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Synopsis

Non-covalent interactions play a significant role in the structure and function of biomolecules
as well as materials. These weak intermolecular interactions are generally classified into
different categories such as hydrogen bond, halogen bond, n-stacking, cation-n interaction,
anion-r interaction, etc. Undoubtedly, the hydrogen bond is the most extensively studied non-
covalent interaction among all others. The present thesis is dealt with molecular-level
understanding of the nature and strength of selenium hydrogen bonding interaction through
gas phase laser spectroscopy and quantum chemistry calculations.

The concept of a hydrogen bond is about a century old. It was first reported in the
literature by Latimer and Rodebush in 1920. Hydrogen-bond is one of the well-studied non-
covalent interactions. However, there is still an ever-growing interest in the scientific
community to understand this fascinating intermolecular interaction in further detail.
Hydrogen-bonding interaction is highly directional, and it plays an important role in the
molecular association. This non-bonding interaction controls and directs the structures of
molecular assemblies in supramolecular chemistry.

Pauling in his famous book ‘Nature of Chemical Bond’ mentioned that hydrogen
bond is electrostatic in nature and the most electronegative atoms in the periodic table, e.g.,
O, N and F can only form hydrogen bond because of their high electronegativity. However, it
has been found that hydrogen bond is not restricted to only conventional electronegative
donor and acceptor atoms. It has also been confirmed later through Compton scattering and
NMR experiments that hydrogen-bond contains the covalent character. IUPAC committee re-
defined hydrogen bond in 2011. According to the recent definition of the hydrogen bond-
“The hydrogen bond is an attractive interaction between a hydrogen atom from a molecule

or a molecular fragment X—H in which X is more electronegative than H, and an atom or a
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group of atoms in the same or a different molecule, in which there is evidence of bond
formation.”

Hydrogen bond is classified into conventional and unconventional based on the
electronegativity of hydrogen bond donor and acceptor atoms. Conventional hydrogen bonds
include conventional donors and acceptor atoms, i.e., atoms with higher electronegativity,
e.g., O, N, and F. Conventional hydrogen bonds include N-H...N, O-H...O, N-H...O, etc.
The typical bond energy for conventional hydrogen bond is 20-50 kcal/mol.

On the other hand, non-conventional hydrogen bonds include hydrogen bonds having
donor or acceptor atoms or both having less electronegativity. Non-conventional hydrogen
bonding includes C-H...O, C-H...F, C-H...N, O-H...S, N-H...S, O-H...Se, N-H...Se, n-
hydrogen bonding, etc. The typical bond energy for conventional hydrogen bond is 1-20
kcal/mol.

Selenium is considered as an essential trace element in animals and humans for growth and
fertility. Selenocysteine is the 21% amino acid in ribosome-mediated protein synthesis. As
oxygen and selenium atoms belong to the same group in the periodic table, they have the
same physical properties. Replacement of oxygen with selenium does not change the physical
properties of the nucleic acids. Rather selenium substitution facilitates the crystallization and
solving the crystal structures of the nucleic acids because of higher electron density and
larger size of Se. Biswal and co-workers carried out extensive protein data bank (PDB)
analysis and reported that there are 24461 Mse (selenomethionine) residues present in 4472
protein structures which account for 4334 hydrogen bonds. They observed that out of these
4334 N-H...Se hydrogen bonds, 2342 are with the main chain and 1992 are with the side

chain.
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Se is the third element in the chalcogen family after O and S. The electronegativity of Se is
2.55 which is comparable to S (2.58) but less than O (3.44). It has been reported that S forms
hydrogen bond of similar strength as compared to O although it is less electronegative than
O. S-hydrogen bond is studied quite extensively and it has been reported that dispersion
interaction plays a major role in stabilization of sulfur-centered hydrogen-bonded complexes.
However, spectroscopic investigation of Se-hydrogen bond is sparse in the literature except
the one recently reported by Biswal and co-workers.

The goal of the present thesis is the following:

1. It has already been reported in the literature that S forms hydrogen bond of similar
strength as compared to O. Does selenium (Se) also forms hydrogen bond of similar
strength as compared to S and O. What is the physical nature of hydrogen bond
involving selenium?

2. What is the nature, strength and binding motifs of water-mediated selenium hydrogen
bonding interactions which are present in proteins?

3. What will be the strength and nature of the hydrogen bond when both hydrogen bond

donor and acceptor atoms are less electronegative?

Chapter 1 starts with a brief introduction of the hydrogen bond followed by the introduction
of selenium hydrogen bonding. We have discussed the physical nature of the hydrogen bond,
in general. VVarious spectroscopic techniques to probe the hydrogen bond are also discussed in
detail. We have discussed the importance of selenium hydrogen bonding interaction in
biomolecules and materials. This chapter ends with the aim of the thesis.

Chapter 2 gives detailed information of various spectroscopic techniques and computational
details which have been used to study the complexes formed by hydrogen bond involving
selenium. We have briefly discussed the principle of supersonic expansion, time of flight

mass spectrometry, various spectroscopic techniques (1C-R2PI1, 2C-R2PI, RIDIRS, UV-UV
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hole burn, and IR-UV hole burn) used to measure the electronic and IR spectra of the
clusters.

In Chapter 3, we have discussed the experimental evidence of direct selenium hydrogen
bonding and the nature of selenium hydrogen bonding. We have synthesized the complexes
of indole and phenol with dimethyl selenide (Me,Se) in supersonic jet and studied these
complexes by various spectroscopic techniques. We observed that Se forms hydrogen bond
of similar strength as compared to S and O. We have studied both N-H...Se and O-H...Se
hydrogen bonds using gas phase spectroscopy and quantum chemistry calculations. We have
explored various energy decomposition analyses to determine the origin of the IR red-shift in
the X-H stretch frequency of the S/Se hydrogen bond as the electrostatic interaction in these
complexes is smaller compared to that in conventional hydrogen-bonded complexes. It has
been found that the charge transfer component of the interaction energy plays a significant
role in the IR red shift in the X-H stretching frequency.

Chapter 4 deals with the molecular level understanding of water-mediated selenium
hydrogen bonding present in proteins. It has been reported from extensive PDB analysis that
direct selenium hydrogen bonding between selenomethionine and other amino acid residues
is abundant in proteins and this interaction plays an important role in the stability of the
protein structures. However, water-mediated indirect selenium hydrogen bonding between
two or more amino acid residues involving selenomethionine is not demonstrated in the
literature. Generally, water molecules present in the core or interior of the proteins forming
some cavities bind with two or more amino acid residues and contribute to the stability of the
proteins. We have found from the PDB analysis that the number of water-mediated Se
hydrogen bonding interaction is three times more than that of the direct Se hydrogen bonding
interaction present in proteins. We have studied a model complex, consisting of indole

(represents tryptophan), water and dimethyl selenide (represents selenomethionine), which
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mimics the structural motif of single water-mediated Se hydrogen bonding interaction present
in proteins.

In Chapter 5, we have discussed the nature and strength of the hydrogen bonds where both
hydrogen bond donor and acceptor atoms are less electronegative, i.e., unconventional in
nature. In the literature, there are reports of spectroscopic studies of unconventional hydrogen
bonding involving either weak hydrogen bond donor (C-H) or weak hydrogen bond acceptor
(S,SeorP),ie., C-H..N, C-H...O or N-H...S, O-H...S, N-H...Se, N-H...P, etc. In this work,
we have explored the nature and strength of the hydrogen bond interaction (S-H...S or S-
H...Se) where both hydrogen bond donor and acceptor atoms are unconventional or less
electronegative. Interestingly, it has been observed that S-H...S and S-H...Se interactions are
of similar strength as O-H...S interaction. We have reported here that S forms a strong
hydrogen bond when it is used as a hydrogen bond donor even though it is less
electronegative than O.

Chapter 6, the last chapter of the thesis, summarizes the whole thesis and discusses future

perspectives.
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1.2 Hydrogen Bonding

1.1 Non-covalent Interactions

Non-covalent interactions are the backbone of life. These interactions play a vital role in the
structure and function of biomolecules as well as materials.}® Non-covalent interactions are

*

classified into different categories such as hydrogen bond,**®* halogen-bond,’**® n—nx

19-23 24-27 28-31 32-37

interaction,” ““r-rtstacking,”“'n-hydrogen bonding interaction, cation-wt interaction,

anion-rt interaction®®*

, etc. Hydrogen bond is the most extensively studied intermolecular
interaction among all other non-covalent interactions. As the present thesis is focused on
selenium hydrogen-bonding interaction, we will restrict our discussion here to the hydrogen-

bonding interaction only.

1.2 Hydrogen bond

Hydrogen bond is about a century old and one of the well-studied non-covalent interactions.
However, there is still an ever-growing interest in the scientific community to understand this
fascinating intermolecular interaction in further detail. Hydrogen-bonding interaction is
highly directional, and it plays an important role in the molecular association. This non-
bonding interaction controls and directs the structures of molecular assemblies in
supramolecular chemistry.'* This interaction plays a crucial role in the structural organization
of biological macromolecules. It stabilizes the DNA double helical structure which is
required for genetic coding in all living organisms.” This weak intermolecular interaction also
plays a significant role in stabilizing secondary, tertiary and quaternary structures of proteins.

Water, the cause of life on earth, is also stabilized by hydrogen bonding interactions.

1.2.1 Origin of the concept of hydrogen-bond and various definitions

Although there is no consensus among the scientific community about the origin of the

hydrogen bond, many authors believe that this concept was known to the scientists even
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before it got its proper place in the world of chemistry. Werner in 1902 used the term
Nebenvalenz (secondary valency) to explain the binding situation in the ammonia salts (e.g.,
hexaminocolatperchlorate).*? In 1913, Pfeiffer used the term Innere Komplexsalzbildung
(internal complex salt-bridge) to describe the intramolecular hydrogen bonding in 1-
hydroxyanthraquinone. In 1912, Moore and Winmill used the term weak union to describe
the weaker basic properties of trimethyl ammonium hydroxide in comparison to
tetramethylammonium hydroxide.*® In 1920, Latimer and Rodebush while discussing the
structure of the water dimer, explained that ‘a free pair of electrons on one water molecule
might be able to exert sufficient force on a hydrogen held by a pair of electrons on another
water molecule to bind the two molecules together’ and that ‘the hydrogen nucleus held
between two octets constitute a weak bond’.* In 1939, Linus Pauling in his famous book
‘The Nature of Chemical Bond’ mentioned that ‘a hydrogen atom, with only one stable
orbital, cannot form more than one pure covalent bond and that the attraction of two atoms
observed in hydrogen-bond formation must be due largely to ionic forces.”* According to
Pauling, the more electronegative elements like nitrogen (N), oxygen (O) and fluorine (F)
which have electronegativity values 3.0, 3.44 and 4.0, respectively, can form strong hydrogen
bonds. Thus, hydrogen-bonds are formed when both of the hydrogen-bond donor and
acceptor atoms are highly electronegative. Pauling described the hydrogen-bond as mainly
electrostatic because it involves attraction between partially charged ions.

Pimentel and McClellan proposed a relatively broader definition of the hydrogen-bond in
1960 in their famous book ‘The Hydrogen Bond.”® According to Pimentel and McClallen:

“A hydrogen bond exists between a functional group A-H and an atom or a group of atoms B
in the same or a different molecule when

(a) There is evidence of bond formation (association or chelation)
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(b) There is evidence that this new bond linking A-H and B involves the hydrogen atom

already bonded to A.”

However, the definition proposed by Pimentel and McClellan did not include the chemical
nature of the hydrogen-bond donor and acceptor atoms like electronegativity, polarity and net
charge.’

IUPAC committee redefined hydrogen-bond in 2011.* According to the recent definition:
“the hydrogen bond is an attractive interaction between a hydrogen atom from a molecule or
a molecular fragment X—H in which X is more electronegative than H, and an atom or a
group of atoms in the same or a different molecule, in which there is evidence of bond
formation.”

Conventionally, hydrogen-bond is denoted as X-H...Y where both X (hydrogen-bond donor)
and Y (hydrogen-bond acceptor) are electronegative atoms. However, it has been found that
hydrogen bond is not restricted to only conventional electronegative donor and acceptor
atoms. Thus this interaction can be classified into conventional and non-conventional
hydrogen-bonds. Conventional hydrogen bonds include conventional donors and acceptors,
i.e., the atoms with higher electronegativity, i.e., O, N, and F. Conventional hydrogen bonds
include N-H...N, N-H...O, O-H...N, O-H...O interactions.>*"* The strength of the
conventional hydrogen-bonds is 20-50 kcal/mol.***? These interactions are mainly
electrostatic, but other components of the interaction energy are also present there.>®

On the other hand, non-conventional hydrogen bonds include unconventional atoms, i.e.,
atoms having less electronegativity. In non-conventional hydrogen bonding, either donor or
acceptor or both are less electronegative atoms. Non-conventional hydrogen bonding includes

C-H...O, C-H...F, C-H...N, O-H...S, N-H...S, O-H...Se, N-H...Se interactions. There is

another special kind of non-conventional hydrogen bonding represented as X-H...w

interaction.>** In this kind of interaction, hydrogen atom from donor interacts with the 7~
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electron cloud of molecular systems. Here, m-electron cloud acts as a hydrogen bond
acceptor. The strength of the wn-hydrogen bonding interaction depends on the polarity of the

X-H group. m-hydrogen bonding interaction includes C-H...w, N-H...w, O-H...w, S-

50,51

H...metc.* In general, non-conventional hydrogen bonds (1-20 kcal/mol)**** are weaker

than their conventional counterparts.

1.2.2 Physical nature of the hydrogen bond

Although hydrogen bond can be classified into conventional and non-conventional ones
based on the electronegativity of the donor and acceptor atoms, physical nature of various
types of the hydrogen bond is not straightforward at all. The total interaction energy in the
case of a hydrogen bond is not dependent only on one factor, rather several factors contribute
to the different extent to the total interaction energy of the hydrogen bonding. Kitaura and
Morokuma decomposed the total interaction energy of several hydrogen bonded complexes
into electrostatic, polarization, exchange repulsion, charge transfer, and dispersion
components.?®®* All the terms of the interaction energy except exchange repulsion are

attractive.

1.2.2.1 Electrostatic interaction

Electrostatic interaction involves attraction between partially charged atoms. Conventional
hydrogen bonds involve X-H...Y kind of interaction where both X and Y are highly
electronegative atoms (N, O or F) in the periodic table. Due to the high electronegativity of
X, X-H bond is polar. Electron density is more shifted towards X and due to that X bears a
partial negative charge, and H bears a partial positive charge. On the other hand, Y also bears
partial negative charge due to its high electronegativity. This partially positive charged

hydrogen is attracted towards the partially negative charged Y.
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The attraction between the two oppositely charged atoms is governed by Coulomb law and
hence is called electrostatic interaction. This electrostatic interaction is directional and long-
range interaction. This interaction energy varies with r? and r® for monopole-dipole
interaction and dipole-dipole interaction respectively where r is the distance between the two
opposite charges.®

In general, conventional hydrogen bonding such as N-H...O, O-H...O interactions are

dominated by electrostatic interaction.

1.2.2.2 Polarization or Induction interaction

Polarization/induction interaction involves deformation of the electron cloud of a non-polar
molecule in the presence of a polar molecule. This interaction is also called dipole-induced
dipole interaction. When a polar molecule/group approaches towards a non-polar or neutral
molecule, the electron cloud of the latter gets distorted, and due to that, it becomes polar. The
following relation can give it. The lowering in potential energy (P) due to polarization can be
given as®

B 77 ) p— (1.1)

Here, @ is the average polarizability of the molecule.

1.2.2.3 Exchange repulsion

Exchange repulsion involves the interaction caused by the exchange of electrons between the
hydrogen bond donor (X) and acceptor (Y) in X-H...Y. It is a short-range repulsion which is

generated due to the overlap of electronic distribution of X with Y. The exchange repulsion

varies with the distance as r 2.
1.2.2.4 Charge transfer

Charge transfer interaction in X-H...Y hydrogen bond involves delocalization of electron

density from the lone pair/occupied molecular orbitals (MO) of the hydrogen bond acceptor

7
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(YY) to the antibonding/vacant molecular orbital of the X-H bond. Charge transfer interaction

is an extremely short range interaction, and it varies with the distance as e™.°

1.2.2.5 Dispersion interaction

Dispersion interaction is an attractive force which is present in non-polar molecules. This
interaction arises due to the instantaneous dipole created in the molecule due to the
fluctuation of the electron density. This instantaneous dipole induces dipole of opposite sign
in the neighboring molecule which leads to the attraction between two molecules. Thus, this
interaction is also called instantaneous dipole-induced dipole interaction or London
dispersion interaction named after German physicist Fritz Wolfgang London.

The strength of the dispersion interaction depends on the polarizability of the molecules
which in turn depends on the size of the molecules. More significant will be the size of the
molecules; electrons will be more loosely held, and distortion of the electron cloud will be
smoother. It also depends on the polarizability of another molecule because it is the
polarizability only which determines how easily dipole can be induced in the second
molecule. The quantitative strength of the dispersion interaction can be given by the London

formula®
= C==d do Ml 1.2
V oo 1, (1.2)

Here, 1, and I, are the ionization energies of the molecules. o and o, are the polarizability of
the molecules. This interaction is inversely proportional to the sixth power of the distance
between the interacting molecules. It is a short-range interaction, and it is the main
contributing factor in the stabilization of the n—stacked molecular assembly.

Hydrogen bond is a complex interaction which involves charge-dipole, dipole-dipole, charge
transfer and dispersion interactions together depending on the nature of interacting molecules.

It does not depend on a single component. Although the concept of hydrogen bond is a



1.2 Hydrogen Bonding

century old, its definition is still debated. All these individual interactions are r dependent.

The following table summarizes about r dependency of various interactions.

Table 1.1 The r dependency of various kind of interactions in different types of molecular

units. r is the distance between interacting atoms in the different molecules

Type of molecular unit Type of interaction ninr™"
ions coulombic 1
lon-polar molecules lon-dipole 2
Two polar molecules Dipole-dipole 3
lon-non polar molecule lon-induced dipole 4
Polar and non-polar molecule Dipole-induced dipole 6
Non polar molecules Dispersion 6

The hydrogen bonded complexes formed by conventional hydrogen bond donor and acceptor
atoms are stabilized mainly due to electrostatic interaction. This interaction is a long range
interaction accompanied by other short range interactions in hydrogen bonded complexes.
The electrostatic component varies with r°. Hence, hydrogen bond strength varies with r™ for

conventional hydrogen bonded complexes.

1.3 Hydrogen bonding in biomolecules

Hydrogen bonding plays a paramount role in the structure and function of all biologically
essential molecules. Carbohydrates are the most abundant molecules in biological structures
next to water. Carbohydrates exist in monosaccharides (e.g., glucose, fructose, mannose)
disaccharides (e.g., sucrose, maltose, lactose), oligosaccharides (e.g., raffinose) and
polysaccharides (e.g., amylose) forms. They occur alone or hydrogen bonded with purine and

9
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pyrimidines. Carbohydrates contain hydroxyl group which acts as hydrogen bond donor as
well as hydrogen bond acceptor.

Amino acids are the building blocks of protein structures. There are 22 naturally occurring
amino acids. Amino acids, as the name suggests, it contains both an amino group and acidic
group in the same molecule. These both functional groups help the individual amino acid to
form the long sequence by forming a peptide bond. Primary structure of proteins contains
these amino acids linked together via a peptide bond. Sequences containing less than 50
amino acids are called peptides while sequences containing more than 50 amino acids are
referred to as proteins or polypeptides.

The secondary structure of peptides or proteins is a combination of primary structures
hydrogen bonded with each other. There are three main types of secondary structures named
as o-helix, B-sheet, and B-turns. a-helix and p-sheet are stabilized by N-H...O=C interaction.
In a B-turn, a loop is formed when carbonyl oxygen from i amino acid residue forms the
hydrogen bond with amide from (i+3)™ residue in the sam e chain.

The various non-covalent interactions stabilize tertiary and quaternary structures of proteins
involved in its overall three-dimensional folding. Hydrogen bond plays an important role in
stabilizing the tertiary and quaternary structures of the protein. Water also plays an important
role in stabilizing the three-dimensional structure of proteins through hydrophobic
interactions.” Without water; proteins lose their biological functioning due to denaturation.
However, water molecules present in the core or cavity of the proteins contribute to its
stability through water-mediated hydrogen-bonding interactions bridging two or more amino
acid residues.

The double helical structure of the deoxyribose nucleic acid (DNA), is also stabilized by a
hydrogen bond between base pairs. DNA has a special place in biology because it carries

genetic information from one generation to another. Watson and Crick proposed the double
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helical structure of DNA in which nucleic acid-base pairs are hydrogen bonded to each

other.%*
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Figure 1.1: (a) Double helix structure of DNA. Hydrogen bonding between base pairs
in (b) Adenine (A) and thymine (T) (c) cytosine (C) and guanine (G).

