig. 4.1) as was done for nucleobases 7]
previously.

Ground state structure optimization and vibrational frequency calculations
were performed using B3LYP hybrid functional®®* and 6-311+G(2d,p) gaussian
basis set. For correct description of excited states basis set was augmented with diffuse
and polarization functions. Excited state energies were computed as vertical excitation
on the Sp geometry using linear response formalism of time-dependent DFT (TD-
DFT)®%U ysing same basis set. Geometry optimization was performed without any
symmetry constraints. Ground state equilibrium structure and excitation energies were
calculated using equilibrium and non-equilibrium version of polarizable continuum
model (PCM)P2*%! respectively. The matrix A; of eqn. 2.28 is obtained from normal
mode computation of Sy equilibrium structure. Signs of As are obtained from signs of
excited state gradients along normal coordinates that were computed from analytic
cartesian gradients.®! All computations were done with Gaussian 09 software suite.®
Vibrational normal modes and molecular orbitals are visualized using Chemcraft
1.6%% and computed oscillator strengths are converted to extinction coefficient and
stick spectra are deconvoluted with gaussian functions of fixed full width of 3500 cm’
! Vibrational potential energy distribution (PED) analysis is carried out with VEDA
4.00 package.”" Signs of these gradients are computed through egn. 2.31 as described
in chapter 2.

4.2.10 Internal reorganization energy

The total internal reorganization energy of the photo excited 6-CIG molecule is
determined by the expressions 2.23 and 2.24. A;’s are be converted to changes in
internal coordinate corresponding to ™ normal mode (8;) using the formula 2.28.5°®!

4.3 Results and Discussions

4.3.1 Electronic structure of 6-CIG

The most intense transition of GMP, By, is centered at 199 nm.’¥ In 6-CIG, not only
does this transition red-shift by 20 nm, but also becomes much narrower. The By, state
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of 6-CIG is located at 219.1 nm with a transition dipole length of 1.1 A. Clearly, -
chloro substitution affects the high lying electronic transition of 6-CIG. Dipole
strength of this transition becomes considerably higher in 6-CIG as evidenced by
respective experimental oscillator strengths (Table 4.2). Wavelengths corresponding to
the electronic transitions observed in experimental UV-visible absorption spectra are
listed in Table 4.3.

Table 4.2. Absorption cross-section of By, electronic state of 6-CIG and GMP.

b

6-CIG* Guo
AEgy AEgy
State (nm) fexp (nm) fexp
By 219.1 0.62 200 0.4

%this study; "Ref 59, guanosine in aqueous solution at pH 6.0, experimental oscillator strength (fexp) IS
evaluated with the formula, f,,, = 1.13 X 10?7 [ (¥ )dV , where n is refractive index of the
medium and [ o(¥ )d¥ is integrated absorption cross-section in cm? molecule™.

To determine the nature of the molecular orbitals involved in these transitions,
we computed excitation spectra using the TD-DFT formalism. Solvated 6-CIG was
modeled as a complex with six water molecules,6-CIG*6H,0 (Fig 5.1). Excitation
energies for electronic transitions of 6-CIG and corresponding orbital contribution
were computed at TD-B3LYP/6-311+G(2d,p)//PCM level of theory and compared
against experimental values (Table 4.3). Substitution at the 6" position on the purine
ring with chlorine atom that is less electronegative and larger in size compared to
oxygen increases 7 electron conjugation of purine ring. It causes a 34 nm redshift of
the first bright singlet state in 6-CIG with respect to that of GMP. Similar effect is
observed upon sulphur (6-thioguanine) or selenium (6-selenoguanine) substitution at
this position with 55 and 85 nm redshifts relative to guanine respectively.®! Position
of the first singlet state in 6-CIG does not change with respect to that in 2-aminopurine
(AP), an analogue that lacks the Cl substitution at 6™ position. This fact suggests
minimal contribution of valance n cloud of CI towards conjugation in the purine ring.

Contributing orbitals for By, transition along with experimental and computed
absorption spectra are shown in Fig. 4.3, panel a. Two m—=n* excitations contribute to
make this mixed transition: H-2 — L and H — L+1. We find good agreement
between computed and experimental peak positions as well as relative strength (Fig.
4.3, panel b). Standard deviation of 0.05 eV obtained for computed vertical excitation
energies with respect to experimental Amax (Fig. 4.4) is lower than the average
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accuracy achieved in computation of excitation energies using TD-DFT method (~0.2
eV or 1600 cm™).1*Y Thus, a cluster-continuum model in which the solvated 6-CIG is
modeled as hydrogen bonded complex with explicit water molecules and PCM
solvation accounts for the bulk dielectric effect of water, is necessary for an accurate
description of the excited state properties.