Selenium is considered as an essential trace element in animals and humans for growth and
fertility. Selenocysteine is the 21% amino acid in ribosome-mediated protein synthesis *>®°As

oxygen and selenium atoms belong to the same group in the periodic table; they have the
same physical properties. Replacement of oxygen with selenium does not change the physical
properties of the nucleic acids. Rather selenium substitution facilitates the crystallization and
solving the crystal structures of the nucleic acids because of higher electron density and
larger size of Se.®”®® Biswal and co-workers carried out extensive protein data bank (PDB)
analysis and reported that there are 24461 MSe (selenomethionine) residues present in 4472
protein structures which account for 4334 hydrogen bonds. They observed that out of these
4334 N-H...Se hydrogen bonds, 2342 are with the main chain and 1992 are with the side

chain.®®
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1.4 Hydrogen bonding in supramolecular chemistry

Jean-Marie Lehn coined the term supramolecular chemistry in 1969. Supramolecular
chemistry may be defined as ‘chemistry beyond the molecules,” bearing on the organized
entities of higher complexity that result from the association of two or more chemical species
held together by intermolecular forces or non-covalent interactions.> Among all different
types of non-covalent interactions, hydrogen bond plays a crucial role in supramolecular
chemistry. All the supramolecular assemblies contain carbon (C) and hydrogen (H) as the
main constituting unit apart from all other heteroatoms. Hydrogen bonding interaction
involving carbon as a hydrogen bond donor is well documented in the literature. First,
systematic study of the C-H...O interaction in crystal structures was reported by Sutor in
theophylline, caffeine, and uracil.”® Ferguson and co-workers reported C-H...O hydrogen
bonds in terminal alkynes.” Keegstraand co-workers observed that 1,4-benzoquinone unit in
the quinonoid compound was arranged in layers through C-H...O interactions.’? The distance
(d) between the H and O atoms in the C-H...O interactions was found in the range of 2.38-
2.59 A, which was smaller than the sum of the van der waals radii of H and O (2.6 A).
Desiraju and co-workers surveyed C-H...O hydrogen bond pattern in 2306 nitro-compounds
using the Cambridge Structural Database (CSD) and concluded that these patterns are of
great importance in supramolecular assembly.”

Apart from the C-H...O interactions, hydrogen bonding interactions involving less
electronegative atoms such as S and Se as hydrogen bond acceptors have been observed in
the crystal structures. The crystal structures of thiourea and selenourea show similar
hydrogen bonding pattern except for the fact that H...Se (N-H...Se) distance in the case of
selenourea is larger than the H...S (N-H...S) distance in thiourea. This is quite obvious
because selenium has a larger size than sulfur. Allen and co-workers analyzed the crystal

structures containing sulfur as H-bond acceptors obtained from the Cambridge Structural
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Database (CSD).”*" They studied >C=S and "CS; systems as hydrogen bond acceptors and
observed that the N-H...S interaction is more pronounced than the O-H...S interaction for
both the systems. The hydrogen bond angle (£N-H...S or £0O-H...S) has been found to vary
from 140° to 165° depending on the molecules containing sulfur as H-bond acceptor.

Intermolecular, as well as intramolecular hydrogen bonds involving selenium as a hydrogen
bond acceptor, has been observed in crystal structures. Peng and co-workers reported that
chiral selone exists as a dimer linked via intermolecular selenium hydrogen bonding.”

Bhattacharya and co-workers reported that neutral NH(SePPh,), exists as a dimer after

crystallization.”” The H...Se distance observed in NH(SePPh,), dimer is 2.52 A which is

() (b)

Figure 1.2: Intermolecular N-H...Se interaction in (a) selone (b) NH(SePPh,).dimer. Figure
(a) adapted in part with permission from reference 76. Copyright (1994) Americal Chemical
Society. Figure (b) adapted in part with permission from reference 77. Copyright (1995)
Royal Society of Chemistry.

less than the sum of the van der waals radii of H (1.20 A) and Se (1.90 A). Interestingly, the
observed #N-H...Se of 166° is in the acceptable range of the hydrogen-bond angle for

conventional hydrogen bonding. It has been observed that there is a difference in the bond

length between P=Se(1) and P=Se(2) [Figure 1.2]. The bond length of P=Se(1) is longer than
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that of P=Se(2) due to the presence of hydrogen bonding interaction in the former one.
Iwaoka and Tomoda reported the observation of intramolecular C-H...Se hydrogen bonding
in diselenocin from X-ray crystallography and FT-IR spectroscopy.’® They observed the chair
form of diselenocin having H...Se distance of 2.92 A (Sel...H, as well as Sel’...Hy) by single

crystal X-ray diffraction analysis.

Figure 1.3: Chair form of diselenocin determined by X-ray analysis. Location of H atoms
was determined by ab initio MO calculations. Adapted in part with permission from ref. 78
Copyright (1994) Americal Chemical Society.

The IR spectrum of the diselenocin exhibited the C-H...Se bound benzylic C-H stretching
frequency at 2800 cm™, which is 53 cm™ red-shifted compared to the free C-H stretching
frequency (2853 cm™) of the normal methylene groups present in the compound. This
observation of the significant red-shift complemented with the shorter H...Se distance gave

evidence for the presence of C-H...Se hydrogen bond in diselenocin.

1.5 Spectroscopic study of hydrogen bond

Spectroscopy has played a significant role in the detection of the hydrogen bond. IR
spectroscopy is one of the most potent tools to characterize the hydrogen bond. Badger and
Bauer have shown that the X-H stretching frequency in the IR spectrum gets red-shifted, i.e.,
gets shifted towards lower wavenumber after the hydrogen bond formation.”®® The IR red

shift in the X-H stretching frequency of the X-H...Y system is a characteristic feature for the
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hydrogen bond. More significant will be the red-shift, stronger will be the hydrogen bond.
This red shift in the X-H stretching frequency occurs with an increase in the intensity as well
as FWHM of the IR band.

It has also been observed that the X-H stretching frequency is not always red-shifted due to
hydrogen bond formation. There could be hydrogen bonded systems where X-H stretching
frequency is blue-shifted with respect to that in the corresponding monomer. The blue-shift in
the X-H stretching frequency was observed for the first time in the IR spectrum of
triformylmethane in chloroform.®* Bud&sinsky and co-workers observed the C-H stretching
frequency of chloroform in triformylmethane at 3028 cm™, which was 7 cm™ blue shifted
than the typical C-H stretching frequency of chloroform (3021 cm™). Blue-shift in the X-H
stretching frequency was observed in the gas phase by Hobza and co-workers in the complex
of chloroform with fluorobenzene.?*® They observed 12 cm™ blue shift in the C-H stretching
frequency of chloroform.

Nuclear magnetic resonance (NMR) has also been proved to be an excellent spectroscopic
tool for the study of the hydrogen bond. In the *H NMR of a hydrogen-bonded complex, the
proton magnetic resonance of X-H shows downfield shift due to the hydrogen bond
formation compared to that of the free X-H. This happens due to strong deshielding of the
hydrogen-bonded proton which is a consequence of the electronic redistribution around the
hydrogen-bonded proton.

Apart from the IR and NMR spectroscopy, microwave spectroscopy is also a powerful tool in
extracting structural information of isolated hydrogen-bonded complexes. The strength of
hydrogen-bonded complexes has been studied in isolated condition using various techniques
like Stark-modulation microwave spectroscopy, molecular beam electric resonance
spectroscopy and pulsed nozzle Furrier-transform microwave spectroscopy by applying

microwave radiations.®
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Mass-selected IR-UV double resonance spectroscopy has been used extensively in the
determination of the strength of the hydrogen bond of molecules and complexes in the
isolated gas phase. Suhm and co-workers have used jet-FTIR and jet-Raman Spectroscopy to
characterize the hydrogen bonds in several molecular complexes.®* Apart from all these
spectroscopic techniques, terahertz spectroscopy and vibrational circular dichroism
spectroscopy also provide a piece of useful information regarding the strength of the

hydrogen bond in molecular complexes.

1.6 Hydrogen bond involving unconventional donor and acceptor atoms

It is well known that highly electronegative atoms like N, O, and F as hydrogen bond donors
and acceptors readily form strong hydrogen bonds. Hydrogen bonds formed by these atoms
are mainly electrostatic and have energy ranging from 20-40 kJ/mol. However, scientists
were aware of the fact that hydrogen bond can involve other atoms apart from N, O and F.
Pimentel and McClellen in their famous book ‘The Hydrogen Bond’ mention that halogen
activated C-H, acetylenic C-H and S-H form hydrogen bonds.® Kumler was the first to report
C-H...N hydrogen bond in HCN molecule. He suggested that HCN molecules are associated
with each other via hydrogen bonds as H-CN...H-CN...H-CN arrangement.® Pauling reported
that acetyl chloride has a higher boiling point than trifluoroacetyl chloride due to hydrogen
bonding in the former one.*® Shallcross and Carpenter reported C-H...N hydrogen bonding in
the crystal structure of cyanoacetylene.®® Dougill and Jeffrey anticipated C-H...O hydrogen
bonding in the crystal structure of dimethyl oxalate.®” Sutor reported C-H...O hydrogen bond
in crystalline theophylline, caffeine, uracil and some other compounds containing C (sp?)-H
groups.” Later, Taylor and Kennard concluded that C-H...O interactions exist in crystals and
these interactions are electrostatic. Desiraju and co-workers have reported C-H...O and C-
H...F hydrogen bonds in several crystal structures.® 2

Hydrogen bond donor can interact with electrons of the n-bonding orbital assuming that it is
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sterically favorable and this type of interaction is called n-hydrogen bond. The examples of -
acceptors are benzene, phenyl ring and multiple bonds like ethylene bond and acetylene
bond. Wulf and co-workers first reported first intramolecular O-H...n hydrogen bonding
ortho-substituted phenols in CCl, solution.®® They observed a red-shift of 45 cm™ in the O-H
stretching frequency of o-phenylphenol. Yoshida and Osawa reported intermolecular O-H...n
hydrogen bonding in the solution of phenol and benzene dissolved in CCl,.** They observed a
red-shift of 49 cm™ in the O-H stretching frequency of phenol. McPhail and Sim reported O-
H...n hydrogen bond in the cyclic peptide.*> Davies and Staveley reported N-H...n hydrogen
bond in ammonium tetraphenylborate.*®

Benzene is the most common among all w-acceptors. There are many reports where benzene
or substituted benzene forms complex with H,O, HF, HCI, and other hydrogen bond
donors.***" % Kollman and Allen reported in 1972 that hydrogen bond donor could be any
atom which has electronegativity larger than hydrogen, i.e., C, N, O, F, P, S, Cl, Se, Brand |
and hydrogen bond acceptor could be any of these elements and molecules which have =
electrons.'® Biswal and co-workers have studied S and Se centered hydrogen bonds in the
gas phase.'®'% Phosphorous (P)-centered hydrogen bond has been reported recently by
Kjaergaard and co-workers using FTIR spectroscopy.'®® However, the list of hydrogen bond
acceptors has gone beyond the atoms mentioned by Kollman and Allen. Brammer and co-
workers reported that transition metal Cobalt (Co) can also act as hydrogen bond acceptor.®
They synthesized and characterized salts having [Co(CO)4]" with substituted ammonium
cations. The neutron diffraction study of [HNEt;] [Co(CO),] salt showed N-H bond length
slightly elongated, and a linear Co...H-N arrangement was observed. The energy
decomposition for [Co(CO),]” and [NMPH]* where NMP is N-methylpiperazine shows that
electrostatic interaction contributes more in the stabilization of the complex followed by

orbital interaction. Brammer et al. reported N-H...Pt interaction in [NPr";]o[PtCly]-cis-
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[PtCI,(NH,Me),] salt.’” Braga and co-workers reported that X-H...M (M= transition metal)
hydrogen bonding interaction is common when the donors (X) such as C, N, and O can approach
to the nucleophilic metal center.'®

There are reports in the literature where transition metals (M) act as hydrogen bond donors.
Pearson reported that M-H bond is highly polarizable. Braga et al. reported M-H...O interactions

in organometallic crystals obtained from Cambridge Structure Database (CSD).*®°

Very recently,
Biswal and co-workers reported from the theoretical calculations that M-H...S and M-H...Se
hydrogen-bonded complexes (M= Fe, Co, and Ni) show significant red-shift in the M-H

stretching frequency.*

1.7 Aim of the thesis

As it has been mentioned in previous sections that conventional hydrogen bond is denoted by
X-H...Y where both X and Y are electronegative atoms. However, the recent definition of the
hydrogen bonding by the IUPAC committee goes beyond the conventional wisdom on this
non-covalent interaction.**! Consequently, there has been a growing search for finding the
presence of this ever interesting non-bonded interaction considering different atoms in the
periodic table as hydrogen bond donor (X-H) and acceptor (Y). Undoubtedly, it is required to
have a quantitative understanding of these unconventional hydrogen bonding interactions in
terms of their strength and physical nature.

Biswal and co-workers have done extensive study on sulfur (S) centered hydrogen-bond
interaction using sulfur as a hydrogen-bond acceptor. They have studied several binary
complexes bound through sulfur-centered hydrogen bond in the isolated gas phase using
fluorescence-dip infrared (FDIR) or resonant ion-dip infrared (RIDIR) spectroscopy
techniques combined with quantum chemistry calculations. Interestingly, it has been found
from their work that sulfur forms hydrogen bond of similar strength as compared to the

conventional electronegative atoms oxygen (O) and nitrogen (N).****** The result is quite
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surprising as the electronegativity of sulfur is 2.58 while the same for oxygen and nitrogen is
3.44 and 3.04, respectively, according to the Pauling electronegativity scale. It is quite
obvious that the contribution of the electrostatic interaction to the stability of the sulfur
centered hydrogen-bonded complexes is relatively less than that of the conventional
hydrogen-bonded complexes. Biswal and co-workers found that the dispersion interaction
dominates over all other interactions in the stabilization of the sulfur-centered complexes and
they called this non-covalent interaction as a dispersion-stabilized hydrogen bond.'%!311>
Kjaergaard and co-workers have also reported from the IR red-shift values in the FTIR
spectroscopy studies of oxygen and sulfur-centered hydrogen bonded complexes that N-
H...O and N-H...S interactions are of similar strength.**® They have further observed from
their IR spectroscopy experiment that positively charged phosphorus (P) can also act as a
strong hydrogen bond acceptor although electronegativity values of P (2.20) and H (2.19) are
similar.!®

Recently, Biswal and co-workers have investigated N-H...Se interaction in the isolated gas
phase by studying the complexes 2-pyridone and N-phenylacetamide with dimethyl
selenide.'® They have reported that both S and Se forms hydrogen bond of similar strength as
compared to O.Significant IR red-shift was observed in the X-H stretching frequency of both
S and Se centered hydrogen bonds. It has been attributed to the higher polarizability, lesser
electronegativity and lesser charges of S and Se compared to those of O. Patwari and co-

workers!’

reported that electrostatic, induction, and charge transfer components of the
interaction energy contribute to the IR red-shift in the stretching frequency of the hydrogen
bond donor for several C-H...X (X=N, O) hydrogen-bonded complexes. Moreover, the
dispersion interaction governs the overall binding energy of these complexes. Iwaoka et

al.and Madzhidov et al. reported that orbital interaction could have a significant contribution

to the appreciable strength of the Se hydrogen bond.”®'® Thus the origin of the strength of
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the sulfur and selenium hydrogen bonds in terms of notable IR red-shift in the X-H stretching
frequency needs to be explored further in detail through isolated gas phase experiment as well
as quantum chemistry calculations. In the present thesis, we have addressed the following
points for better understanding of nature, binding motif and the strength of these
unconventional hydrogen bonds of strength similar to conventional hydrogen bonds.

1. It has been found from the literature that the gas phase spectroscopic study of the Se-
centered hydrogen bond is very limited compared to that of the S-centered hydrogen bond.
We have studied both N-H...Se and O-H...Se hydrogen bonds using gas phase spectroscopy
and quantum chemistry calculations. We have explored various energy decomposition
analyses to determine the origin of the marked IR red-shift in the X-H stretch frequency of
the S/Se hydrogen bond as the electrostatic interaction in these complexes is smaller
compared to that in conventional hydrogen-bonded complexes.

2. It has been reported from extensive PDB analysis that selenium hydrogen bonding between
selenomethionine and other amino acid residues is abundant in proteins and this interaction
plays an important role in the stability of the protein structures.'® However, water-mediated
indirect selenium hydrogen bonding between two or more amino acid residues involving
selenomethionine is not demonstrated in the literature. Generally, water molecules present in
the core or interior of the proteins bind with two or more amino acid residues and contribute
to the stability of the proteins."* We have found from the PDB analysis that the number of
water-mediated Se hydrogen bonding interaction is three times more than that of the direct Se
hydrogen bonding interaction present in proteins. We have studied a model complex,
consisting of indole (represents tryptophan), water and dimethyl selenide (represents of
selenomethionine), which mimics the structural motif of single water-mediated Se hydrogen

bonding interaction present in proteins.
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3. In the literature, there are reports of spectroscopic studies of unconventional hydrogen
bonding involving either weak hydrogen bond donor (C-H) or weak hydrogen bond acceptor
(S, Se or P). In this work, we have explored the nature and strength of hydrogen bond
interaction (S-H...S or S-H...Se) when both hydrogen bond donor and acceptor atoms are

unconventional or less electronegative.
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Experimental and Computational Methods






2.1 Experimental Methods

In this chapter, we will discuss experimental setup, experimental methods and various

spectroscopic techniques along with computational details.

2.1 Experimental Methods

2.1.1 Supersonic jet expansion

We have used supersonic jet expansion technique®*?

to study high resolution electronic
and vibrational spectra of isolated molecules as well as weakly bound molecular complexes.
This technique is the most essential part of the experiments reported in this thesis. Supersonic
jet expansion technique involves expansion of gas molecules from a high-pressure region to a
sufficiently low-pressure region through a small orifice. The diameter of the orifice plays a
vital role in the formation of a supersonic beam. If the diameter (D) of the orifice is smaller
than the mean free path () of the gaseous atoms or molecules in the reservoir,i.e., D <<},
there will be insufficient collisions between atoms or molecules near the orifice during the
expansion. This kind of flow is called effusive flow, which leads to the formation of an
effusive beam. In an effusive beam, the velocity distribution of the expanding gas molecules
follows Maxwell-Boltzmann velocity distribution.

The supersonic beam is formed when the expansion of gas takes place from a high-pressure
region (~ 10%torr) to a low-pressure region (~10®torr) through a small orifice (Figure 2.1). In
this case, the diameter (D) of the orifice is much larger than the mean free path (L) of
gaseous molecules (D >>o). As a result of it, gaseous molecules suffer enormous collisions
at the orifice and downstream of the orifice during the expansion. The collision is maximum
near the orifice, and it decreases with the increase in the distance (d) from the orifice. Due to
these enormous collisions, the thermal energy associated with the molecules is converted into

directed mass flow along the beam axis. Since most of the thermal energy associated with the

molecules are converted into directed kinetic energy, there is rapid cooling of the gas
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molecules to very low temperature. It is this reduction in translational temperature which
leads to a significant narrowing of the velocity distribution accompanied by an overall
increase in the velocity (u) of the molecules. The translational temperature is related to the

speed of the sound (a) by the relation (ykT/m)*2

, Where vy is the ratio of the heat capacity
C,/Cy, k is the Boltzmann constant and m is the mass of the molecule. Since the velocity of
molecules increases and speed of sound decreases, Mach number (M) which is given as
M=u/a increases. When M>1, the flow is termed as supersonic. To obtain a well-defined

coherent supersonic beam, a small hyperbolic cone-shaped device with an aperture on its tip,

which is called skimmer (Figure 2.1) is placed in front of the expanding supersonic beam.

Molecular Beam Chamber Supersonic expansion Ionization Beam Chamber
3 Orifice
o> o7 o>
o= Y =1 o> o3
P~10*3 torr >4 e, *
Skimmer
Pulse Valve L P~10 torr P~10"" torr
Diffusion Diffusion
Pump Pump

Figure 2.1: A schematic representation of supersonic expansion.

Figure 2.2 depicts the velocity distribution of gas molecules before and after the supersonic
expansion. Figure 2.2a shows the velocity weighted Maxwell-Boltzmann distribution of gas
molecules in the reservoir before the expansion. After supersonic expansion, velocity
distribution narrows down as shown in Figure 2.2b, and peak maximum shifts towards higher

velocity side. It is evident from the narrow velocity distribution curve that the translational
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temperature of molecules decreases in the post-expansion region (Figure 2.2b). The
translational temperature of the supersonic molecular beam reaches up to ~0.1 K. This low
translational temperature acts as a bath for further cooling of rotational and vibrational
degrees of freedom. The equilibrium between translational and rotational degrees of freedom
is very fast, and hence the rotational cooling of molecules is quite efficient. The rotational
temperature of molecules can go down to a few Kelvin. However, the rate of translational-
vibrational equilibrium is generally slow, and hence vibrational cooling is not as effective as
rotational cooling. The vibrational temperature of molecules can reach up to 20-50 K. The
molecular density decreases downstream of the expansion, and hence rotational and
vibrational cooling stops when the density becomes too low because of the absence of

collisions.

(a) (b)

fraction of molecules (dn/n)

0 0.5 1.0 1.5 2.0 2. 3.0
v (km/s)

Figure 2.2: A schematic representation of velocity distributions in the (a) reservoir and (b)
supersonic beam. Both curved are normalized to unity at the most probable velocity.

th

The process of supersonic expansion is isentropic under adiabatic reversible flow conditions.
Considering the expanding gas as an ideal gas, the relationship between the temperature
120,121

pressure, density and Mach number of the expanding gas is following
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r-1/y r-1
T10= (P%) - (ﬁ) - —1+%(y1—1)M2 ............. @.1)
Where, To, Po, and pp are temperature, pressure, and density of the gas in the reservoir,
respectively. T, P, and p are the same quantities of the gas molecules after supersonic
expansion. y 1s the ratio of heat capacity (C,/C,) and M is the Mach number (u/a). For a
continuous gas, the Mach number can be given by the following relation?°
M=AX/D)"* ... (2.2)
Where X is the distance from the orifice and D is the orifice diameter. A is a constant that
depends on vy, and its value is 3.26 for a monoatomic gas. From equations 2.1 and 2.2, it
appears that the Mach number (M) increases while the temperature, pressure, and density of
the molecular beam decrease as we go downstream of the orifice.
Anderson and Fenn showed that Mach number could not keep on increasing continuously.
Equation 2.2 is derived for continuous gas flow, but in the actual case, the gas molecules are
discrete particles. The density of the molecules decreases downstream of the orifice; hence
the number of collisions between them are finite, and as a consequence, the Mach number
(M) has a terminal value. The following equation gives the terminal Mach number (My),
M= 2.05€==NY (2,/D)AN/Y . (2.3)
=133(PyD)** (for Argon) ....... (2.4)
where, € is the collisional effectiveness constant, D is the orifice diameter, A, is the mean
free path of the gas molecules in the reservoir, and yis the ratio of heat capacity (C,/C,).
From equation 2.4, it is evident that terminal Mach number is directly proportional to gas
pressure in the reservoir and orifice diameter. Since the probability per unit time for a
molecule to make a binary collision is proportional to the pressure (Po), the quantity PoD is

proportional to the total number of binary collisions. Hence, the terminal Mach number (M)
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is directly proportional to the total number of binary collisions that an average molecule

make.

2.1.2. Resonantly enhanced multiphoton ionization (REMPI) coupled with Time of
Flight (TOF) mass spectrometry

2.1.2.1. REMPI
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Figure 2.3: A schematic diagram of (a) 1C-R2PI and (b) 2C-R2P1 techniques, (c) R2PI
spectrum.

Resonantly Enhanced Multi-Photon lonization (REMPI) method is an efficient technique to
ionize the molecules and study their electronic spectra. Figure 2.3 shows a schematic
representation of the REMPI method. In the schematic representation, Sy, S; and Dy stand for
the ground electronic state, first excited electronic state and ground ionic state, respectively.
When one photon of a specific wavelength is used for electronic excitation of the molecules
and consecutively another photon of the same wavelength from the same laser is used for
ionization of the molecules, the technique is called 1C-R2PI (1-color resonant 2-photon
ionization)or (1+1) REMPI (shown in Figure 2.3a). In 1C-R2PI, the total energy of the two
photons is higher than the ionization potential of the molecules.

Sometimes, 1C-R2PI method is not suitable to ionize the molecules. If the ionization energy
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of the molecules is more than the sum of the two photons of a laser used for Si«< S
electronic excitation, the second photon of a different wavelength from another laser is
employed to ionize the molecules. This technique is called 2C-R2PI (2-color resonant 2-
photon ionization) or (1+1”) REMPI technique. In this technique, one photon from the first
laser excites the molecules, and another photon of shorter wavelength from another laser is
used to ionize the molecules.

2C-R2PI or (1+1”) REMPI technique is also used to prevent fragmentation of the molecules
or weakly bound clusters in the Dy state. If the ionized molecules produced by the 1C-R2PI
technique has large excess of energy, the fragmentation of the ions can take place. To prevent
the fragmentation, the second photon of longer wavelength is used to ionize the molecules.
Figure 2.3c shows a typical high-resolution electronic spectrum of a molecule or weakly

bound complex measured by the R2PI technique.

2.1.2.2. Time of Flight mass spectrometry

The ions produced in the 1C-R2PI or 2C-R2P1 techniques can be detected via Time-Of-Flight
mass spectrometry (TOF-MS). In the mass spectrometry, ions are separated according to their
masses and hence their time of flight. In the TOF-MS, the ions are accelerated by a uniform
electric field to the same kinetic energy. Therefore the ions of different mass to charge ratio
have different velocity, and thus they reach the detector at different time. If only singly
charged ions are present, the lighter ion reaches the detector faster than the heavier ions and
hence, the time of flight of the lighter ion is less than that of, the heavier ions.

The TOF-MS has been built according to Wiley-McLaren configuration? in which the ions
are accelerated into two regions of different electric field strength. The TOF-MS employs
three electrode design for improved mass resolution of molecules and clusters. Figure 2.4
shows a schematic diagram of a TOF-MS. It is comprised of three electrode plates, a field-

free TOF tube, a ground plate, and the MCP detector. The three plates are called repeller
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plate, extraction grid, and ground plate. The repeller plate has a higher positive voltage than

the extraction grid.

Extraction Grid
TOF tube Micro Channel

Repeller Plate Accelerating Plate detector
/ Grid |

7 "2 l
S <i> P D al
E IE;
Ground Plate
Turbo
Pump

Figure 2.4: A schematic diagram of a Time of Flight-Mass Spectrometer (TOF-MS).

The ions are mostly formed at the halfway between the repeller plate and extraction grid by
using a laser beam of diameter about 2-3 mm. The distance from the ionization position to the
extraction grid is denoted by s. The ions generated through 1C-R2PI or 2C-R2PI technique
experience an electric field Es between the repeller plate and extraction grid and afterward
move towards the extraction grid. The region between the repeller plate and extraction grid is
called the ionization region. After passing through the extraction grid, the ions experience an
electric field E4 between the extraction grid and ground plate which are separated by distance
d. As Eg>E;, the ions get highly accelerated. The region between the extraction grid and the
ground plate is called the acceleration region. It is this acceleration which helps them to move
in TOF tube of length D where no electric field (E=0) is present.

If the ion has initial energy Ug at the time of its formation and it increases to U after
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experiencing the electric fields Esand E4 then
U=Up+QgsEs+qdEy, ...ovennnn.... (2.5)
The total time of flight T taken by an ion of mass m and charge q is given by
T=Te+Tg+Tp, e, (2.6)
Where, Ts is the time taken by ion source to travel the ionization region, Tq is the time
taken by ion source to travel the acceleration region and Tp is the time taken by ion

source to travel field free drift tube.
1/2
T, = 1.02%[(U0+qus)1’2i(U0)1/2] ............. 2.7)

Here, + and — signs correspond to initial velocities directed away from and towards the

detector respectively.

/
Ty= 1.02(2’:% [UY2-(Uo+qSE) ] oo 2.8)
d
1 pt
To =1.02(2m)z (2 ... .. (2.9)

In our experimental setup, the TOF mass spectrometer, pulsed molecular beam axis, and
pulsed laser beam axis are mutually perpendicular to each other. The skimmed molecular
beam is ionized by a laser pulse inserted between the repeller plate and extraction grid which
are 1 cm apart from each other. The ions move towards the extraction grid due to the
potential difference between the repeller plate (e.g., V=3060 volts) and extraction grid (e.g.,
V=2800 volts). The ions are further accelerated between the extraction grid and the ground
plate (V= 0 volts). After passing through the ground grid, ions travel into a field free (E=0)
TOF tube of 1 m length. These ions are detected by an 18 mm microchannel plate detector

(V=-3000V) placed at the end of the TOF tube.
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2.1.3 Tunable laser systems used for experiments

2.1.3.1 Dye laser

An active medium in a dye laser is generally organic dyes i.e., rhodamine, fluorescein,
coumarin, LDS, etc. dissolved in a suitable solvent (e.g., methanol). The dye molecules
should have strong absorption/fluorescence at the excitation wavelength, excellent

photochemical stability and minimum intersystem crossing for the productive performance of
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Figure 2.5: A schematic diagram of a dye laser.

The dye laser used for our experiments is pumped by second harmonic output (532 nm) of an
ND: YAG laser (Continuum, Surelite 11-10, 10 Hz, 10 ns) having pulse energy of ~ 250 mJ.
The dye laser consists of one oscillator cell and two amplifiers cells called pre-amplifier and
final amplifier cell. The vertically polarized 532 nm pump beam, after reaching to a beam
splitter (BS1) gets split into two parts. 5% of the input 532 nm pump beam is reflected into
the oscillator cavity whereas the remaining portion of the 532 nm pump beam gets
transmitted through beam splitter BS1. The transmitted portion of the 532 nm pump beam,
after reflection from various mirrors, reaches to another beam splitter BS2. The BS2 diverts

10% of the input pump energy into the first amplifier. The remaining energy is transmitted to
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Chapter 2 Experimental and Computational Methods

the final amplifier. The oscillator cavity consists of a grating, beam expander, cavity mirror,
focusing lens, and dye cell. The light reflected from BS1 falls on dye cell after passing
through the focusing lens. Dye cell contains dye molecules dissolved in a suitable solvent.
The pump light excites the dye molecules. When these dye molecules return to their ground
state; they emit light via fluorescence. This fluorescent light from the oscillator dye cell
passes through the beam expander before falling on the grating (2400 lines/mm). The grating
helps in proper wavelength selection from the whole output range of dye. The output from the
oscillator cavity is amplified using the preamplifier and final amplifier. The final amplified
beam then enters into UV Tracker (UVT) where it gets frequency doubled and generates UV

beam after passing through KD*P crystal.

2.1.3.2 IR Optical Parametric Oscillator (OPQO)/ Optical Parametric Amplifier (OPA)
System
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Figure 2.6: A schematic diagram of an IR laser.

The infrared laser (LaserVision) produces IR radiation in the mid-IR region (1.35u—5u). The
IR laser is pumped by 1064 nm output of NdYAG laser (Surelite 11-10, 10 ns, 10 Hz) having

pulse energy ~530 mJ. Generation of IR radiation employs nonlinear KTP crystal at the OPO
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stage and four nonlinear KTA crystals at the OPA stage. A schematic diagram of the IR stage
is shown in Figure 2.7.

The horizontally polarized 1064 nm pump beam, after focussing from the telescope falls on
the beamsplitter (BS) which divides the pump beam into two parts. One part is directed
towards the OPO where after passing through the BBO crystal, it gets frequency doubled. At
the OPO stage, this 532 nm beam passes through KTP crystal after reflection from mirrors
HR1 and HR2. KTP crystal generates two new photons, idler (i) and signal (ws) via optical
parametric oscillation process. The sum of idler and signal frequencies is equal to the
frequency of the pump beam. Both idler and signal pass through dove prism which improves
the collimation of beams. A MgF, waveplate is placed before the OPA stage which changes
the polarization of idler from vertical to horizontal and rejects signal. Thus the only idler
reaches to OPA stage.

At OPA stage, there are four KTA crystals. The idler (w;) after passing through
MgF,waveplate, mixes with 1064 nm pump beam which was transmitted through a beam
splitter (BS). The combined idler (w;) and 1064 nm beams then pass through four KTA
crystals. The positions of the KTA crystals were optimized to maximize the output energy.
After passing through KTA crystals, difference frequency mixing takes place, and a new idler
(m)) is generated according to the relation 1/A; — 1/1064=1/A, where %, is the wavelength of
idler photon after OPA stage. A new signal photon (ws) is also generated at this stage
according to the relation 1/As=1/1064-1/L, where As is the wavelength of the signal photon
after OPA stage. Both idler (o)) and signal (ws) are vertically and horizontally polarized
respectively. Both idler (o) and signal (ws) then pass through silicon polarizer which is used
to separate both the beams. Idler beam is selected by the polarizer which is in the mid-IR

region and is used for further experimental purposes.
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2.1.4 Experimental set-up

The experimental setup shown in Figure 2.7 consists of a home-built jet-cooled REMPI-TOF
mass spectrometer. The installation consists of two differentially pumped vacuum chamber
(ionization chamber and molecular beam chamber) connected through a skimmer of 2 mm
diameter. A commercial series 9 pulse valve having a 10 Hz repetition rate and 0.5 mm
diameter operated by pulse driver (IOTA ONE, Parker Instrumentation) is incorporated into
the molecular beam chamber. Molecular beam chamber is pumped by a 10-inch diffstack
diffusion pump (OD 250, Hind Hivac) having pumping speed 3000 L/s. This diffusion pump
is backed by a roughing pump (FD60, HindHivac) with a pumping speed of 17 L/s. The
ionization chamber is pumped by a 4.5-inch diffstack diffusion pump (OD 114, Hind Hivac)

having a pumping speed of 280 L/s. This small diffusion pump is backed by a roughing pump

Figure 2.7: Laboratory photograph showing home built jet cooled TOF-MS.

(ED-21, Hind Hivac) having a pumping speed of 6 L/s. The walls of both diffusion pumps are
cooled by circulating water maintained at 18° C from a chiller (Refricon Hvac System). Both

the vacuum chambers are separated from the diffusion pumps by the gate valves. Liquid
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nitrogen traps are used between vacuum chambers and diffusion pumps which prevent the
contamination of diffusion pump oil. Cold cathode ion gauges measure the pressure inside the
vacuum chambers. The base pressure in the molecular chamber and ionization chamber is
8*10® torr and 1* 10 torr, respectively.

The time of flight (TOF) tube is placed on the top of the ionization chamber in a direction
perpendicular to the molecular beam axis. An 18 mm dual Micro Channel Plate (MCP)
detector (Jordon TOF Products) is accommodated in a small vacuum chamber which is
placed at the end of the TOF tube. The detector chamber is pumped by turbopump having
pumping speed 70 L/s. The turbopump is backed by a dry scroll pump (SH-110, Varian)
having pumping speed 1.5 L/s. A TOF power supply (Jordon TOF products) is used to
provide negative voltage to the detector and positive voltage to repeller plate and extraction
grid. The ion signal generated from the detector is amplified by a preamplifier (SRS, Model
SR445A) and sent to a digital oscilloscope (Tektronix, 350 MHz, DPO 4034) interfaced to a
PC via a USB port. The temporal synchronization between lasers was provided by the digital
delay generator (BNC, Model 575).

2.1.5 Experimental Scheme

A schematic diagram of the experimental scheme is shown in Figure 2.8. Usually, the sample
having low vapor pressure is kept inside a sample holder placed behind the pulse valve and
this sample holder is heated between 50° C-100° C inside the vacuum to generate sufficient
vapors. On the other hand, samples which have high vapor pressure are kept inside a steel
container, and this container is cooled at a sufficiently low temperature outside the vacuum
chamber to generate sufficient vapors for our experiment. The sample vapors seeded in the
He/Ne or Argon carrier gas at 40-50 psig are expanded inside the vacuum through a pulsed
nozzle. The pulse valve is operated at 10 Hz. The pulsed molecular beam, collimated with the

skimmer interacts with the UV laser in the ionization chamber.
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The ions are produced in the ionization chamber by REMPI technique. The ions are extracted
and accelerated by applying typical voltages of +3060 V to repeller plate (VA1) and +2800 V
to extraction grid (VA2). The ground plate is kept at ground potential. The ions of different
masses get separated according to their different time of flight inside field free time of flight
tube and are detected by MCP detector. The ion signal from the detector is further amplified
by 125 times using a preamplifier and then sent to an oscilloscope which is interfaced to PC

via USB port.
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Figure 2.8: A schematic diagram of the experimental procedure.

A LabVIEW based program developed in the laboratory has been used to capture the data
from the oscilloscope and to scan the laser wavelength. The time of flight of different ions is

given by the relation t,=t;*(m1/m2)*?

where t; and m; are the time of flight and mass of a
reference molecule, respectively while t, and m; are the time of flight and mass of an
unknown molecule, respectively. This equation is based on the fact that ions of different
masses have the same kinetic energy. The oscilloscope displays ions of different masses as a

function of their time of flight. The time window of a particular mass is selected using a

LabVIEW program, and the electronic spectrum was recorded using the same program.
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2.1.6 Spectroscopic Techniques

We have used various spectroscopic techniques combined with quantum chemical
calculations to determine the structures of molecular complexes formed in the supersonic
jet.1C-R2PI™?" and 2C-R2PI spectroscopy have been used to record the mass selected
electronic spectra of the complexes. IR-UV hole burn and UV-UV hole burn techniques were
used to determine various isomers present in the electronic spectrum of the complex. IR
spectra of the molecules and clusters were measured by Resonant ion dip infrared

spectroscopy (RIDIRS) technique.

2.1.6.1 1C-R2PI spectroscopy

This technique has already been discussed in section 2.1.2.1

2.1.6.2 Resonant ion-dip infrared spectroscopy (RIDIRS)

The schematic diagram of RIDIRS is shown in Figure 2.9. This technique involves the use of
UV and IR laser. Both UV and IR beams are spatially overlapped and are at the right angle
to the molecular beam axis. IR laser beam has pulse energy 2-3 mJ whereas UV laser has
pulse energy 0.2-0.3 mJ. IR laser is focussed by 100cm CaF; lens before entering inside the

vacuum chamber.
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Figure 2.9: A schematic diagram of (a) RIDIRS and (b) IR spectrum
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IR laser is fired 100-150 ns before UV laser. In this technique, the UV laser is fixed at a
particular transition in the electronic spectrum, and IR laser is scanned. This technique
measures the depletion in the ion signal due to UV laser in the presence of the IR laser. When
IR frequency matches with any vibrational transition of the molecule or complex in the
ground electronic state, molecules get vibrationally excited, and depletion in ion signal is
observed.

2.1.6.3 IR-UV double resonance spectroscopy

8 is used to determine the number of conformers

IR-UV double resonance spectroscopy™
present in the electronic spectrum of molecule or complex. Figure 2.10 shows the schematic

diagram of the IR-UV double resonance spectroscopy. This technique is also called IR-UV
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Figure 2.10: A schematic representation of (a) IR-UV hole burn spectroscopy and (b)
IR-UV hole burn spectrum.

hole burn spectroscopy because IR laser burns the population from the ground vibrational
state to vibrationally excited state. In this technique, IR laser is fixed at a particular
vibrational frequency of the molecule or complex and UV laser is scanned throughout the
whole electronic spectral region. The IR laser depletes the population of a particular

conformer of the molecule or complex in the ground electronic state, and hence the intensity
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of all the bands in the electronic spectrum belonging to that particular conformer gets
reduced. The bands belonging to different conformer in the electronic spectrum remain
unaffected. In this technique, IR laser is fired 100-150 ns prior to UV laser.

2.1.6.4 UV-UV double resonance spectroscopy

UV-UV double resonance spectroscopy is also used to determine the number of conformers

present in the electronic spectrum of molecule or complex. Figure 2.10 shows the schematic

(2) (b)

T

sl\ o

Intensity (arb. units)

\M‘P be UV fixed R2PI
Pump U\&\ ;_”‘e UV-UV HB
tuned
S G / u
0 =
100-150 ns

c
wavenumber (cm™)

Figure 2.11: A schematic representation of (a) UV-UV hole burn spectroscopy and (b)
UV-UV hole burn spectrum.

diagram of UV-UV double resonance spectroscopy. This technique is also called UV-UV
hole burn spectroscopy. In this technique, probe UV laser having pulse energy 0.2-0.3 mJ is
fixed at a particular transition in the electronic spectrum and pump UV laser having pulse
energy 0.5-0.6 mJ is scanned throughout the whole electronic spectral region. The pump UV
laser is fired 100 ns prior to the probe UV laser. If the signal due to pump laser and signal
due to probe laser originate from the same ground state, depletion in the probe signal is

observed whenever pump laser excites the molecule.
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2.2 Computational Methods

To interpret our experimental data, we have performed detailed quantum chemical
calculations. We have used Gaussian09, Gaussianl6, QChem4.3, Psi4, NBO6.0 and

GAMESS packages for quantum chemical calculations.

2.2.1 Geometry optimization and frequency calculation

We have used density functional theory (DFT) for ground state geometry optimization, and
harmonic vibrational frequency calculations of molecules and weakly bound complexes
studied in work. We have used dispersion-corrected DFT functionals, i.e., B97-D, ®B97X-D,
MO05-2X, M06-2X, etc. for most of our calculations.?****we have employed both Pople type
(i.e., 6-31+G(d), 6-311++G(d,p) ), as well as Dunning’s correlation consistent (i.e., aug-cc-
pVDZ ) basis, sets to perform geometry optimization as well as frequency calculation of the
molecules and complexes. All the calculations are performed using “opt=tight” convergence
criteria and “ultrafine” numerical integration grid to obtain reliable results. The binding
energy (BE) of various isomers of the dimer, trimer and tetramer complexes is corrected for
basis set superposition error (BSSE) and zero point energy (ZPE). BSSE correction has been
done using the counterpoise method proposed by Boys and Bernardi.** All the geometry
optimization, frequency calculation, and BSSE calculation was performed by Gaussian09 and
Gaussian16 program packages.'*>**

The structures of various isomers of complexes obtained in the experiment were determined
by comparing their scaled theoretical vibrational frequencies with the experimentally
observed frequency values. The scaling factor was determined by either taking the ratio of the

experimental frequency with corresponding theoretical frequency or by the linear fit method.

All the scaling factors are discussed in details in different chapters.
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2.2.2 Binding energy calculation with BSSE and Zero Point Energy (ZPE) correction

The binding energy of a complex AB can be given as

AEpina(AB) = ERE(AB) - EA(A) - EF(B) ........ (2.10)
Where A and B are monomers infinitely separated from each other and AB is the complex
molecule. EAE(AB) represents the energy of the complex AB calculated on the geometry of
the complex and in the dimer basis set which is the union of basis sets of monomers A and B.
Similarly, EA(A) and EE(B) are the energy of monomers A and B calculated on their
geometry and their own basis set.
During the complex formation, the monomers approach towards each other. Hence, each
monomer uses the basis functions of other monomers to some extent which provides
additional stabilization to the complex. The extra stabilization to the complex is termed as
basis set superposition error (BSSE).
The BSSE corrected binding energy is calculated as
AELT ((AB) = EAB(AB) - EAB(A) - EAE(B) ......... (2.11)
Where AELT 4(AB) is the counterpoise (CP) corrected binding energy of the complex,

E4B(A) and E4B(B) are the energy of monomers calculated at dimer basis set.

2.2.3 Energy Decomposition Analysis (EDA)

We have used various EDA methods to decompose the binding energy of the complexes into
different components. Localized Molecular Orbital- Energy Decomposition Analysis (LMO-
EDA) method developed by Su and Li,**" implemented in GAMESS™*® decomposes the total
interaction energy (AEtqtq1) iNto electrostatic (AEgs), exchange (AEgx), polarization (AEpqy),
repulsion (AEggp) and dispersion (AEp;sp)components.