Table 4.3 Vertical singlet excitation energies in nm (in eV in paranthesis), oscillator strengths
(f) and major orbital contribution to each transition of neutral 6-CIG by TD-B3LYP method;
and comparison with published computed and experimental transition energies.

6-ClG+6H,0? Experimental
Computed | Major orbital | AEyerpcm Otscillattrc]) T AEg, €
Type State Contribution” cmt srfeng » | em® | (Imol
order (%) (nm) PCM (nm) | tem™
L, | mn st HoL (97) (%%‘;98) 0.1562 (?éigg) 17589
S,e | nm* 2 | HoloL (95) éagog) 0.001 - i
Ly | mr $3 | HoLtl (55) (%54?3) 0.0512 éff;") 15104
no* sS4 | HoL+2(93) | 43400 | 0.0003
— S5 | HoL+1(86) | 44600 | 0.0031
H-2—L (49) | 46400 45642
o
By | 7m 6 ot | (56 | 299 | (1g1) | 71210
nr* S7 | H-6-L (68) | 47300 | 0.0022
# S8 | HoL+4(85) | 47500 | 0.0002
o S9 | H35L(93) (‘;%%92) 0.06 (4;?9395,) 64493
o S10 | HoL+s 91 é%‘éo% 0.028
- S11 | Ho4oL (34) é%?g) 0.1322 é%i?g) 34209

*TD-B3LYP method with 6-311+G(2d,p) basis set and Cluster-continuum model of solvation in which
explicit water molecules from the first solvation shell are included in conjunction with non—equilibrium
solvation using self consistent reaction field (SCRF-PCM or PCM) model using water as

solvent. "Percentages are calculated as 100 x twice the squares of the coefficients in the Cl expansion of
TD-DFT wave functions. H and L stand for highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) respectively. #highly delocalized state involving orbital that is
not localized on the purine ring of 6-CIG.
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Fig. 4.4 Linear fit to experimental transition energies as a function of computed transition
energies of 6-CIG*6H,0 complex. Computed transition energies were obtained using cluster-
continuum model at TD-B3LYP/6-311+G(2d,p)//PCM level of theory and experimental
values. Computed and experimental values are taken from Table 4.3.

4.3.2 RR spectra and experimental Raman excitation profiles of 6-CIG

RR spectrum of 6-CIG with laser excitation of wavelength 222 nm is shown in Fig.
4.5 Vibrational bands within 1000-1800 cm™ region of 260 nm excited RR spectra of
this molecule at neutral pH were previously assigned by comparison with GMP
spectra and DFT calculations.'**! Normal mode assignments of all observed modes
including three additional intense bands at 831 cm™, 919 cm™ and 954 cm™ are
described in Table 4.4. Variation in intensity of different RR bands of 6-CIG as the
Raman excitation wavelength is tuned across By absorption band from 210 to 229 nm
is depicted in Fig. 4.6. The band at 932 cm™ arises from sodium perchlorate used as
internal intensity standard. Intensity of each band of 6-CIG in every spectrum is
normalized to the intensity of the 932 cm™ band. REP of each band was constructed
using eqn. 2.6a. (See Chapter 2) Excluding the band at 1641 cm™, all observed bands
of 6-CIG have their highest Raman cross-section between 220 and 222 nm of
excitation.
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Fig. 4.5 UVRR spectrum of 6-CIG (1 mM, pH 6.8) obtained with excitation wavelength of
222 nm with incident laser power of 0.6 mW. The band at 932 cm™ arises from sodium
perchlorate and was used as internal intensity standard.

We observe that maxima of all experimental REPs are red shifted with respect
to the absorption band maximum at 219 nm (Fig. 4.7 and 4.8). We attribute this to
vibronic coupling of RR active modes with nearby electronic states. Two absorption
bands are close to the band we have tuned into: one on the blue edge and another on
the red edge (Fig. 4.3 and Table 4.3). REPs of 6-CIG bands at 919, 1120, 1260 and
1309 cm™ have peak at 220 nm whereas maxima of REPs of bands at 954, 1407, 1476,
1520, 1585 cm™ is at 218 nm. This is likely due to stronger coupling of these bands
with electronic states lying on the higher energy side of By, state compared to the first
set. Such redshift in the REPs has been observed before in tryptophan within By
absorption band.[*-¢%