AEqota) = AEgs + AEgy + AEpop + AERgp + AEpsp ....... (2.12)

Absolutely Localized Molecular Orbital-Energy Decomposition Analysis (ALMO-EDA)
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1.1 and implemented in Q-Chem* decomposes the

method developed by Khaliullin et a
total interaction energy into frozen density, polarization and charge transfer components.
AETota = AEprz + AEpor + AEcr ... (2.13)

The frozen density is defined as the energy change that corresponds to bringing two
infinitely separated fragments into the complex geometry without any relaxation of the
molecular orbitals (MO) of the fragments. The frozen density component in ALMO-EDA
calculation consists of electrostatic (AEgg), dispersion (AEpisp) and repulsion (AEgrgp)
components.

AEgrz = AEgs + AEpisp + AERgp  covvveeene. (2.14)

Reduced Variational Space-Energy Decomposition Analysis (RVS-EDA)Y14
method implemented in GAMESS decomposes the total interaction energy (AErqta) INtO
Coulomb/exchange (AEgsx), polarization (AEpq;,) and charge transfer (AEct) components.

AETota1 = AEgsx + AEpor, + AEcT ... (2.15)

Where the Coulomb/exchange (AEgsx) term is the sum of electrostatic (AEgg) and
exchange (AEgx) components.

AEgsy = AEgs + AEgy .o, (2.16)

Symmetry-Adapted Perturbation Theory-Energy Decomposition Analysis (SAPT-EDA) is a

perturbation-based energy decomposition analysis scheme.

2.2.4 Natural Bond Orbital (NBO) analysis

NBO6.0 program developed by Weinhold and co-workers'***

and implemented in
Gaussian09 has been used to determine the strength of the hydrogen bond interaction present
in the molecular complexes. The NBO6.0 program transforms the delocalized MOs into
localized natural bond orbitals (NBOs). These NBOs are localized on one center, two centers

or three centers. The mathematical algorithm of NBO suite converts the input atomic orbital

44



2.2 Computational Methods

basis functions into natural atomic orbitals (NAOs). These NAOs give rise to natural hybrid
orbitals (NHOs) through linear combination which in turn give rise to natural bond orbitals
(NBOs) through linear combination. For a diatomic molecule AB, the linear combination of
NHOs gives rise to two NBOs. One is bonding NBO (Lewis type), and another is antibonding
NBO (non-Lewis type). The bonding NBO, also known as donor orbital is occupied with
electrons and antibonding orbital, also known as acceptor orbital has less occupancy.

Hydrogen bonding involves delocalization of electrons from filled (donor) NBOs to

antibonding (acceptor) NBOs. The strength of the hydrogen bonding interaction according to

the NBO formalism is measured by second-order perturbation energy (Eg) Where i and j*
are the lone pair orbital of hydrogen bond acceptor atom and X-H antibonding orbital,
respectively. X is the hydrogen bond donor atom. It measures the extent of overlap between
the donor (i) bonding NBO and acceptor (j*) antibonding NBO and hence the strength of the
interaction. Due to the overlap between donor and acceptor orbitals, there is a donation of
electron density from donor NBO to acceptor NBO. It is referred to as delocalization. For

each donor NBO (i) and acceptor NBO (j*), the donor-acceptor stabilization energy E®

associated with i— j* delocalization is given as

E(Z) = qIM ............ (217)

i-j* -
Where q; is the occupancy of donor orbital, F(i,j) is the off-diagonal NBO Fock matrix
element. ¢; and ¢; are diagonal elements (orbital energies). Greater will be overlap between
donor and acceptor orbitals; more will be the second-order perturbation energy value and

hence stronger will be the hydrogen bond.
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The nature and strength of selenium hydrogen bonding
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3.1 Introduction

We have discussed in Chapter 1 that hydrogen bonding is the most important non-covalent
interactions present in almost every sphere of life. Since the discovery of the concept of the
hydrogen-bond, many scientists have contributed significantly to understand the strength and
nature of this fascinating intermolecular interaction. Huggins**>**®, Pimmentel**’, McClellen,
Pauling, Jeffrey are a few notable names along with others who have made a seminal
contribution towards the more profound understanding of the physical nature of the hydrogen
bond. Pauling introduced the idea that hydrogen bond must be electrostatic, but later it was
found through NMR and Compton scattering experiments that it has some covalent character.
However, it is still not straightforward to explain the origin of the strength of the hydrogen
bonds having various types of unconventional hydrogen-bond donor or acceptor atoms.

After the recent re-definition of the hydrogen-bonding by the IJUPAC committee, there has
been a growing search for finding the presence of this ever interesting non-covalent
interaction between a hydrogen atom in an X—H group and any other atom in the periodic
table. One of the most suitable techniques to obtain a molecular-level understanding of any
unexplored hydrogen-bonding interaction is isolated gas phase IR spectroscopy in
combination with quantum chemistry calculations.

The most extensively studied unconventional hydrogen bonding interaction using a less
electronegative atom as a hydrogen bond acceptor is sulfur-centered hydrogen
bonding. %3213 Oxygen (0), sulfur (S) and selenium (Se) belong to the same group of the
periodic table. Interestingly, the electronegativity of S (2.58) and Se (2.55) is much less
compared to that of O (3.44). At the same time, both S (180 pm) and Se (190 pm) are much
larger in size than O (152 pm). Thus, the charge density of S and Se is much less compared to
that of O. It will be interesting to have detailed quantitative understanding of both S and Se

centered hydrogen bonding as both of these interactions involving the S and Se containing
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amino acid residues contribute to the stability of proteins. However, gas phase spectroscopic
study of Se hydrogen-bonding interaction is sparse in the literature except the one reported
recently by Biswal and co-workers.’®* Surprisingly, it has been observed that S and Se form
hydrogen bond of similar strength as compared to O. Both S and Se hydrogen bonds are
described as dispersion stabilized hydrogen bonds as the contribution of the electrostatic
interaction to the total stabilization energy of these hydrogen-bonds are relatively less
compared to the conventional strong hydrogen bonds. However, a better understanding of the
origin of the pronounced IR red-shift observed in the X-H stretching frequency of the S and
Se hydrogen bonds demands further experimental and theoretical investigation of these
intriguing non-covalent interactions.

In this work, the intrinsic nature of selenium hydrogen bonding has been investigated
by studying gas phase electronic and IR spectroscopy as well as detailed quantum
chemistry calculations of indole...dimethyl selenide (Ind...Me,Se) and
phenol...dimethyl selenide (Ph...Me,Se) complexes. The results have been compared
with the literature data of indole...dimethyl sulfide (Ind...Me,S) and
phenol...dimethyl sulfide (Ph...Me,S) complexes.'**!*° For the sake of completeness
of the comparison among O, S, and Se hydrogen bonding interactions,
indole...dimethyl ether (Ind...Me,O) and phenol...dimethyl ether (Ph...Me,0O)
complexes are studied only computationally. Our results indicate that the S and Se
centered hydrogen bonded complexes in comparison to the O centered hydrogen-
bonded complexes are conformationally rich. We have found through various energy
decomposition analysis (EDA) methods and natural bond orbital (NBO) calculations
that the significant IR red-shift of the S and Se hydrogen bond cannot be explained
only by electrostatic interaction rather charge transfer interaction plays a significant

role for the strength of these types of hydrogen bonds.
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3.2 Results and discussion

3.2.1 Time of Flight (TOF) Mass spectra of dimeric complexes

Figure 3.1a and 3.1b shows the mass spectra of Ind...Me,Se and Ph...Me,Se dimeric
complexes, respectively, measured by fixing the excitation laser at 35066 cm™ and
36349 cm™, respectively. Figure 3.1a shows several other peaks of higher masses

compared to Ind...Me,Se complex peak.
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Figure 3.1: Time of flight mass spectra of (a) indole (Ind) in the presence of Me,Se and
(b) phenol (Ph) in the presence of Me,Se by fixing the laser wavelength at 35066 cm™
and 36349 cm™ respectively.

These peaks are due to higher clusters of indole monomer. Indole...dimethyl selenide

(Ind...Me,Se) and phenol...dimethyl selenide (Ph...Me,Se) dimeric complexes were
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synthesized in a supersonic expansion of mixed vapor of indole (heated at 75 °C) or
phenol (heated at 40 °C) and dimethyl selenide (cooled at -78 °C) seeded in a 55 psig

gas mixture of 70% Ne/30% He through a pulsed nozzle (0.5 mm dia, 10 Hz) into a

high vacuum chamber.

3.2.2 Electronic spectra of the dimeric complexes

Figure 3.2b and 3.2e show the mass-selected electronic spectra of Ind...Me,Se and
Ph...Me,Se dimeric complexes, respectively, measured by 2C-R2PI spectroscopy.
Figure 3.2a and 3.2d show the mass-selected electronic spectra of the indole and
phenol monomers. The origin bands of the indole and phenol monomers appear at
35240 cm™ and 36349 cm™ respectively which match very well with previously
reported one.™®!° The electronic spectra shown in Figure 3.2 are presented in a
relative wavenumber scale with respect to the 09 band (origin transition) of the
individual complex. The origin transition for Ind...Me,Se (Figure 3.2b) appears at
35066 cm™ while the same for Ph...Me,Se (Figure 3.2¢) is observed at 36039 cm™.

A few sharp bands are observed in the blue side of the 03 bands of both of the
complexes. To determine whether all the electronic bands in the spectra (Figure 3.2b
and 3.2e) originate due to a single conformer or multiple conformers of the complex,
an IR-UV hole-burning experiment has been performed by probing the N-H/O-H
stretching frequency corresponding to the origin band of the complexes. Figure 3.2c
and 3.2f display IR-UV hole-burning spectra by probing the N-H stretching frequency
(3371 cm™) of Ind...Me,Se and O-H stretching frequency (3414 cm™) of Ph...Me;,Se,
respectively. The IR-UV hole-burning spectra of both the complexes show depletion
in the ion signal of all the electronic bands confirming the presence of only one

conformer of these complexes in the experiment. Thus the low-frequency vibronic
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bands observed in the electronic spectra (Figure 3.2b and 3.2e) are due to
intermolecular vibrations of the dimeric complexes. The IR spectra of the complexes

are presented in the next section.
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Figure 3.2: Electronic spectra of (a) indole monomer (b) Ind...Me,;Se complex (d)
phenol monomer and (e) Ph...Me,Se complex measured using 2C-R2P1 spectroscopy.
Parts (c) and (f) show IR-UV hole-burning spectra of Ind...Me,Se and Ph...Me,Se
complexes. Tentative assignment of the bands in the electronic spectra of the complexes
is done through their vibrational frequency calculation. The spectra of monomers and
complexes have been presented in a relative wavenumber scale with respect to the
individual 09 band.
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Theoretically, there are 6 intermolecular modes in a dimer. However one might not see
all the modes in the experiment. An S; state frequency calculation of Ind...Me,Se
complex at the TD-B3LYP/6-31G(d) level (Table 3.1) shows that the low-frequency
vibronic bands in Figure 3.2b are due to an intermolecular hydrogen-bond (N-H...Se)
stretching mode o (79 cm™) and a progression of another 14 cm™ mode denoted by a.
Similarly, we have compared the low-frequency vibronic bands present in Figure 3.2e
with the calculated intermolecular vibrational modes of the Ph...Me,Se complex

Table 3.1 Observed and calculated low frequency intermolecular vibrational modes of
Ind...Me;Se and Ph...Me,Se complexes. The S; state intermolecular vibrational modes for
Ind...Me,Se are calculated at the TD-B3LYP/6-31G(d) level of theory. The Sy state low-
frequency vibrational modes for Ph...Me,Se are calculated at the B97-D/6-311++G(d,p) level
of theory.

Ind...Me,Se Ph...Me,Se
Observed  Calculated Assignments Observed Calculated®  Assignments
(S1)
(cm™) 4 (cm™?) (So)
(cm™) .
(cm™)
14 20 o 14 17 o
28 - 20 22 28 B
36 34 o + B
48 40 2p'
70 57 59 (o+2B)/(r)
79 85 o 62 3p'
110 72
104 86 a'
119 113 (o'+ a')/(3")
127 O—‘+ Bv
145 o'+2p'

®Observed low-frequency vibronic bands of Ph...Me,Se complex is compared with the
vibrational frequency calculated at the S, state as the S; state calculation was not successful.

(Table 3.1). The band at 104 cm™ is assigned to the intermolecular O-H...Se hydrogen
bond stretch (¢) while the 14, 22, 57, and 119 cm™ bands are four other

intermolecular modes denoted as o', ', ' and &' respectively. The remaining vibronic
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3.2 Result and discussion

bands are due to overtones or combinations of bands of these modes only. Low-
frequency intermolecular vibrations of Ph...Me,Se could not be calculated at the S;
state as there was a problem in optimizing the geometry of the complex due to the
breaking of the Se-CH3 bond. However, the low-frequency vibrations calculated at the

So level match pretty well with those observed in the experiment.

3.2.3 IR spectra of the complexes

The most important part of the present work is the determination of the structures of
the observed conformers of Ind...Me,Se and Ph...Me,Se complexes as well as the
nature of the selenium hydrogen bonding interaction by performing IR spectroscopy
and quantum chemistry calculations. IR spectra of the indole monomer, Ind...Me,Se
complex, phenol monomer, and Ph...Me,Se complex measured by RIDIR spectroscopy
have been provided in Figure3.3a, b, ¢, and d, respectively. The free N-H stretching
vibration (3525 cm™) of indole and the free O-H stretching vibration (3654 cm™) of
phenol shown in Figure3.3a and ¢ were reported earlier.*****® The N-H stretching
frequency in Ind...Me,Se is red-shifted by 154 cm™ with respect to that in the indole
monomer while the red-shift observed in the O-H stretching frequency in Ph...Me,Se
with respect to that in the phenol monomer is 240 cm™. The observed red-shifts in the
N-H and O-H stretching frequencies in these two complexes prove the presence of
selenium hydrogen bonding (N-H...Se and O-H...Se) interactions.

Stronger selenium hydrogen bonding in the case of O-H...Se compared to N-H...Se is
quite evident as the O-H group is a better hydrogen bond donor in comparison to the
N-H group. The results of the detailed calculations on various conformers of
Ind...Me,Se and Ph...Me,Se complexes are discussed in the next section. However, the
theoretical IR spectra of only the conformer of each of these two complexes which

match well with the experimental IR spectra are provided in Figure 3.3.
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(a)

3300 3400 3500 36100 3700
Wavenumber (cm )

Figure 3.3: IR spectra of (a) indole, (b) Ind...Me,Se complex, (c¢) phenol and (d)
Ph...Me,Se complex measured by probing the origin bands of indole (35240 cm™),
Ind...Me,Se complex (35066 cm™), phenol (36349 cm™) and Ph...Me,Se complex
(36039 cm™), respectively, using RIDIR spectroscopy. Theoretical IR spectra and
structures of the Ind...Me,Se(A) conformer of Ind...Me,Se and Ph...Me,Se(A)
conformer of Ph...Me,Se obtained at the B97-D/6-311++G(d,p) level of theory are
provided with (b) and (d) , respectively.

The stick spectra presented with Figure 3.3b and d are theoretical IR spectra of
Ind...Me,Se(A) conformer of Ind...Me,Se complex and Ph...Me,Se(A) conformer of the
Ph...Me,Se complex, respectively, calculated at the B97-D/6-311++G(d,p)level of

theory. The calculated harmonic frequencies reported here are scaled with respect to
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3.2 Result and discussion

the experimental N-H and O-H stretching frequencies of indole and phenol monomers,
respectively. To determine the structures of the observed conformers of the complexes in the
experiment, theoretical IR spectra of various conformers were compared with the
experimental IR spectra of the complexes. As the vibrational frequencies were calculated
according to harmonic approximation, the calculated frequencies (N-H and O-H) were
corrected using a scaling factor. The scaling factor was obtained from the ratio of
experimental N-H/O-H stretching frequency of monomer (indole/phenol) and calculated
harmonic N-H/O-H stretching frequency of monomer (indole/phenol) obtained at a particular
level of theory and basis set. The agreement between experimental and theoretical IR spectra
of both experimental and theoretical IR spectra of both the complexes is excellent.

It could be mentioned here that Biswal and co-workers observed a red-shift of 91
and 262 cm™ in the N-H stretching frequency of the N-H...Se hydrogen bonded
complexes of N-phenylacetamide...Me,Se and 2-pyridone...Me,Se, respectively.*®
However, further detailed study of this unconventional hydrogen-bonding interaction
is essential to obtain in-depth physical insight behind the large amount of red-shift

observed in the IR stretching frequency for the Se or S centered-hydrogen bond.

3.2.4 Quantum chemistry calculations of the different structures of the complexes

Computational studies on Se, S, and O centered hydrogen-bonding, and a comparison
of these data with the corresponding experimental results indicate that the strength of
the hydrogen-bonding with Se or S depends on the structural aspects of the multiple
possible conformations of the complexes containing Se or S hydrogen-bonding. Figure
3.4 shows optimized structures (hydrogen bonded) as well as binding energies and N-
H/O-H stretching frequencies of various conformers of Ind...Me,Se, Ind...Me,S, and
Ind...Me,0O complexes as well as Ph...Me,Se, Ph...Me,S, and Ph...Me,O complexes

calculated at the B97-D/6-311++G(d,p) level of theory. The most striking feature of
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Chapter 3 The nature and strength of selenium hydrogen bonding interaction

this result is that the O-centered hydrogen-bonded complex provides only one
conformation while the Se or S-centered hydrogen bonded complexes show multiple
low energy conformations. The single structure of Ind...Me,O or Ph...Me,O is
dominated by strong hydrogen bonding interaction (N-H...O or O-H...O). On the
other hand, each of Ind...Me;Se, Ind...Me,S, Ph...Me,Se, and Ph...Me,S complexes
show two types of structure. One of the conformers of these complexes, for instance,
Ind...Me,Se(B), Ind...Me,S(B), Ph...Me,Se(B) and Ph...Me,S(B), is dominated by a
strong hydrogen- bonding interaction. However, the other class of conformer, namely,
Ind...Me,Se(A), Ind...Me,S(A), Ph...Me,Se(A), and Ph...Me,S(A), is stabilized by a
delicate balance between relatively weaker hydrogen-bonding and dispersion
interactions. A similar observation was reported recently by Kjaergaard and co-
workers by studying dimethylamine (Me;NH)...Me,O and dimethylamine
(Me,NH)...Me,S complexes with gas phase FTIR spectroscopy.™! They found two
conformers of Me,NH...Me,S complex where the N-H...S hydrogen bond in one of
the conformers is stronger than that in the other conformer. On the other hand, the N-
H...O hydrogen bond of the two conformers of the Me,NH...Me,O complex is of
similar strength.

A comparison of the experimental N-H and O-H stretching frequencies of the indole
and phenol complexes with those obtained from the B97-D/6-311++G(d,p)
calculations (Figure 3.4) reveals that the observed structure for Se and S complexes is
the one which is stabilized by a subtle interplay between the relatively weaker
hydrogen bond and dispersion interaction. The S complexes of indole and phenol have

been reported earlier and the experimental vibrational frequencies of Ind...Me»S (V-

1=3367 cm™), Ph...MesS (vo.4=3527 cm™) and Ind...Me,0O (vn.n=3381, 3345, 3278

cm™) obtained from the literature are given in Figure 3.4,13115152
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3.2 Result and discussion

In the case of the indole complexes, the observed structures (Ind...Me,Se(A)) and
Ind...Me,S(A)) are the most stable conformers while the observed structures
(Ph...Me,Se(A)) and Ph...Me,S(A)) for phenol complexes are higher in energy by 0.1-0.5
kcal/mol from the most stable structures. The calculation has also been performed at the B97-
D/6-31+G(d), B97-D/cc-pVTZ, B97-D/aug-cc-pVTZ, and CCSD/6-311++G(d,p) levels of
theory but the trend in the zero point energy corrected relative binding energies of all the
conformers of the complexes remain same (Table 3.2). Moreover, we have calculated the
Gibbs free energies (AG)of various conformers of the complexes as these determine the
abundance of the conformers more accurately. Comparison of the binding energies (AE) and
Gibbs free energies (AG) of all the complexes is provided in Table 3.2.

Table 3.2 Comparison of binding energies (AE, in kcal/mol) calculated at various
levels of theory. Gibbs free energies (AG, in kcal/mol) of various conformers of
hydrogen-bonded complexes of indole and phenol are calculated at the B97-D/6-
311++G(d,p) level of theory. AG has been calculated at 10 K and 50 K.