Depolarization ratios of all intense 6-CIG bands (except for 1120 and 1641 cm’
!y measured at excitation of 220 nm are close to 0.33 (Table 4.1) indicating major
contribution from a single electronic state, B, at the peak maximum. In contrast, the
intensities in the wings of the REPs indicate interference from close-lying electronic
states as a sudden drop in RR cross-section. This may occur if a vibrational mode is
coupled with two nearby electronic states and associated As have opposite signs.[63_65]
The resulting RR cross-section will decrease because of negation at the amplitude

level (IrroxA?) at regions where absorption bands corresponding to these two states
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overlap. This loss of intensity is detected in experimental REPs of all RR modes at
222 nm excitation wavelength and is attributed to coupling to a lower lying state. On
the red edge of the By, state is the Ly, electronic state at 241.7 nm (Fig. 4.3, panel b and
Table 4.3). Destructive interference between L, and By, states along a vibrational mode
can result in a loss or gain in RR cross-section. Presence of this feature in REPs of the
bands at 1570 and 1641 cm™ suggests that these modes electronically couple to the Ly,
state. This is expected as the directions of transition moments of both these states are
nearly the same (Fig. 4.1).

*

A /l, A A ) A 229.0 nm
N\ /L A /\ P A 228.0 nm

M\A_ﬁw4‘o nm

M\V\/@AI nm
WAI nm

I ! I ! I ! | ! | ! I ! I !
750 900 1050 1200 1350 1500 1650

Wavenumber (cm™)

Fig. 4.6 UVRR spectra of 6-CIG (1 mM, pH 6.8) at seven different excitation wavelengths in
aqueous solution. Spectra show variation in the Raman intensity of each band as the excitation
wavelength is tuned across the electronic absorption band (Fig. 4.3, panel b, bottom). Spectra
have been normalized to the intensity of the 932 cm™ band of sodium perchlorate used as
internal intensity standard (asterisk).
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Table 4.4 Experimental, computed wavenumbers, potential energy distributions (PED),
dimensionless displacement and estimated internal reorganization energy of all RR bands of
6—CIG. Contribution of eight modes (in bold) comprises 87% of the total internal
reorganization energy.

Computed Mode specific
Experimental puted b |A° internal
1 frequency PED (%) . : S
(cm™) 1 (Dimensionless) | reorganization
(cm™) -1
energy, Ay (cm™)
tors CON1C2N3 (14) — N1C2N3C4
800 807 (21) + C5N7C8N9 (12) — out - -
N2N1N3C2 (10) + N3N9C5C4 (32)
str N3C4 (10) —be C2N3C4 (10) +
831 828 N1C2N3 (17) + CANICS (21) 0.23 22
str N1C2 (13 ) + N2C2 (10 ) — C16C6
919 900 (23) + be C6N1C2 (11) + C5N7C8 0.145 10
(12)—N9C8N7 (12)
954 953 —be C5N7C8 (12) + N9C8N7 (47) 0.175 15
str N1C2 (25) —be H2aN2C2 (11) —
1043 1037 CI6CBN1 (11) ) )
1088 1086 str NOC8 (54) — be NON9C4 (28) -
1120 1103 str N3C2 (25) + be H2aN2C2 (48) 0.11
str N7C5 (21) —be C5N7C8 (10) +
1194 1199 HBCBN7 (24) 0.08 4
str N7C8 (16) —N1C6 (19) + N3C4
1260 1287 | (15) + N1C2 (14) + be HBCBNT (10) 0.10 6
—str N7C8 (15) + N7C5 (14) — be
1309 1327 C5N7C8 (11) — H8C8N7T (23) + 0.15 15
NOC8N7 (12)
str N1C6 (23) —N3C4 (12) - N2C2
1407 1408 (12) + NOCA (17) 0.13 11
1476 1472 str N2C2 (20) + be N1C2N3 (15) 0.10 8
1520 1528 str N7C8 (37) — be HSC8N7 (19) 0.07 4
str N3C4 (12) + str N3C2 (19) —be
1583 1572 C2N3C4 (11) — C4N9C8 (13) 0.078 :
1602 1622 str N2C2 (10) + be H2aN2H2a (76) - -
str N1C6 (18) + N3C4 (16) — be
1641 1647 N3CACS (14) 0.09 6
Total 112

*B3LYP/6-311+G(2d,p)//PCM; Pusing VEDA 4.0, sign indicates relative phase of
movement of atoms in internal coordinates; “obtained form best-fit parameters,
described Table 4.5.

A strong interference is also observed in REPs of all the bands ar