Complexes AE AE AE AE AG (10 K) AG (50 K)
B97-D/6- B97- B97- CCSD/6- B97-D/6- B97-D/6-
31+G(d,p D/cc- Dlaug- 311++G 311++G 311++G

) pVvTZ cc- (d,p) (d,p) (d,p)
pVTZ

. Ind.MeSe(A) -683 575 577 447 -6.05 -5.58
2 . Ind..MeSe(B) -600 553 550  -426 -5.81 -5.56
% g Ind.MeS(A) 577 549 547 505 -6.12 -5.92
§‘ Ind..Me,S(B) 503  -527 520  -4.23 -5.48 -5.32
Ind..Me,O  -687 551 563  -570 -6.51 -6.14

. Ph.MeSe(A) -7.02 596 -602  -454 -6.44 -5.98
éa Ph..Me,Se(B) -7.40 616 627  -4.87 6.72 6.35
25 Ph.MeSA) -552 568 575  -4.98 -6.16 -5.91
§‘L Ph..Me,S(B) -6.36  -6.04 -613  -5.23 -6.29 -5.87
Ph..Me,O  -654  -6.29  -646  -6.51 -7.40 -7.23

It has been found that the order in the binding energies and Gibb free energies

(calculated at 10 K and 50 K) of the conformers of the complexes is similar. However,
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L, (cal)= 3273 cm’! v, (cal)= 3436 cm

Figure 3.4: Structures of various conformers of (a) indole and (b) phenol complexes with
dimethyl selenide (Me,Se), dimethyl sulfide (Me,S) and dimethyl ether (Me,O) optimized at
the B97-D/6-311++G(d,p) level of theory. BE represents the BSSE and zero point energy
corrected binding energies of the complexes. *vnu(exp) = 3367 cm™ (Experimental N-H
stretching frequency of Ind...MeS), Pvon(exp) = 3527 cm™ (Experimental O-H stretching
frequency of Ph...Me,S) and “vnn(exp) = 3381, 3345, 3278 cm™ (Experimental N-H stretching
frequency of the three conformers of Ind...Me,O) are taken from references 113, 115 and 152
respectively. Theoretical harmonic N-H stretching frequencies [vnn(cal)] of the indole
complexes and O-H stretching [von(cal)] frequencies of the phenol complexes provided with
the structures in the figure are scaled using factors of 0.9588 and 0.9609, respectively.

since the computational methods employed (DFT or CCSD) are correct to about 0.5-1
kcal/mol, this is not a proof that we observe the less stable structures in the case of

phenol complexes. The reason behind not observing the near isoenergetic conformers
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3.2 Result and discussion

in the experiment could be interconversion of the higher energy one to the global
minimum through a shallow potential energy barrier. However, the most interesting
point here is that moving in the chalcogen group from O to S and Se provides

conformational abundance within the framework of S and Se hydrogen bonding.

3.2.5 Physical Origin of the strength of Se/S hydrogen bond

It turns out that S and Se being quite less electronegative and more polarizable
(diffused electron density) compared to O, show the possibility of multiple
conformations through small variation of the strength of the hydrogen bond. Du et al.
have also reported that there is a subtle difference between the O-H...O and O-H...S
hydrogen bonds.'>® The electron density in the sulfur-hydrogen bond is weaker the
secondary interaction present there is quite significant. It could be pointed out here
that S and Se neither form weaker nor stronger hydrogen bonds than O does. Rather
multiple conformations of S and Se complexes with different hydrogen bond strength
but similar binding energies are found from the theoretical calculations. In the case of
Se and S complexes of indole as well as phenol, the conformers with a stronger
hydrogen bond (those are not observed in the experiment) have red-shifts in the N-H
or O-H stretching frequency which is closer to or even more than that in Ind...Me,O

and Ph...Me,O complexes.
3.2.5 Physical Origin of the strength of Se/S hydrogen bond

3.2.5.1 Symmetry-Adapted Perturbation Theory (SAPT) energy decomposition analysis

(SAPT-EDA)

To understand the origin of the unusual strength of the Se and S centered hydrogen
bonds, the interaction energies of the various conformers of the three types (O, S, and

Se) of the complexes of indole and phenol have been decomposed using symmetry-
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Figure 3.5: SAPT2/aug-cc-pVVDZ decomposition of interaction energies of different
conformers of the complexes of (a) indole and (b) phenol. The red-shift in the N-H/O-H
stretching frequency (Avn.n Or Avo.y) of the complexes has been provided in the
annotation of the figure. Different components of the total interaction energy in SAPT2
method are Electrostatics (Ele), Polarization (Pol), Dispersion (Disp), and Repulsion

(Rep).
adapted perturbation theory (SAPT). Different components of the interaction energies
in the complexes of indole and phenol obtained from the SAPT2/aug-cc-pVDZ
calculation have been shown as a bar graph in Figure3.5a and 3.5b, respectively. In the

SAPT2 method, the total interaction energy (AEtow) Of the complexes is partitioned
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into electrostatics (AEgie), polarization (AEp), dispersion (AEpisp), and repulsion
(AEgrep) components. It is noticed that the electrostatic component is much smaller in
all the conformers of the Se and S complexes compared to that in the O-centered
hydrogen-bonded complexes. On the other hand, the polarization component in all the
complexes is not very much different. However, the red-shift in the N-H/O-H
stretching frequency (see the box in Figure 3.5a and 3.5b) of the various conformers of
the Se/S complexes is not appreciably different and even higher in some cases
compared to that in the O-centered hydrogen-bonded complexes. Thus
electrostatic/polarization interaction alone cannot explain the red-shift in the IR
stretching frequency or strength of the hydrogen bond when the hydrogen bond
acceptors are Se or S, which are very poor in electronegativity.

3.2.5.2 Absolutely Localized Molecular Orbital Energy Decomposition Analysis

(ALMO-EDA)

In order to find out the contribution of the charge transfer interaction energy to the
red-shift in the X-H stretching frequency of the S/Se centered hydrogen-bonded
complexes, we have performed an ALMO-EDA calculation. This energy
decomposition method has been demonstrated to be very useful in determining the
charge transfer/covalent contribution in the hydrogen bonded complexes.*>**®
Recently, Ahlquist and co-workers have reported from ALMO-EDA calculation that
charge transfer interaction plays a major role in the stabilization of platinum (Pt)
centered hydrogen bonds where Pt is an electropositive element.® In the ALMO-
EDA method, the total interaction energy (AEtow) IS decomposed into the frozen
density energy (A4Eg;), the polarization energy (A4Epy) and the charge transfer

energy(AEct). The AEg; term is composed of electrostatics, Pauli repulsion, and

dispersion. Figure 3.6 shows a bar diagram of the different components of the
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Figure 3.6: Decomposition of the interaction energies of the different conformers
of the complexes of (a) indole and (b) phenol obtained at the B97-D/6-
311++G(d,p) level of theory using the ALMO-EDA method. The red-shift in the

N-H/O-H stretching frequency (Avn.n Or Avo.y) of the complexes has been
provided in the box in the figure. Different components of the interaction energies
in the ALMO-EDA method are Frozen density interaction (Frz), Polarization
(Pol), and Charge transfer (CT).

interaction energy in all the conformers of Se, S, and O centered hydrogen bonded
complexes of indole and phenol obtained from the ALMO-EDA method using the
B97-D/6-31+G(d,p) level of theory. The ALMO-EDA results show that the charge

transfer (AEct) interaction in most of the conformers of Se and S complexes is not
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only a significant component of the total interaction energy but also higher than that in
the O-centered hydrogen-bonded complexes.

Indeed, Tomoda and co-workers reported that covalent interaction plays a paramount
role in the stabilization of C-H...Se hydrogen bond.”® They obtained first
spectroscopic proof of the Se hydrogen bonding by studying the structure of
diselenocin using X-ray crystallography, low temp NMR spectroscopy, solid state
FTIR, and ab initio calculations. Later, Madzhidov et al. have performed quantum
chemistry calculations of hydrogen-bonded complexes of a few organoselenium
compounds and reported that significant stabilization of the Se hydrogen bonding
arises from the charge transfer (CT) contribution.*® They have concluded from NBO
CT calculation that the CT values in the Se hydrogen bonding are more in comparison
to those in the conventional hydrogen bonding, i.e., N or O centered hydrogen bonds.
It should be pointed out here that the authors have looked at the charge density shift
from the hydrogen bond acceptor to the hydrogen bond donor. The CT in a molecular
system is defined as the difference between the sum of all the natural charges over
individual atom in the complex and the sum of all the charges over individual atom in

the monomers.

3.2.5.3 NBO CT analysis

We have computed the CT (charge density shift) values in all the conformers of the
Se, S, and O centered hydrogen bonded complexes of indole and phenol by
performing NBO analysis at the B97-D/6-311++G(d,p) level of theory. The CT values
along with the IR red-shift in all the complexes are provided in Table 3.3. It has been
found that there is a systematic trend in increasing the CT contribution with the
increase of the red-shift in the N-H/O-H stretching frequency of indole/phenol in the

various conformers of the S and Se complexes.

65



Chapter 3 The nature and strength of selenium hydrogen bonding interaction

Table 3.3 NBO charge transfer (CT) values in the various conformers of the hydrogen-
bonded complexes of indole and phenol with Me,Se, Me,S and Me,O along with the change
in the occupancy of the s and p-type lone pair orbitals (Ans and Anp) of the hydrogen bond
acceptor atoms (Se/S/O) and antibonding orbital (Ac n-wion) Of the N-H/O-H bond upon
complex formation obtained at the B97-D/6-311++G(d,p) level of theory.

Complexes Aveal® CT Angs ANp  AG N-HIOH
% Ind...Me,Se(A) 151 0.0332 -0.0008 -0.0290 0.0279
g Ind...Me,Se(B) 181 0.0381 -0.0016 -0.0325 0.0322
Z Ind...Me,S(A) 163 0.0353 -0.0007 -0.0248 0.0288
é- Ind...Me,S(B) 219 0.0434 -0.0013 -0.0323 0.0368
8 Ind...Me,0 252 0.0308 -0.0066 -0.0011 0.0249
é Ph...Me,Se(A) 236 0.0372 -0.0008 -0.0295 0.0305
é Ph...Me,Se(B) 322 0.0485 -0.0004 -0.0404 0.0415
g Ph...Me,S(A) 119 0.0311 -0.0012 -0.0202 0.0233
g_ Ph...Me,S(B) 326 0.0527 -0.0010 -0.0392 0.0449
8 Ph...Me,0O 218 0.0400 -0.0092 -0.0039 0.0348

*Theoretical red-shift (Aves) in cm™ in the N-H/O-H stretching frequency in the complexes
with respect to that in indole/phenol monomer

On the other hand, the CT contribution in Ind...Me,O/Ph...MeO is not significant in
proportion to the IR red-shift values. Furthermore, we notice that the changes in the
NBO occupation of the s and p-type lone pair (Ans and Anp) and the N-H/O-H
antibonding orbitals (Ans+) in the case of the Se and S centered hydrogen bonding are
indeed much larger than those in the case of the O centered hydrogen bond. A careful
inspection of Table 3.3 reveals that the CT values in the case of the Ind...Me,O and
Ph...Me,0 complexes are close to those in some of the Se and S complexes. However,
it is intriguing to note that the total changes in the NBO occupation of the lone pair

orbitals (Ans + Anp)on oxygen atom are insignificant compared to those on Se and
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3.2 Result and discussion

Efficient CT in the Se and S hydrogen bonds with respect to that in the O hydrogen

bond is expected due to the higher polarizability and diffused orbitals/electron density

of the former two atoms compared to the latter one. Very recently, Stone has reported

that the CT component of the interaction energy calculated from the NBO analysis

suffers from the basis set superposition error.’>’ However, the relative values of the

CT of the complexes could be compared.

Table 3.4 NBO charge transfer values (CT) in various conformers of Ind...Me;Se,
Ind...Me,S, and Ind...Me,O complexes calculated at the B97-D/6-311++G(d,p) level of
theory using various basis sets. Change in the occupancy of s and p-type lone pair orbitals
(Ans and Anp) of the hydrogen bond acceptor atoms (Se/S/O) and antibonding orbital
(Ao n.n) of the N-H bond upon complex formation are also shown.

Complexes Methods CT Ang Any A Nk
B97-D/6-31+G(d) 0.0348 -0.0011 -0.0357 0.0331
Ind...Me,Se(A) BO7-D/6311++G(d,p) 00332 -0.0008 -0.0290 0.0279
B97-Dicc-pVTZ 0.0304 -0.0010 -0.0262 0.0251
B97-D/6-31+G(d) 0.0408 -0.0017 -0.0391 0.0368
Ind....Me,Se(B) B97-D/6311++G(dP) 0381 -0.0016 -0.0325 0.0322
B97-Dicc-pVTZ 0.0358 -0.0017 -0.0301 0.0295
B97-D/6-31+G(d) 0.0358 -0.0012 -0.0400 0.0306
o MeaSA) B97-D/6311++G(dp) 00353 -0.0007 -0.0248 0.0288
B97-D/cc-pVTZ 0.0296 -0.0007 -0.0201 0.0244
B97-D/6-31+G(d) 0.0430 -0.0013 -0.0366 0.0391
Ind....Me;S(B) B97-D/6311++G(dp) (0434 -00013 -0.0323 0.0368
B97-Dicc-pVTZ 0.0376 -0.0014 -0.0266 0.0315
B97-D/6-31+G(d) 0.0363 -0.0084 -0.0074 0.0319
Ind...Me0 BO7-D/6311++G(dp) 00308 -0.0066 -0.0011 0.0249
B97-D/cc-pVTZ 0.0242 -0.0035 0.0038 0.0200

The NBO CT analysis of the indole and phenol complexes (Tables 3.4 and Table 3.5)
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has also been performed using different basis sets, i.e., 6-31+G(d) and cc-pVTZ at the
B97-D level of theory and a similar correlation between the red-shift in the X-H

stretching frequency, and CT values have been obtained.

Table 3.5 NBO charge transfer values (CT) in all the possible conformers of phdmse, phdms,
and phdmo complexes calculated at the B97-D/6-311++G(d,p) level of theory using various
basis sets. Change in the occupancy of s and p-type lone pair orbitals (Ans and Anp) of the
hydrogen bond acceptor atoms (Se/S/O) and antibonding orbital (Ac o.n) of the O-H bond
upon complex formation are also shown.

Complexes Methods CT Angd An, AG on
BO7-D/6-31+G(d)  0.0422  -0.0012 -0.0388  0.0372
Pho--MezSeA)] Bo7.p6-311++G(d ) 0.0372  -0.0008 -0.0295  0.0305
B97-D/cc-pVTZ  0.0362  -0.0012 -0.0284  0.0307
BO7-D/6-31+G(d)  0.0528  -0.0004 -0.0490  0.0470
Ph- Me23®)) g7, pre-311++G(dp) 0.0485  -0.0004 -0.0404  0.0415
B97-D/cc-pVTZ  0.0467  -0.0006 -0.0390  0.0412
BO7-D/6-31+G(d) 00329  -0.0018 -0.0260  0.0283
Ph--Me2SA)| Bo7.p/6-311++G(dp) 00311  -0.0012 -0.0202  0.0233
B97-D/cc-pVTZ  0.0267  -0.0013 -0.0164  0.0216
BO7-D/6-31+G(d)  0.0543  -0.0012 -0.0450  0.0485
Ph.-Me2SB) | B97-D/6-311+4G(dp) 00527 -0.0010 -0.0392  0.0449
B97-Dicc-pVTZ ~ 0.0465  -0.0012 -0.0346  0.0418
BO7-D/6-31+G(d)  0.0443  -0.0119 -0.0104  0.0417
Ph--Me2O | Bo7.D/6-31144G(0P) 00400  -0.0002 -0.0039  0.0348
B97-Dicc-pVTZ  0.0322  -0.0066 0.0020  0.0310

Therefore, based on both the ALMO-EDA and NBO calculations we find that along
with electrostatics and polarization, charge transfer interactions are important to
nderstand H-bonding, and it is a delicate balance between the various interactions that

play the crucial role rather than a single component of the interaction energy
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3.3 Conclusion

In conclusion, we have investigated the nature of Se hydrogen bonding interaction (N-
H...Se and O-H...Se) by studying the complexes of dimethyl selenide (Me,Se) with
indole as well as phenol using R2PI, IR-UV double resonance spectroscopy and
quantum chemistry calculations. The results have been compared with the data on the
sulfur and oxygen-centered hydrogen bonds of indole and phenol. It has been found
that the hydrogen-bonded complexes of indole and phenol with dimethyl ether (Me,O)
show only one conformation dominated by a strong hydrogen bond (N-H...O or O-
H...O) while the Se/S centered hydrogen bonded complexes provide at least two
conformations having binding energies close to each other. One of the conformers of
the Se/S complexes is dominated by a stronger hydrogen bond (N-H...Se, N-H...S or
O-H...Se, O-H...S) while the other conformer is stabilized by a subtle balance
between a relatively weaker hydrogen bond (N-H...Se, N-H...S or O-H...Se, O-
H...S) and dispersion interaction. Interestingly, the experimentally observed
conformer of the Se/S complexes is the one which is stabilized by the relatively
weaker hydrogen bond and dispersion interaction. However, the other conformer of
the Se/S complexes, which has a hydrogen bond (N-H...Se, N-H...S or O-H...Se, O-
H...S) of similar or higher strength to the N-H...O/O-H...O, is not observed in the
experiment, is almost isoenergetic with the experimentally observed conformer. Thus
the Se/S hydrogen bonding interaction is neither weaker nor stronger compared to the
O-centered hydrogen bonding interaction.

The strength of the Se/S hydrogen bonding interaction varies depending on the orientation of
this atom with respect to the hydrogen bond donor group by balancing other intermolecular
interactions, i.e., the repulsion between Se/S with H atom of X-H group and dispersion

interaction between methyl groups and phenyl group in the complex. We have shown through
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the ALMO-EDA, SAPT-EDA and NBO CT calculations that the CT interaction plays a role
for the strength of the Se/S hydrogen bond interaction, along with the already acknowledged
electrostatics and polarization components. The Larger polarizability of Se and S atoms leads
to an enhanced CT interaction in these complexes. The finding from the present work is
extremely important as it will be able to explain the strength of the hydrogen bond having a

hydrogen bond acceptor atom of poor electronegativity.
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4.1 Introduction

4.1 Introduction

So far we have discussed selenium hydrogen-bonding interaction between two amino acid
residues in proteins. We have shown through various spectroscopy experiments as well as
quantum chemical calculations that Se forms hydrogen bond of similar strength as compared
to S and O. It has been found that charge transfer component in the total interaction energy
plays a pivotal role along with the electrostatics and polarization components to provide
significant IR red-shift in the stretching frequency of the S and Se centered hydrogen bond
donors. We have also discussed the biological importance of selenium in chapter 1.
Selenomethionine is the selenium analog of methionine in which sulfur is replaced by
selenium. Selenomethionine can be incorporated into proteins without affecting their
structures and functions. This provides a mechanism for reversible Se storage in organs and
tissues. This free Se is incorporated into selenocysteine which is found in more than thirty
selenoproteins including glutathione peroxidases (GPx) enzyme.*®

In general, the subtle interplay between various types of non-covalent interactions in the
backbone and side-chain of amino acid residues plays a significant role for protein folding,
protein-protein as well as protein-ligand interactions.>*"**%* Water molecules also
contribute significantly to the folding of proteins and biomolecular recognition processes
through hydrophobic interactions.'®**** However, water molecules specifically present in the
cavity of proteins and at the interface of proteins and ligands in protein-ligand complexes can
play a crucial role in their stability."****" |t has been found from high-resolution X-ray
crystallography and 2D NMR studies that water-mediated hydrogen bonding interactions
bridging two or more amino acid residues contribute to the stability of proteins and protein-
Iigand Complexes.119’167'170'171'175'179

A few examples describing water-mediated hydrogen-bonding interactions contributing to the

stability of the protein structures can be mentioned here briefly. Takano et al. reported that
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one or two water molecules in the cavity forming multiple strong hydrogen-bonds with
neighboring residues contribute significantly to the stability of proteins."**Wang et al. have
studied water molecules bound at the interface of the complex of HIV-1 protease and an
inhibitor using X-ray crystallography and NMR spectroscopy.’”® The observation of cross
peaks between the protons of water molecules and proteins as well as long residence time (1
ns or greater) of water molecules in the cavity measured by Nuclear Overhauser Effect
(NOE) and Rotating-frame Overhauser Enhancement (ROE) relaxation rates confirms that
water-mediated hydrogen-bonding interactions contribute to the stability of protein-inhibitor
complexes. The longer residence time (ns to ms) of water molecules in protein cavity has
been reported by many other groups using high-resolution NMR spectroscopy.’®*¥° Helms et
al. performed molecular dynamics simulation of protein-ligand complexes and concluded that
a water molecule in the cavity stabilizes the complexes only if it forms more than one
hydrogen bond with the ligand and neighboring residues of the protein.*”

Although water-mediated conventional strong hydrogen-bonding interactions present in
the cavity contributing to the stability of proteins are reported in the literature, there is
surprisingly no study on water-mediated unconventional hydrogen-bonding interactions
leading to the stability of proteins. It is also important to verify the stabilizing nature of this
water-mediated non-covalent interaction present in the PDB structures through quantum

chemistry calculations.

In this work, we have investigated water-mediated selenium (Se) hydrogen-bonding
interactions between amino acid residues in proteins through extensive PDB analysis and
quantum chemical calculations. To better understand the nature, strength, and binding motif
of this interaction, conformation-specific IR spectroscopy of a model complex consisting of

indole (Ind), dimethyl selenide (Me,Se) and H,O mimicking water-mediated Se hydrogen-
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bonding has been studied further in an isolated condition. The present work establishes that
water-mediated Se hydrogen bonding interactions are also present in proteins and these

interactions can contribute significantly to the stability of proteins.
4.2 Results and Discussion

4.2.1 Analysis of PDB structures

9175 PDB files that contained Selenomethionine (MSE) were downloaded from the RCSB
website."® On filtering these PDBs with sequence identity less than 30% and X-ray
resolution of < 2.5 A using PISCES*®, we got 5186 structures that were used for further
analysis. Hydrogen atoms were added to the amino acid residues in the protein structures
using REDUCE software.’® In this data, there were 4334 direct Se hydrogen bonding
interactions between MSE and other amino acid residues.®® However, the search of single
water-mediated Se hydrogen bonding interactions from PDB analysis is not documented in
the literature. In the water bridged interactions, Se of MSE is always the hydrogen bond
acceptor with water as its donor. However, the residues that are bridged by the water could
either have atoms that donate or accept hydrogen from water (Figure 4.1). The distance
(do..se) cut-off considered between Se atom of MSE and O atom of water is >2.5 A and <4.5
A while the distance (dpya...o) criterion between O atom of water and hydrogen bond donor
or acceptor atom (D/A) of any other amino acid residue is >2.0 A and <3.5 A. The minimum
and maximum distances (dpa..se) between Se atom and hydrogen bond donor or acceptor
atom (D/A) of amino acid residues are 3.8 and 8 A, respectively. The search criterion used
for the angle (£D...0...Se) comprising of Se, O atom of water and hydrogen bond donor
atom (D) of amino acid residues is 40°-180° while the same consideration for the angle
(Z£A...O...Se) consisting of Se, O atom of water and hydrogen bond acceptor atom (A) of
amino acid residues is 75°-135° (see Figure 4.1).
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Figure 4.1: A schematic showing the features of the Se...H,0...amino acid hydrogen- bond
network in PDB structures.The selenium, oxygen of the water and the donor (D) or acceptor
(A) atom from another amino acid are shown in orange, red and purple ball representation,
respectively and labeled accordingly. The two hydrogen bond distances (dpsa...o and do..se)
as well as the ZD/A...O...Se and dp/a.. s are also labeled in the figure.

Figure 4.2: A 3D plot showing frequency of single water mediated Se hydrogen bonding
interactions screened from PDB as a function of Z/D/A...O...Se (°) and dp/a.. s. distance
(A), where D/A is a hydrogen bond donor/acceptor atom of any amino acid residue except
MSE (See Figure 4.1). Note that the distances (dp/a...sc) are binned at an interval of 0.5 A for
representation purposes.
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We observed 4017 and 3509 single water-mediated Se hydrogen bonding (water bridges)
considering interactions of H,O with hydrogen bond donors (D) or acceptors (A) of the
amino acids residues, respectively (see Figure 4.1). Thus, we have a non-redundant set of
7526 single water-mediated Se hydrogen bonding interactions from 2978 different PDB

entries.

Figure 4.3: 3D histogram showing frequency of single water mediated Se hydrogen bonding
interactions retrieved from PDB as a function of #D...0...Se (°) and D...Se distance (A),
where D is a hydrogen bond donor atom of any amino acid residue except MSE (See Figure
4.1). Note that the distances (dpa...sc) are binned at an interval of 0.5 A for representation
purposes.

It is interesting that the number of single water-mediated Se hydrogen bonding interactions
observed in the PDB is almost twice than that of the direct Se hydrogen bonding interactions.
Figure 4.2 shows a 3D plot representing the frequency of single water-mediated Se hydrogen
bonding interactions or water bridges observed in the PDB as a function of ZD/A...O...Se

and D/A...Se distance (dp/a.. se), Where D/A is a hydrogen bond donor/acceptor atom of any

amino acid residue except MSE (See Figure 4.1). The plot shows that the occurrence of
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single water-mediated Se hydrogen bonding interactions is maximum at dp/a. sc = 5-5.5 A
and ZD/A...O...Se = 80°-90",

Figure 4.3 shows a 3D plot representing the frequency of single water-mediated Se hydrogen
bonding interactions or water bridges observed in the PDB as a function of ZD ...O...Se and
D ...Se distance (dp ._se), Where D is a hydrogen bond donor atom of any amino acid residue
except MSE (See Figure 4.1). The plot shows that the occurrence of single water-mediated Se
hydrogen bonding interactions is maximum at dp_s. = 5-5.5 A and #D...0...Se = 80° - 90,

We observed 4017 interactions of this kind.

Figure 4.4: 3D plot showing frequency of single water mediated Se hydrogen bonding
interactions screened from PDB as a function of ZA...O...Se (°) and da__s. distance (A),
where A is a hydrogen bond acceptor atom of any amino acid residue except MSE (See
Figure 4.1). Note that the distances (da.s.) are binned at an interval of 0.5 A for
representation purposes.

Figure 4.4 shows a 3D plot representing the frequency of single water-mediated Se hydrogen
bonding interactions or water bridges observed in the PDB as a function of ZA ...0O...Se and

A ...Se distance (da . se), Where A is a hydrogen bond acceptor atom of any amino acid
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residue except MSE (See Figure 4.1). The plot shows that the occurrence of single water-
mediated Se hydrogen bonding interactions is maximum at d,_s. = 5-5.5 A and ZA...O...Se
=80° - 90". We observed 3509 interactions of this kind.

Two representative examples of single water-mediated Se hydrogen bonding interactions
with neighboring residues extracted from PDB are shown in Figure 4.3. Hydrogen bond
distances are shown between the heavy atoms, i.e., Se atom of MSE and oxygen atom of
water as well as hydrogen bond donor/acceptor atom of any other residue and the oxygen
atom of water as it is quite challenging to determine the exact position of hydrogen atoms of
free water in protein from X-ray crystallography. It should be noted that a single water
molecule in a cavity can make more than two hydrogen bonding interactions with multiple

neighboring residues.

ﬁ:‘ \\/\ﬁpss / ‘ﬁ(’

BE= -17.03 kcal/mol N(se) = O(0-n) no) = O(N_p)
PDB ID: 3D5P E® = 12.97 kcal/mol E® = 8.65 kcal/mol

HOH822
(b) il T 288A

N(o) = O(N_H)
E®@ = 17.96 kcal/mol

N(se) = 0(0-H)
E®@ = 43.82 kcal/mol

BE= -21.09 kcal/mol

PDB ID: 1EK9

Figure 4.5: Two examples of single water mediated Se hydrogen bonding interactions between

(@) selenomethionine (MSE) and tryptophan (TRP)

residues

in PDB ID 3D5P (b)

selenomethionine (MSE) and asparagine (ASN) residues in PDB ID 1EKS9. Binding energy (BE)
and NBO plots showing individual hydrogen bond interaction between the residues in the PDB
structures are also shown in the Figure. E® stands for NBO 2" order perturbation energy.
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The distances depicted between water oxygen and neighboring hydrogen bond
donor/acceptor atoms indicate the presence of water-mediated hydrogen bonding interactions.

The van der Walls (vdW) radii of Se, H, O, and N are 1.9 A, 1.2 A, 152 A, and 1.55 A,

184

respectively.”™ We have also calculated the binding energies, natural bond orbital (NBO)

energies and atoms in molecules (AIM) electron density topology of the peptide residues
interacting with water in the two selected PDB structures provided in Figure 4.5. For the
binding energy, NBO and AIM calculations of the PDB structures, we have put H atoms on

the amino acid residues through REDUCE software while H atoms on water oxygen atoms

using pymol software.'®
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Figure 4.6: Electron density topology obtained from AIM calculation indicating water-

mediated Se hydrogen bonding interactions between the residues in the selected PDB
structures.

We have performed partial optimization of all the hydrogen atoms keeping all other
coordinates of the PDB structures fixed. The binding energies (BE) of the interacting residues

of the PDBs and NBO 2™ order perturbation energies (E®) of the hydrogen bond interactions
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present there are provided in Figure 4.5 while electron density topology obtained from AIM
calculation has been provided in Figure 4.6.

The BE, NBO and AIM results point out that single water-mediated Se hydrogen bonding
interactions between amino acid residues can contribute to the stability of protein structures.
We have also analyzed the PDB structures to obtain the frequency distribution of the amino
acid residues involved in water-mediated Se hydrogen bonding interactions (Figure 4.7). It
has been found that Argentine (ARG) residue dominates over all other residues to have
interactions with Se through a water bridge. Further, we did not find any instance of Se
hydrogen-bonding interactions with amino acids mediated by two water molecules (using the

distance and angle criteria mentioned above).

750

Frequency
()]
o
o

250 -

Figure 4.7: Histogram showing the frequency distribution of the amino acid residues
involved in single water-mediated Se hydrogen bonding interactions.
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Both Figures 4.2 and 4.5 reveal that there is a large variation in the Se...O, N...O and O...O
distances involving water-mediated Se H-bonding interactions in the PDB due to the
constraint of the optimum arrangement of other surrounding residues of the proteins.
However, the Se H-bonding interactions through a water bridge observed in the crystal
structures can be mimicked by studying a non-covalently bonded model complex, consisting
of two amino acid residues including MSE and a water molecule, in an isolated condition.
Study of this model complex is extremely important to have a quantitative understanding of

the nature, stability and structural motif of this water-mediated Se H-bonding interaction.

4.2.2 Gas phase laser spectroscopy

4.2.2.1 Time of flight mass spectrometry
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Figure 4.8: Time of flight (TOF) mass spectrum of indole in presence of water and
dimethyl selenide (Me,Se) by fixing the laser wavelength at 35118 cm™.
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Figure 4.8 shows the mass spectrum of Ind...H,0...Me,Se trimeric complex, measured by
fixing the excitation laser at 35118 cm™. The mass spectrum shows several other peaks apart
from the trimeric complex peak. These peaks are due to complexes of indole with water or
complexes of indole with dimethyl selenide. We observed several peaks in the mass spectrum
which evolve due to the interaction of several water molecules with indole. We observed
dimer, trimer, and tetramer of indole also. Ind...H,0...Me,Se complex was synthesized by
supersonic expansion of mixed vapor of Indole (Ind), H,O, and Me,Se seeded in a He-Ne
(30:70) carrier gas through a pulsed valve (General Valve, series 9, 10 Hz, 0.5 mm diameter)
into a high vacuum chamber. The carrier gas (55 psig) mixed with Me,Se (90+%, Alfa Aesar)

and H,O maintained at -78°C and 5°C, respectively, was passed through Indole (99%, Sigma

Aldrich) heated at 75°C before the expansion through the orifice.

4.2.2.2 Electronic spectroscopy

A weakly bound 1:1:1 model complex of indole, dimethyl selenide, and water has been
studied in the isolated gas phase using UV and IR laser-based spectroscopic techniques. Here,
indole (Ind) and dimethyl selenide (Me,Se) represents tryptophan (TRP) and
selenomethionine (MSE) residues of the protein, respectively. Figure 4.9(a) shows an
electronic spectrum measured in the mass channel of Ind...H>0...Me,Se complex employing
2C-R2PI spectroscopy. The electronic spectrum consists of several sharp but weak bands in
the 35040-35200 cm™ spectral region.

UV-UV hole-burning spectrum depicted in Figure 4.9 (b) has been recorded by probing the
35126 cm™ band marked by a green asterisk in Figure 4.9 (a). The hole-burning spectrum
shown in Figure 4.9 (b) indicates that all the electronic bands of Figure 4.9 (a) except
the35118 cm™ peak marked by a red asterisk belong to a single conformer of

Ind...H,0...Me,Se complex. The UV-UV hole-burning spectrum presented in Figure 4.9 (c)
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by probing the 35118 cm™ band shows only its own depletion. Thus the 35118 cm™band

presents in the electronic spectrum of Ind...H,0...Me,Se complex either belong to its
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Figure 4.9: (a) Electronic spectrum measured in the Ind...H;0...Me,;Se mass channel using
2C-R2P1 spectroscopy. (b)-(c) UV-UV hole-burning spectra by fixing the probe UV laser at
35126 and 35118 cm™ bands, respectively, marked by asterisks in the electronic spectrum
shown in part (a). The low frequency bands riding on the origin band of Ind...H>0...Me,Se
in Figure 4.7(b) are intermolecular vibration of the complex.

different conformer or higher order cluster fragmented into the trimer mass channel.
Measurement of the IR spectra by probing one of the electronic bands of Ind...H>0...Me,Se
and the 35118 cm™ band in combination with quantum chemistry calculations can reveal the
source of the single band observed in the hole-burning spectrum displayed in Figure 4.9 (c),
and this has been discussed in the latter section. It should be noted that the electronic origin
band for the S; «— Sy transition of Ind...H,0...Me,Se trimeric complex (Figure 4.9 (b)),
which appears at 35091 cm™, is red-shifted compared to that of the indole monomer and
indole...H,O complex by 132 and 150 cm™, respectively.*®® The low-frequency vibronic

bands riding on the origin band of the trimeric complex (Figure 4.9 (b)) can be explained
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tentatively in terms of fundamental, overtone and combination modes of intermolecular

vibrations denoted as a, 3, v, and .

4.2.2.3 Conformational landscape of Ind...H;O...Me;Se and Ind...(H;O),...Me,Se

complexes.
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Figure 4.10: Various low energy conformers of (a) indole...H,0...Me,Se and (b)
indole...(H20),...Me,;Se complexes optimized at the ®B97X-D/6-311++G(d,p) level of
theory. Binding energy (BE) values are BSSE and zero point energy corrected.

Figure 4.10(a) and 4.10(b) shows various low energy conformers of Ind...H,0...Me,Se and
Ind...(H20),...Me;Se, respectively, optimized at the ®B97X-D/6-311++G(d,p) level of
theory. BSSE and ZPE corrected binding energies, as well as selected hydrogen bond
parameters of different conformers of these two complexes, are listed with the structures. Six

low energy structures of Ind...H,0...Me,Se are reported in Figure 4.10(a). Interestingly, it
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has been found that the most stable trimeric structure S1 mimics the single water bridge
mediated Se hydrogen bonded structural motif observed in protein crystal structures. In the
S1 structure, water acts as a hydrogen bond donor to Se as well as a hydrogen bond acceptor
to the NH group of indole. The S1 structure of Ind...H,0...Me,Se resembles specifically the
structural motif of single water bridge mediated hydrogen bonding interactions between MSE
(residue number 83) and TRP (residue number 56) via H,O (residue number 150) in a protein
(PDB 3d5p, Figure 4.5(a)) named putative glucan synthesis regulator of SMI1/KNR4 family.
It can be noted that Se...O, N...O distances and £N...O...Se in the PDB 3d5p (Figure
4.5(a)) are 3.34 A, 2.99 A, and 108.47’, respectively, while the same parameters in the S1
structure of Ind...H,0...Me,Se are 3.43 A, 2.98 A, and 105’, respectively. Thus the structural
motif and hydrogen bond parameters for single water-mediated Se hydrogen bonding

interaction in the trimeric model structure (S1) and the PDB 3d5p has a close resemblance.

Table 4.1 BSSE and ZPE corrected Binding energies (BE) of different conformers of the
Ind...H,0...Me,Se complex calculated with different DFT functionals using the same basis
set

Complexes BE (kcal/mol)

©B97X-D/6-311++G(d,p) M06-2X/6-311++G(d,p)

S1 -14.48 -14.58
S2 -11.46 -11.56
53¢ -11.20 -11.55
sS4 -10.40 -10.15
S5 -9.75 -9.86
S6 -9.61 -9.48

33 conformer converges to S2 after geometry optimization at the M06-2X/6-311++G(d,p)
level of theory. Thus binding energy values are the same for S2 and S3 conformers at the
MO06-2X/6-311++G(d,p) level of theory.
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The other higher energy structures (S2, S3, S4, S5, and S6) of Ind...H,0...Me,Se are not
stabilized through a water bridge, and there is a direct interaction between indole and Me,Se.
Four low energy structures of Ind...(H20),... Me,Se complex is listed in Figure 4.10(b). The
most stable tetrameric structure is double water-bridge mediated Se hydrogen bonded
structure denoted as T1 where indole and Me,Se interact with each other through a double
water bridge. Binding energy calculations of different conformers of the Ind...H»O...Me,Se
and Ind...(H;0),...Me,Se complexes have been performed with different functionals as well
as basis sets and a similar trend in the stability of various conformers has been observed
(Table 4.1 and Table 4.2).

Table 4.2 BSSE and ZPE corrected Binding energies (BE) of different conformers of
Ind...(H,0),...Me,Se complex calculated with different DFT functionals using the same
basis set

Complexes BE (kcal/mol)

©B97X-D/6-311++G(d,p) M06-2X/6-311++G(d,p)

T1 -21.51 -20.95
T2 -18.40 -18.52
T3 -17.88 -18.47
T4 -17.66 -18.19

4.2.2.4 IR spectroscopy of the complexes.

Figure 4.11(b) and 4.11(d) show IR spectra in the N-H and O-H stretching region by probing
the 35126 cm™ band (0-0 + 35 cm™) of the Ind...H,0...Me,Se complex and the 35118 cm™
band, respectively, observed in the electronic spectrum presented in Figure 4.11(a). The two
IR spectra are entirely different in terms of the number of bands, and this observation
confirms that the 35118 cm™ band cannot be due to a conformer of Ind...H,O...Me,Se

trimer. The 35118 cm™ band could be somewhat due to a higher order cluster. The IR
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Chapter 4 Water-mediated selenium hydrogen bonding interactions in proteins

spectrum of indole monomer'® in the N-H stretching region has been provided in
Figure4.11(a) to compare the N-H stretching frequency of the complexes with the free N-H

stretching frequency.
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Figure 4.11: IR spectra of (a) indole (¢) Ind...H,0...Me;Se and (¢) Ind...(H20),...Me,Se
complexes measured using Resonant lon Dip Infrared (RIDIR) spectroscopy. (b), (d) and (f)
Theoretical scaled IR stick spectra of indole monomer, Ind...H,0...Me,Se (S1) and
Ind...(H,0),...Me,Se  (T1) complexes, respectively, calculated at the ®B97X-D/6-
311++G(d,p) level of theory. Scaling factors of 0.9463 and 0.9378 have been used to correct
the harmonic NH and OH stretching frequencies, respectively (see the computational method
section). Assignment of the IR bands is shown through color code provided in the theoretical
IR spectra as well as the optimized structures.
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4.2 Result and Discussion

Figure 4.11(d) and 4.11(f) shows theoretical harmonic scaled IR spectra of the most stable
structures of the Ind...H;0...Me;Se (S1) and Ind...(H20),...MeSe (T1) complexes,
respectively, obtained at the ®B97X-D/6-311++G(d,p) level of theory. The global minimum
structures of the Ind...H0...Me;Se (S1) and Ind...(H20),...Me,Se (T1) complexes are
provided with the theoretical IR spectra in Figure 4.11(d) and 4.11(f), respectively. The N-H
and O-H groups in the structures of the complexes and the corresponding theoretical IR bands
are marked with specific colors for a clear understanding of the assignment of the
experimental IR bands of the complexes. There is a reasonably good agreement of the
experimental IR spectra presented in Figure 4.11(c) and 4.11(e) with the theoretical IR
spectra of Ind...H>0...Me,Se (S1) and Ind...(H20),...Me,Se (T1) complexes, respectively,
shown in Figure 4.11(d) and 4.11(%).

A comparison of the experimental IR spectra of Ind...H,0...Me,Se and
Ind...(H20),...Me,Se with the theoretical scaled IR spectra of their various structures is
shown in Figures 4.12 and 4.13, respectively. It is quite clear from the Figures 4.12 and 4.13
that the theoretical IR spectra of only the S1 structure of Ind...H,0...Me,Se and the T1
structure of Ind...(H,0), ...Me,Se corroborate with the experimental IR spectra. IR spectra of
all the structures of the trimeric and tetrameric complexes are also calculated at the M06-
2X/6-311++G(d,p) level of theory. Figures 4.14 and 4.15 show a comparison of the
experimental IR spectra of the Ind...H,0...Me,Se and Ind...(H;0), ...Me,Se complexes,
respectively, with the theoretical scaled IR spectra of all the structures calculated at the
®B97X-D/6-311++G(d,p) and M06-2X/6-311++G(d,p) levels of theory. Interestingly, there
is a similar trend in the calculated frequencies obtained at both the levels of theory and thus
the assignment of the observed trimeric and tetrameric complexes to the S1 and T1 structures,

respectively, is unequivocal.
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Figure 4.12: Comparison of experimental IR spectrum of Ind...H,0...Me;Se complex
with ®B97X-D/6-311++G(d,p) level calculated scaled IR spectra of different structures
(S1, S2, S3, S4, S5, S6) of Ind...H,0...Me,Se. Scaling factors of 0.9463 and 0.9378 have
been used to correct the harmonic NH and OH stretching frequencies, respectively (see the
computational method section). The harmonic NH stretching frequency in the complex is
scaled with respect to the experimental NH stretching frequency (3525 cm™) of bare

150

indole™" while the harmonic OH stretching frequency in the complex is scaled with respect

to the experimental symmetric OH stretching frequency (3657 cm™) of bare water'*°.
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Figure 4.13: Comparison of experimental IR spectrum of Ind...(H,0),...Me,Se complex
with ®@B97X-D/6-311++G(d,p) level calculated scaled IR spectra of different structures (T1,
T2, T3, T4) of Ind...(H;0),...Me,Se. Scaling factors of 0.9463 and 0.9378 have been used
to correct the harmonic NH and OH stretching frequencies, respectively (see the
computational method section). The harmonic NH stretching frequency in the complex is
scaled with respect to the experimental NH stretching frequency (3525 cm™) of bare indole®
while the harmonic OH stretching frequency in the complex is scaled with respect to the

experimental symmetric OH stretching frequency (3657 cm™) of bare water®.
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Figure 4.14: Comparison of the experimental IR spectrum of the Ind...H;0...Me,Se
complex with the theoretical scaled IR spectra of its different structures calculated at the
() ®B97X-D/6-311++G(d,p) and (b) M06-2X/6-311++G(d,p) levels of theory. Scaling
factors of 0.9463 and 0.9378 have been used to correct the harmonic NH and OH
stretching frequencies, respectively, at the ©®B97X-D/6-311++G(d,p) level of theory.
Scaling factors used for the harmonic NH and OH stretching frequencies at the M06-2X/6-
311++G(d,p) level of theory are 0.9503 and 0.9398, respectively.

In Figure 4.11(b), the 3756 cm™ band is assigned to the free O-H freq of H,O of
Ind...H,0...Me,Se complex while the 3453 cm™ and 3409 cm™ bands are assigned to
hydrogen bonded OH (O-H...Se) of H,O and N-H (N-H...O) of indole, respectively. A red-
shift of 303 cm™ in the O-H stretch frequency of the O-H...Se hydrogen bond with respect to
that of the free O-H indicates the presence of a very strong hydrogen bond interaction there.

The N-H stretch frequency of indole in this trimeric complex is red-shifted by 114 cm™
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4.2 Result and Discussion

compared to that of the indole monomer while the red-shift in the N-H stretch frequency in

indole...H,0 complex™® is reported to be 89 cm™. The stronger N-H...O interaction in the

(a) ©B97X-D/6-311++G(d,p) (b) M06-2X/6-311++G(d,p)
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Figure 4.15: Comparison of the experimental IR spectrum of the Ind...H;0...Me,Se
complex with the theoretical scaled IR spectra of its different structures calculated at the (a)
®B97X-D/6-311++G(d,p) and (b) M06-2X/6-311++G(d,p) levels of theory. Scaling factors
of 0.9463 and 0.9378 have been used to correct the harmonic NH and OH stretching
frequencies, respectively, at the ®B97X-D/6-311++G(d,p) level of theory. Scaling factors
used for the harmonic NH and OH stretching frequencies at the M06-2X/6-311++G(d,p)
level of theory are 0.9503 and 0.9398, respectively.

Ind...H,0...Me,Se complex compared to that in the indole...H,O complex could be due to
co-operative nature of the hydrogen bond interaction as the water molecule in
Ind...H,0...Me,Se is engaged in hydrogen bonding interaction with both indole and Me,Se.
In the case of Ind...(H20),...Me,Se, two free OH groups of the two water molecules appear

at 3716 (asymmetric stretch- free OH of indole bound water) and 3700 cm™ (asymmetric
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Chapter 4 Water-mediated selenium hydrogen bonding interactions in proteins

stretch free OH of Me,Se bound water). On the other hand, stretching frequencies of the two
hydrogen-bonded bridged OH groups (O-H...Se and O-H...O) of two water molecules are

strongly coupled with each other and appear at 3403 and 3453 cm™, respectively.
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Figure 4.16: ®B97X-D/6-311++G(d,p) level optimized geometries of T1, T1D1 and T1D2
structures of Ind...(H20),...Me,Se. Hydrogen atom of water molecule marked by pink
circle is replaced by deuterium in T1D1 and T1D2. All other geometrical parameters of
T1D1 and T1D2 are same as of T1.

Assignment of these two O-H groups held together by a strongly hydrogen bonded bridge is
performed by theoretical calculation of deuterated complexes by replacing at a time one of
the bridging hydrogens of the two water molecules in the T1 structure of
Ind...(H,0),...Me,Se complex (Figure 4.16, Table 4.5 and Figure 4.17). Broadening of the
two bands at 3403 and 3453 cm™ and appearance of additional two weak bands at 3413 and
3440 cm™ could be due to strong coupling of the hydrogen-bonded bridged OH vibrations
which are close in frequencies.*®"'%

Both the experimental and the theoretical IR spectra as well as the energetics of different
conformers of Ind...H,0...Me,Se and Ind...(H20),...Me,Se confirm the observation of S1
and T1structures, respectively, in the experiment. Our spectroscopic studies on model

complex Ind...H,0...Me,Se demonstrate the finding of single water-mediated Se hydrogen-

bonded structural motif (S1 structure) which is abundant in the PDB.
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4.2 Result and Discussion

Table 4.3 Unscaled theoretical N-H and O-H stretching frequency values in T1, T1D1 and
T1D2 geometries of Ind...(H20),...Me,Se. The values in parentheses against each
vibrational frequency indicate the intensity (Int) of that particular vibration. Frequency values

are in cm™ whereas intensity values are in km/mol.

Parameters T1 T1D1 T1D2
Frequency(Int) Frequency(Int) Frequency(Int)
VN-H 3455 (599) 3461 (692) 3456 (705)
VO-H 3573 (1119) 3590 (814) -
(OH...Se)
VO-H 3628 (317) - 3611 (540)
(OH...0)
vo-H (free) 3953 (95) 3952 (97) 3949 (67)
(Me,Se bound water)
vo-H (free) 3968 (85) 3963 (53) 3968 (88)
(Indole bound water)
Vo-b - - 2613 (425)
(OD...Se)
Vo-D - 2626 (294) -
(OD...0)
Vo = 3611 cm™ (540)

—— O-H...0

V. = 3590 cm (814) (-17 cm)
O-H...Se

V. = 3573 cm? (1119)

O-H...Se

T1D1 ™ T1D2

Figure 4.17: Unscaled theoretical vo.y (O-H...Se) in T1D1 (leftmost) and vo.y (O-H...O) in
T1D2 (rightmost). Due to coupling of these two O-H vibrations in T1, vo.4 (O-H...Se) is
decreased by 17 cm™ whereas vo.y (O-H...O) is increased by 17 cm™. The value in
parenthesis against each vibrational frequency indicates the intensity of that particular
vibration. Intensity values are in km/mol. Note that after coupling, intensity of voy (O-
H...Se) increases whereas intensity of vo.y (O-H...O) decreases.
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4.2.2.5 Natural Bond Orbital (NBO) analysis

NBO 2" order perturbation energy (E®) between the lone pair orbitals of the hydrogen bond
acceptor atom (Y) and antibonding sigma orbital of the hydrogen bond donor group X-H) is a
measure of the strength of an X-H...Y hydrogen bond. Figure 4.18 shows the ®B97X-D/6-

311++G(d,p) level calculated E@values of the hydrogen bonds present in the S1 structure of

n(o) = O'EN_H) n(Se) =2 GEO—H)
E®@ = 7.81 kcal/mol E®@ =13.28 kcal/mol
AVyy o =114 cm” AV, o = 303 cm™

Ind...H,0...Me,Se (S1)

v

*; E vy

9 : {‘
() = O(N-H) n() = (o) N(se) = G(0-H)

E®@ =17.67 kcal/mol E® = 17.49 kcal/mol E® = 16.13 kcal/mol

AV, o =205 cm™ AvVgy o =303 cm™ AVgy s =353 cm™

Ind...(H,0),...Me_Se (T1)

Figure 4.18: NBO views for the hydrogen bonds present in the (a) S1 structure of
Ind...H,0...Me,Se (N-H...O, O-H...Se) and (b) T1 structure of Ind...(H20),...Me,Se (N-
H...O, O-H...O, O-H...Se) complexes calculated at the ®B97X-D/6-311++G(d,p) level of
theory. Red-shift values in the X-H stretching frequency (Avx.n) of the hydrogen bonds
present in the trimer and the tetramer are also provided in the figure.

Ind...H20...Me;Se (N-H...O, O-H...Se) and the T1 structure of Ind...(H20),...Me,Se (N-
H...O, O-H...O, O-H...Se) complexes. The red-shift (Avx.) values in the X-H stretching

frequencies of all the hydrogen bond interactions present in the trimer and tetramer
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4.2 Result and Discussion

complexes are provided with corresponding E@values. Both Avxy and E@ values
demonstrate that Se-centered hydrogen bond is of similar strength to O-centered hydrogen
bond. It is intriguing to note that the E® values for the O-H...Se and N-H...O hydrogen
bonds in the S1 structure of Ind...H,0...Me,Se complex and the PDB structure (ID: 3D5P,

Figure 4.5) of a putative glucan synthesis regulator protein is similar.

4.2.2.6 Energy decomposition analysis (EDA)

EDA of the S1 structure of Ind...H,0...Me,Se and T1 structure of Ind...(H20),...Me,Se is
performed to find out different components of the total interaction energies which contribute
to the stability of these complexes. EDA calculations have been performed using LMO and
RVS methods. In the LMO-EDA method, total interaction energy (AEtotar) is decomposed
according to the following equation: AEtotar = AEgs + AEgx + AEgrep + AEpoLt AEp)sp,
where AEgs, AEgx, AErep, AEpoL, and AEpsp Stand for electrostatic, exchange, repulsion,
polarization and dispersion interactions, respectively. *® On the other hand, the form of the
RVS-EDA interaction energy (AEtoraL) partitioning is: AEtora. = AEgsx + AEpoL + AEcT +
AEwmix, Where AEgsx term is equal to the sum of the electrostatic and exchange terms.*®® A
number of other schemes apply this reduction of terms, including the ALMO and BLW EDA

191

schemes.”™ AEpo. and AEcr are the polarization and charge transfer components,

respectively. The mixing component, AEyx, of the RVS-EDA, is the residual energy due to
counterpoise (CP) correction. As RVS-EDA is performed at the HF level, it does not include
any dispersion component of the interaction energy.

EDA calculation is also useful to underpin the origin of the strength of the hydrogen
bond,i.e., the red-shift in the X-H stretch frequency of an X-H...Y hydrogen bond. As we
have found from IR spectroscopy and NBO analysis that Se-centered hydrogen bond is as

strong as any conventional hydrogen bond, we have compared the components of the
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interaction energies of the most stable conformer of Ind...H,0...MexX as well as
Ind...(H,0),...Me,X by varying X from O to S and Se. The components of the total
interaction energies of these complexes obtained from the LMO-EDA method are provided in
Table 1. It is found for both the trimeric and tetrameric complexes that the electrostatic
component (AEgs) is significantly smaller in the complexes of Me,S and Me,Se compared to
that in the complex of Me,O. However, the percentage of the polarization component
(%POL) of the total interaction energy increases appreciably as we move from the complexes
of Me,O to Me,S and Me,Se (Table 1). It is also evident from Table 1 that the percentage of
the dispersion component (% DISP) of the total interaction energy is higher in the Me,S and
Me,Se complexes compared to that in the Me,O complexes

Table 4.4 Decomposition of the total interaction energies (kcal/mol) of the most stable
conformer of Ind...H,0...MeyX as well as Ind...(H20),...Me,X (X=0, S, Se) using LMO-
EDA method at the B3LYP/6-31G level of theory.

Complexes AEgs AEgx AEgep AEpoL AEpise AEtotaL % POL? %
DISP?

Ind...H,0...Me;O -30.83 -14.70 53.09 -1140 -10.69 -14.52 7851 73.62

Ind...H,0...Me,S -2541 -12.86 4683 -9.88 -9.87 -11.20 88.21 88.12

Ind...H,0...MepSe  -24.62 -12.79 4658 -9.83 -9.82 -10.52 93.44 93.35

Ind...(H20);...Me,O -55.22 -27.26 9244 -23.38 -15.67 -29.09 80.37 53.86

Ind...(H20),...Me,S  -47.74 -24.03 81.80 -20.17 -14.44 -2458 82.05 58.76

Ind...(H20),...Me,Se -46.76 -23.84 81.17 -20.00 -14.32 -23.76 84.17 60.26

%POL and %DISP represent the percentage contribution of the polarization and dispersion components,
respectively, in total interaction energy.

To know about the contribution of the CT component to the total interaction energies of the
complexes, RVS-EDA has been performed. Table 2 shows the components of the interaction
energies of the complexes obtained by RVS-EDA method. It is intriguing to note that moving

from the complexes of Me,O to Me,S and Me,Se, the percentage contribution of
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coulomb/exchange (%ESX) in total interaction energy decreases while percentage
contribution of charge transfer (%CT) increases significantly. Thus LMO-EDA and RVS-
EDA calculations demonstrate that the strength of the S- and Se- centered hydrogen bonds in
terms of the IR red-shift in the stretching frequency of the hydrogen bond donor could be due
to the significant contribution of the charge transfer component apart from the electrostatic
and polarization interactions present there. A similar explanation has been provided for the
strong Se hydrogen bond in indole...Me,Se and phenol...Me,Se complexes reported in the
literature.’®* Dey and co-workers have also reported that the IR red-shift in the stretching
frequency of the hydrogen bond donor is governed by electrostatic, polarization and charge
transfer components of the interaction energy while the overall stability of the complexes is
controlled by the dispersion energy.*’

Table 4.5 Decomposition of the interaction energies (kcal/mol) of the most stable conformer
of Ind...H;0...MeyX as well as Ind...(H;0),...Me X (X=0, S, Se) obtained with 6-31G
basis set using RVS-EDA method

COI’T]p'EXES AEESX AEPQL AECT AETOTAL % ESX? % POL?®* 9% CT?

Ind...H,0...Me,O -5.14 -438 -472 -14.96 34.36 29.28 31.95
Ind...H0...Me;S -1.33  -312 -4.44 -9.49 14.01 32.88 46.79

Ind...H0...Me;Se -047 -292 -4.63 -8.62 5.45 33.87 53.71

Ind...(H20);...Me,O  -920 -862 -860 -27.80 33.09 31.01 30.94
Ind...(H20),...Me,S  -557 -658 -794 -21.21 26.26 31.02 37.44

Ind...(H20),...Me,Se -4.64 -6.30 -8.09 -20.15 23.03 31.26 40.15

0) , % , and %CT represent percentage contribution of the Coulomb/exchange, polarization and charge
%HESX, %POL, and %CT rep tp tag tribut f the Coulomb/exchange, polarizat d charg
transfer components, respectively, in total interaction energy.

4.3 Conclusion

Single water-mediated Se hydrogen bonding interactions in proteins have been investigated
by PDB analysis and gas phase spectroscopy coupled with the quantum chemical calculation
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of model complexes consisting of indole, dimethyl selenide, and H,O. In an analysis of
protein structures deposited in the PDB, Se hydrogen bonding between two or more amino
acid residues through water bridges is found in abundance, ~2.5 bridged interaction per PDB
entry on average. Binding energy and NBO calculations of the water-bridged amino acid
residues of a few PDB structures demonstrate that single water-mediated Se hydrogen
bonding interactions can contribute significantly to the stability of the proteins. Mass-selected
electronic and IR spectroscopy of the model complex indole...H70...dimethyl selenide
qualitatively mimics the nature, motif, and energetics of single water-mediated Se hydrogen
bonding interactions present in protein structures. Interestingly, the number of Se-hydrogen
bonds involving water bridges is more abundant than direct Se-amino acid hydrogen bonds in
the PDB. Various energy decomposition analysis methods of the total interaction energy of
the complexes demonstrate that charge transfer interaction plays a significant role in the
strength of the S and Se centered hydrogen bonds in terms of the IR red-shift in the stretching
frequency of the hydrogen bond donor. The present work, for the first time, reports a
systematic PDB analysis of this water-mediated Se hydrogen bonding interactions in proteins

and understanding this interaction through the spectroscopic study of a model complex.
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Chapter 5

Observation of strong hydrogen-bond involving
unconventional hydrogen bond donor as well as acceptor

atoms






5.1 Introduction

5.1 Introduction

We have already discussed in the previous chapters that hydrogen bond is one of the most
important non-covalent interactions which governs the structures and functions of
biomolecules.*?*" Hydrogen-bond is generally denoted as X-H...Y, where X-H is a
hydrogen bond donor and Y, is a hydrogen bond acceptor. Despite being a century old
concept,* it is still the most enthralling topic of research among the scientific community. It
is well known that O, N, and F act as conventional strong hydrogen-bond donors and
acceptors due to their small size and high electronegativity. The nature and strength of O-
H...O, N-H...O, N-H...N, O-H...N hydrogen bonds have been studied and documented very
well in the literature. Later, it has been observed that apart from these highly electronegative
atoms, less electronegative atoms can also act as hydrogen bond donors and acceptors which
are denoted as unconventional ones. It has also been reported and documented in the
literature that w-electron cloud can also act as a hydrogen bond acceptor. Unconventional
hydrogen-bonds such as C-H...O, C-H...N, O-H...xr, N-H...nr and C-H...n are widely
present in biomolecules and materials.

Following the recent re-definition of the hydrogen-bond by the IUPAC committee,'** there is
a growing interest in the scientific committee to search for a further different type of atoms,
in the periodic table, which can form a hydrogen-bond. As per the recent re-definition of the
hydrogen-bond X-H...Y, X should be more electronegative than H while Y could be any
other atom in the periodic table.!*! Biswal and co-workers have extensively studied S-
centered hydrogen-bond through isolated gas phase experiment and reported that S forms
hydrogen bond of similar strength as compared to O when it is used as a hydrogen-bond
acceptor.”*>18 Kjaergard and co-workers have also reported from gas phase FTIR
spectroscopy study that N-H...S and N-H...O are of similar strength.**® Kjaergaard, and co-

workers also reported that positively charged phosphorus (P) can act as a potential hydrogen-
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bond acceptor although both hydrogen and phosphorus have similar electronegativity.'®

Very recently, Biswal and co-workers'®, as well as Das and co-workers194, have reported
that selenium (Se) centered hydrogen bond with Se as a hydrogen-bond acceptor is as strong
as S and O centered hydrogen bonds.

Most of the unconventional hydrogen bonds reported in the literature deal with
unconventional hydrogen bond acceptor atoms while the hydrogen bond donor is the
conventional one, i.e., N-H, O-H, etc. Hydrogen-bond involving unconventional hydrogen-
bond donor is mostly limited to C-H...Y hydrogen-bond where Y is generally a conventional
hydrogen bond acceptor. However, the spectroscopic study of unconventional hydrogen-bond
involving unconventional hydrogen-bond donor as well as acceptor atoms is sparse in the
literature. Biswal and co-workers reported that S-H...w interaction is as strong as O-H...n
interaction.'%® Bhattacherjee and co-workers'®* studied S-H...S hydrogen bond in H,S dimer
using VUV ionization detected IR pre-dissociation spectroscopy method. They observed 31
cm™ red-shift in the S-H...S bound S-H stretching frequency compared to the free S-H
stretching frequency in H,S dimer. They further reported a red-shift of 46 cm™ in the S-H
stretching frequency in 1:1 complex of H,S and diethyl ether.'® Robertson and co-workers'*®
showed that S can act as a hydrogen bond donor. They studied the complexes of 2-
phenylethanethiol (PET) with water and diethyl ether (DEE) and observed a red-shift of 9
cm™ in the PET...H,0 complex and 24 cm™ in the PET...DEE complex. They reported that S
is a weak hydrogen bond donor as compared to O because the former one is less
electronegative than the latter one. Very recently, Arunan and co-workers*®® reported from
microwave study that H,S dimer is hydrogen bonded and its geometry is similar to that of the
H,O dimer. Interestingly, S-H...S hydrogen bonding has been observed in protein crystal
structures.’"'%® It has been found that cysteine acts as a hydrogen bond donor and form S-

H..S hydrogen bond with methionine and cysteine.
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5.2 Result and Discussion

In this work, we have studied unconventional hydrogen bonds (S-H...S and S-H...Se)
having both unconventional hydrogen bond donor and acceptor atoms using isolated gas
phase and quantum chemistry calculations. More specifically, we have investigated
hydrogen-bond interaction in 1:1 complex of 2-chlorothiophenol (2-CTP) with dimethyl
sulfide (Me,S) and dimethyl selenide (Me,Se) employing R2PI, UV-UV hole-burning, and
RIDIR spectroscopy. We could not perform the experiment with thiophenol (TP) as it has
extremely short lifetime in the excited state."®?" According to common wisdom, the
hydrogen-bond interaction should be quite weak when both hydrogen bond donor and
acceptor atoms are weakly electronegative. However, it is quite surprising that both S-H...S
and S-H...Se hydrogen-bond interactions observed in our experiment are as strong as O-
H...S and N-H...S interactions or even any conventional hydrogen bond, i.e., N-H...N, N-

H...O, etc.
5.2 Results and discussion

5.2.1 Time of Flight (TOF) mass spectra of 2-CTP...Me;S and 2-CTP...Me,Se complexes

2-CTP...Me,S and 2-CTP...Me,Se complexes were synthesized by the supersonic expansion
of mixed vapor of 2-CTP, and Me,S/Me,Se seeded in He (30%)-Ne (70%) carrier gas of 50
Psig. 2-CTP was heated to 65° C to generate sufficient vapor pressure while Me,S and Me,Se
were cooled to -78°Cby keeping them in dry ice. Figure 5.1a shows a mass spectrum of the 2-
CTP...Me,S complex measured by 1C-R2PI spectroscopy by fixing the laser wavelength at
34529 cm™, which is the electronic origin band of the complex. The mass peak at 124 a.m.u.
is due to the dimer complex of dimethyl sulfide whereas the 260 a.m.u. mass peak belongs to
2-CTP...(Me,S), trimer. The mass peak at 208 a.m.u. corresponds to the 2-CTP...Me,S
complex formed in the supersonic jet.

Figure 5.1b shows the mass spectrum of 2-CTP...Me,Se complex. The mass spectrum shows
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Chapter 5 Strong hydrogen-bond involving unconventional hydrogen bond donor and acceptor

multiple peaks. The peak at 110 a.m.u. is designated to either Me,Se or thiophenol (TP)
which can be formed due to fragmentation of 2-CTP. The peak at 144 a.m.u. belongs to 2-
CTP whereas the peak at 288 a.m.u. is due to a dimer of 2-CTP, i.e., (2-CTP),. The small
peak at 208 is due to 2-CTP...Me,S complex because of the presence of Me,S in the system.
The peak at 220 a.m.u. is due to a dimer of Me,Se or thiophenol. The peak at 94 a.m.u.
marked with a green asterisk in the mass spectrum could not be assigned. The peak at 254
a.m.u. corresponds to 2-CTP...Me,Se complex formed in the supersonic jet. There are
multiple peaks in the 2-CTP...Me,Se complex mass channel which arises because selenium
has multiple isotopes. The most intense peak at 254 a.m.u. corresponds to Se-80 which has a
maximum abundance (~ 50 %). The mass spectrum is recorded at the 0-O excitation

wavelength of the 2-CTP...Me,Se complex (34516 cm™).
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Figure 5.1: TOF Mass spectra of (a) 2-chlorothiophenol...dimethyl sulfide (2-CTP...Me,S)
and (b) 2-chlorothiophenol...dimethyl selenide (2-CTP...Me,Se) complexes.
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5.2 Result and Discussion

5.2.2 Electronic spectra

5.2.2.1 Electronic spectrum of 2-chlorothiophenol monomer

Electronic spectrum of 2-chlorothiophenol-d; (CgH4CI-SD) has been reported earlier.?% It

shows multiple bands in the 03+2400 cm™ cm™ region with origin band at 34620 cm™ as
reported earlier by kim and co-workers. The electronic spectrum contains higher intensity
peaks upto 500 cm™ from the origin band. There are peaks of very low intensity from 03+500
cm™ to 03+1200 cm™. There are no significant peaks after 03+1200 cm™ in the electronic
spectrum. We obtained origin band of 2-CTP at 34628 cm™ (Figure 5.3a) which matches very

well with the previous report.?%?

1.00 -

—&— cis 2-CTP
—— trans 2-CTP

AG,,, (kcal/mol)

0.00—%0—0—0—0—0—0—0—0—0—0—0—0—0—0—0—0—0—0—0—0—0—0—0—0—0—0—0—0—0’
lIl]llIYl]!!]]lVlIl!Ill]IIIIIIIIIIIVIIIIYII]IYII[IIIl]lllll
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Temperature (K)

Figure 5.2: Relative Gibbs free energy (AGy) 0of cis-2-chlorothiophenol (cis-2-CTP) and
trans-2-chlorothiphenol (trans-2-CTP) calculated at B97-D/6-311++G(d,p) level of theory

2-CTP can have two conformers depending on orientation of chlorine (Cl) with respect to S-
H in 2-CTP. One conformer is cis-2-CTP where both Cl and S-H are oriented towards the

same side of the phenyl ring whereas in trans-2-CTP, both CI and S-H are oriented opposite
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Chapter 5 Strong hydrogen-bond involving unconventional hydrogen bond donor and acceptor

to each other (figure 5.7a). Our theoretical calculations at various levels of theory suggest that
cis-2-CTP is more stable than trans-2-CTP by approx. 0.7 kcal/mol. Gibbs free energy
calculation at various temperatures calculated at B97-D/6-311++G(d,p) level of theory also
reveals that cis-2-CTP is more stable than trans-2-CTP (Figure 5.2). Thus, based on all these
theoretical evidences, we can ascertain that the electronic spectrum of 2-CTP monomer is due
to cis-2-CTP. Kim and co-workers have also reported through Franck-Condon simulation that
all the vibronic bands in the electronic spectrum of 2-chlorothiophelol-d; are due to most
stable cis-2-CTP-d;. trans-2-CTP is not observed either due to conformational relaxation or

due to its extremely short lifetime.?®®

5.2.2.2 Electronic spectrum of 2-CTP...Me,S complex

Figure 5.3a shows the origin band of 2-chlorothiophenol (2-CTP). Electronic spectrum
measured in the mass channel of 2-CTP...Me,S dimeric complex is shown in Figure 5.3(b).
The electronic spectrum of the 2-CTP...Me,S complex shows multiple bands in the 34350-
34700 cm™ region. These bands could be due to different conformers of 2-CTP...Me,S
complex or vibronic bands of a single conformer. Figure 5.3(c) and 5.3(d) show UV-UV
hole-burn spectra of 2-CTP...Me,S complex by fixing the probe laser wavelength at 34529
cm™ (denoted by a blue asterisk) and 34413 cm™ (denoted by a green asterisk), respectively
in the electronic spectrum. From UV-UV hole-burn spectra, it is confirmed that there are two
conformers of 2-CTP...Me,S complex.

The structural assignment of the two conformers is done by comparing their experimentally
and theoretically obtained IR spectra, which are discussed later. Figures 5.3c-d are
conformation-specific electronic spectra of cis-2-CTP...Me,S and trans-2-CTP...Me;S,
respectively. The origin band of cis-2-CTP...Me,S appears at 34513 cm™ while the same for
the trans-2-CTP...Me,S is observed at 34388 cm™.

The bands in the electronic spectrum of the cis-2-CTP...Me,S complex are much more
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Figure 5.3: (a) Electronic spectrum showing the origin band of of 2-Chlorothiophenol (2-
CTP). (b) Electronic spectrum of 2-Chlorothiophenol....Dimethyl Sulphide (2-
CTP...Me,S) complex. (c) and (d) are UV-UV hole burn spectra of 2-CTP...Me,S
complex, respectively. The peaks marked with asterisks in Figure 5.2b are probed for the
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intense and rich in Franck-Condon activity than those of the trans-2-CTP...Me,S complex.
Theoretically, six low-frequency intermolecular modes are possible for any dimeric complex.
A tentative assignment of all the vibronic bands in the electronic spectra of both the
conformers of 2-CTP...Me,S complex is shown in Figure 5.3 as well as Table 5.1.

The bands in the electronic spectrum of the cis-2-CTP...Me,S complex is much more intense
and rich in Franck-Condon activity than those of the trans-2-CTP...Me,S complex.
Theoretically, six low-frequency intermolecular modes are possible for any dimeric complex.
A tentative assignment of all the vibronic bands in the electronic spectra of both the

conformers of 2-CTP...Me,S complex is shown in Figure 5.3 as well as Table 5.1.

The vibronic bands observed in the electronic spectra of the cis and trans conformers of 2-
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Table 5.1 Observed (S;) and calculated (Sp) low frequency intermolecular vibrational modes
of cis-2-CTP...Me,S and trans-2-CTP...Me,S complexes. The S, state low-frequency
vibrational modes are calculated at B97-D/6-311++G(d,p) level of theory.

Cis-2-CTP...Me,S trans-2-CTP...Me,S

Observed® Calculated” Assignment | Observed® Calculated® Assignment
(S1) (cm™)  (So)(em™) (S)em™)  (Se)(em™)
0 (34513) - 09 (34388)

17 15 a. 10

27 21 o’

33 20, 24 p’

51 49 30/ B 30 30 v

60 63 y 45

67 4, 6.0

76 80 o (stretch) 96

86 5a. 120

96 200+y

102 60

110 106 5

116 7o

126 129 S +a.

133 8a.

142 200+8

152 90,

170 10a

188 1lla
®All the observed values are with respect to the origin band of cis-2-CTP...Me,S complex
(34513 cm™)

PExcited state calculation of cis-2-CTP...Me,S was not successful due to bond breaking
between C and Cl in the excited state.

°All the observed values are with respect to the origin band of trans-2-CTP...Me,S complex
(34388 cm™)

Excited state calculation of trans-2-CTP...Me,S was not successful due to bond breaking
between C and Cl in the excited state.

CTP...Me,S are compared with their low-frequency intermolecular modes obtained from the
So state theoretical calculations and provided in Table 5.1. We could not obtain the
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5.2 Result and Discussion

vibrational frequencies of the complexes in the S; state as the C-Cl bond was breaking during
optimization of the geometries in the excited state. Tentatively, the electronic spectrum of the

cis-2-CTP...Me,S complex is mostly dominated by overtones and combination bands of the

amode. In the case of the less populated trans-2-CTP...Me,S complex, most likely three

intermolecular modes denoted as o’ (21 cm™), B> (24 cm™), andy’ (30 cm™) are observed in

the experiment.
5.2.2.3 Electronic spectrum of 2-CTP...Me,Se complex

Electronic spectrum of 2-chlorothiophenol...dimethyl selenide (2-CTP...Me,Se) complex is
shown in Figure 5.4a. The spectrum shows several sharp bands in the 34350-34650 cm™
region. These bands could be originated due to different conformers or vibronic progressions
of a single conformer. Figure 5.4b and ¢ show UV-UV hole burn spectra of 2-CTP...Me,Se
complex measured by probing the bands at 34545 cm™ (marked by a blue asterisk) and 34401
cm™ (marked by green asterisks), respectively in the electronic spectrum shown in Figure
5.4a. From UV-UV hole burn spectra, it is confirmed that there are two conformers of 2-
CTP...Me,Se complex. The two conformers are assigned by comparing their experimentally
and theoretically obtained IR spectra, which are discussed later. Figure 5.4b and 5.4c are
conformation-specific electronic spectra of the cis-2-CTP...Me,Se and trans-2-CTP...Me,Se
complexes, respectively. The origin band of cis-2-CTP...Me,Se appears at 34516 cm™ while
the same for trans-2-CTP...Me,Se is observed at 34401 cm™. The electronic bands in the
case of cis-2-CTP...Me,Se are more intense than those of trans-2-CTP...Me,Se. Both cis-2-
CTP...Me2Se and trans-2-CTP...Me2Se show large Franck-Condon activity in their
electronic spectra. A tentative assignment of all the vibronic bands in the electronic spectra of
both the conformers of 2-CTP...Me,Se complex is shown in Figure 5.4b-c as well as in Table

5.2. The vibronic bands observed in both the conformers of the 2-CTP...Me,Se complex
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Figure 5.4:
CTP...Me,Se) complex. (b) and (c) are UV-UV hole burn spectra of 2-CTP...Me,Se

The bands marked with asterisks are probed for for UV-UV hole-burning spectra.

(@) Electronic spectrum of 2-chlorothiophenol....dimethyl selenide (2-

complex.

is compared with their low-frequency intermolecular vibrations obtained in the Sy, state

theoretical calculation and are provided in table 5.2. Similar to the 2-CTP...Me,S complex,

vibrational frequencies of the two conformers of the 2-CTP...Me,Se complex could not be

calculated in the S; state. Tentatively, the electronic spectrum of cis-2-CTP...Me,Se is

dominated by overtones and combination of o modes while that of trans-2-CTP...Me,Se is

dominated by overtones and combination of o’ and B” modes.
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5.2 Result and Discussion

Table 5.2 Observed (S;) and calculated (Sp) low frequency intermolecular vibrational modes
of cis-2-CTP...Me,Se and trans-2-CTP...Me,Se complexes. The S, state low-frequency
vibrational modes are calculated at B97-D/6-311++G (d, p) level of theory.

Cis-2-CTP...Me,Se trans-2-CTP...Me,Se

Observed® Calculated” Assignment Observed® Calculated® Assignment

(S1) (cm™)  (So)(em”) (S1)(em™)  (So)(em™)
09 (34516) - - 09 (34395) - -
14 15 o 6 o’
29 24 20/B 9 B’
42 45 3aly 14 16 v’
55 59 Aald 18 2p’
65 50 23 4o
69 5a/(o+ ) 28
79 75 o (stretch) 45
83 6o 59 54 47’/
111 63 mp
68
12 8p’
83
108 12p°
113 120
®All the observed values are with respect to the origin band of cis-2-CTP...Me,Se complex
(34516 cm™)

PExcited state calculation of cis-2-CTP...Me,Se was not successful due to bond breaking
between C and Cl in the excited state.
°All the observed values are with respect to the origin band of trans-2-CTP...Me,Se complex
534395 cm™)

Excited state calculation of trans-2-CTP...Me;Se was not successful due to bond breaking
between C and ClI in the excited state.

5.2.3 IR spectroscopy

To determine the structures of the observed conformers of 2-CTP and the complexes of 2-
CTP with Me,S and Me,Se, we performed IR spectroscopy combined with quantum chemical

calculations. Figure 5.5a shows IR spectrum of bare 2-CTP measured by probing the
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Figure 5.5: IR spectra of (a) cis-2-CTP (c) cis-2-CTP...Me,S, (e) trans-2-CTP...Me,S,
(g)cis-2-CTP...Me,Se and, (i) trans-2-CTP...Me,Se by fixing the UV laser at (a) 34628
cm™, (c) 34529 cm™, (e) 34413 cm™, (g) 34545 cm™, and (i) 34401 cm™ respectively. (b),
(d), (), (h) and (j) are theoretically scaled IR spectra of cis-2-CTP, cis-2-CTP...Me,S,
trans-2-CTP...Me,S cis-2-CTP...Me,Se and trans-2-CTP...Me,Se respectively calculated
at B97-D/6-311++G(d,p) level of theory. The scaling factor was obtained by the ratio of
experimentally observed S-H stretching frequency and theoretically obtained S-H
stretching frequency of cis-2-CTP calculated at the B97-D/6-311++G(d,p) level of theory.

electronic origin band of 2-CTP at 35628 cm™ (Figure 5.3a) using RIDIR spectroscopy. The
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5.2 Result and Discussion

S-H stretching frequency of 2-CTP occurs at 2567 cm™. A comparison of the experimental
frequency with theoretically scaled frequency calculated at the B97-D/6-311++G(d,p) level
of theory reveals that this S-H stretching frequency belongs to cis-2-CTP. We could not
record the IR spectrum of trans-2-CTP.

Figure 5.5¢ shows IR spectrum of one of the conformers of 2-CTP...Me,S by fixing the UV
laser at 34529 cm™ (marked with a blue asterisk in Figure 5.3b in the electronic spectrum of
the complex) and scanning the IR laser in the S-H stretching frequency region. The S-H
stretching frequency of this conformer is observed at 2411 cm™. By comparing this
experimentally observed frequency with theoretically scaled frequency calculated at the B97-
D/6-311++G(d,p) level of theory, we confirmed that this S-H stretching frequency is due to
the cis-2-CTP...Me,S complex. IR spectrum (Figure 5.5e) of another conformer of2-
CTP...Me,S complex measured by fixing the UV laser at 34413 cm™ (marked with a green
asterisk in Figure 5.3b in the electronic spectrum of the complex) shows the S-H stretching
frequency at 2447 cm™. Again, a comparison of this experimentally observed frequency with
theoretically scaled S-H stretching frequency calculated at the B97-D/6-311++G(d,p) level of
theory tells that this S-H stretching frequency belongs to the trans-2-CTP...Me,S complex. It
has been found that the S-H stretching frequency in the cis-2-CTP...Me,S complex is 154
cmred-shifted compared to that in the cis 2-CTP monomer. The result is quite surprising as
the red-shift observed in the S-H stretching frequency for the S-H...S hydrogen bond is
similar to that observed for any conventional strong hydrogen bond. As we could not record
the IR spectrum of trans-2-CTP, it is difficult to predict exact red-shift in the S-H stretching
frequency of the trans-2-CTP...Me,S complex.However, our theoretical calculations for both
the cis and trans conformers of 2-CTP at the B97-D/6-311++G(d,p) level of theory suggest
that there is not much difference in the S-H stretching frequency of both the conformers of 2-

CTP monomer. The theoretically calculated and unscaled S-H stretching frequency for both
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the conformers of 2-CTP is shown in Figure 5.5a. It should be noted that the red-shift in the
S-H stretching frequency of cis-2-CTP...Me,S is more than that of the trans-2-CTP...Me,S
complex. It will be intriguing to compare the red-shift observed in the S-H stretching
frequency for the S-H...S hydrogen bond with that observed with any conventional strong
hydrogen bond donor reported in the literature. Biswal and co-workers have reported 130 cm’
red-shift in the O-H stretching frequency for the O-H..S hydrogen bond in
phenol...dimethyl sulfide (Ph...Me,S) complex."?> We have observed 154 cm™ red shift in
S-H stretching frequency for the cis-2-CTP...Me,S complex and 120 cm™ red shift in S-H
stretching frequency in the trans-2-CTP...Me,S complex. Thus, it could be pointed out here
that the red-shift reported in the case of the O-H...S interaction for the Ph...Me,S complex is
similar to that of the S-H...S interaction observed in the 2-CTP...Me,S complex although S is
less electronegative than O. This result indicates that S-H is as strong as O-H as a hydrogen
bond donor. Further, the strength of the S-H...S hydrogen bond can be even compared with
any conventional strong hydrogen bond with both hydrogen bond donor and acceptor atoms
as strongly electronegative. As, the red-shift values in the X-H stretching frequency reported
for N-H...O and O-H...O hydrogen bonds in indole...H,O and phenol...H,O are 89 and 133
cm?, respectively.®®?** So, S-H...S is a quite strong hydrogen bond even if both hydrogen
bond donor and acceptor atoms are very weak in electronegativity.

Similarly, IR spectra of the 2-CTP...Me,Se complex has been measured by fixing the UV
laser at one of the band positions of the electronic spectrum of each of the conformers and
scanning the IR laser in the S-H stretching region. Figure 5.5g shows IR spectrum in the S-H
frequency region by fixing the UV laser at 34545 cm™ (marked with a blue asterisk in Figure
5.4a in the electronic spectrum of the complex). The spectrum shows the S-H stretching
frequency of the complex at 2428 cm™. By comparing this experimentally observed

frequency with theoretically scaled frequency calculated at B97-D/6-311++G(d,p) level of
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Table 5.3 Unscaled harmonic S-H stretching frequency (vs.4 in cm™) of different conformers
of 2-CTP monomer and 2-CTP...Me,S/Me,Se complex calculated at B97-D level of theory
and different basis sets.

Complex vs.q (cm™)

B97-D/6-31+G(d) B97-D/6-311++G(d,p) B97-D/aug-cc-pvVDZ

cis-2-CTP 2653 2643 2634
trans-2-CTP 2633 2628 2622
Cis-2-CTP...Me,S 2495 2477 2417
trans-2-CTP...Me,S 2509 2516 2452
Ccis-2-CTP...Me,Se 2302 2476 2444
trans-2-CTP...Me,Se 2418 2515 2469

Table 5.4 Unscaled harmonic S-H stretching frequency (vs.. in cm™) of different conformers
of 2-CTP monomer and 2-CTP...Me,S/Me,Se complex calculated at different levels of theory
and 6-311++G(d,p) basis sets.

Complex ven (cm™)

B97-D/6-311++G(d,p) B3LYP-D3/6-311++G(d,p)

Cis-2-CTP 2643 2686
trans-2-CTP 2628 2670
cis-2-CTP...Me,S 2477 2511
trans-2-CTP...Me,S 2516 2588
cis-2-CTP...Me,Se 2476 2534
trans-2-CTP...Me,Se 2515 2615

theory, we confirmed that this S-H stretching frequency is due to cis-2-CTP...Me,Se
complex. In another case, UV laser was fixed at 34401 cm™ (marked with a green asterisk in
Figure 5.5b in the electronic spectrum of the complex) and scanned IR laser throughout the S-
H stretching region. In this case, we observed S-H stretching frequency at 2466 cm™ as
shown in figure 5.5i. A comparison of this experimentally observed frequency with

theoretically scaled frequency calculated at B97-D/6-311++G(d,p) level of theory tells that
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this S-H stretching frequency belongs to trans-2-CTP...Me,S complex. cis-2-CTP...Me,Se
complex shows 139 cm™ red shift in S-H stretching frequency. In this case also, cis-2-
CTP...Me,Se complex shows a more red shift in S-H stretching frequency than that in trans-
2-CTP...Me,Se complex. The assignment of the IR spectra of different conformers of the
complexes has been reconfirmed by carrying out the geometry optimization and frequency

calculation at different levels of theory (Table 5.3 and Table 5.4).

5.2.4 Quantum chemical calculations of different conformers of 2-CTP monomer and its

dimeric complexes with Me,S and Me;Se

2-Chlorothiophenol (2-CTP) exists in two conformers. One is cis-2-CTP where S-H group
and chlorine (CI) are on the same side of the phenyl ring, and the other one is trans-2-CTP
where S-H is in the opposite side of chlorine (CI) as shown in Figure 5.7a. It has been found
from B97-D/6-311++G(d,p) level of calculation that cis-2-CTP is more stable than trans-2-
CTP by 0.67 kcal/mol. The main stability difference between the cis-2-CTP and trans-2-CTP
is that the former one has a weak S-H...Cl interaction. Figure 5.7b-c shows the optimized
structures as well as binding energies of cis and trans conformers of 2-CTP...Me,S and 2-
CTP...Me,Se complexes calculated at the B97-D/6-311++G(d,p) level of theory. It has been
found that the trans conformer is more stable than the cis conformer for both the 2-
CTP...Me,S and 2-CTP...Me,Se complexes although the trend of stability is opposite in the
case of the 2-CTP monomer. In the case of the complexes, the S-H...Cl bond, which is
present in the monomer, is disrupted and the S-H bond becomes out of the plane. We have
also calculated the binding energies of all the conformers of 2-CTP...Me,S and 2-
CTP...Me,Se complexes at different levels of theory (Table 5.5) using different basis sets
(Table 5.6) and the trend of the relative stability for all the conformers of 2-CTP...Me,S and
2-CTP...Me,Se complexes remain the same. Further, we have calculated the Gibbs free

energy (AG) of all the conformers of the complexes at various temperatures (Table 5.7). The
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Gibbs free energy of different conformers follows the same trend of relative stability, i.e.,
trans-2-CTP...Me,S/Me,Se is more stable than cis-2-CTP...Me,S/Me,Se at different
temperatures.

Table 5.5 Zero point energy (ZPE) and basis set superposition error (BSSE) corrected
binding energy (BE) of different conformers of 2-CTP...Me¢,S and 2-CTP...Me,Se
complexes calculated at different levels of theory and 6-311++G(d,p) basis set. All the energy
values are in kcal/mol.

Complex BE (Kcal/mol) BE (Kcal/mol)
B3LYP-D3/6-311++G(d,p) B97-D/6-311++G(d,p)

Cis-2-CTP...Me,S -5.82 -3.40
trans-2-CTP...Me,S -6.46 -4.36
cis-2-CTP...Me,Se -4.57 -3.75

trans-2-CTP...Me;,Se -5.49 -4.96

Next, we have calculated the S-H stretching frequency in both cis and trans conformers of 2-
CTP...Me,S and 2-CTP...Me,Se complexes at different levels of theory with various basis
sets to reconfirm the assignment of the experimental IR spectra of the complexes. Figure 5.6
shows a comparison of the experimental IR spectra of the complexes with their theoretical IR
spectra calculated at various levels of theory. The comparison reconfirms the assignment of

the experimental IR spectra of the complexes provided in Figure 5.4. Thus the intense bands

(34500 — 34700 cm™) in the electronic spectrum of 2-CTP...Me,S (Figure 5.2b) are due to
the less stable cis conformer of the complex while the weaker bands (34350 — 34450 cm™)
are originated due to the electronic transition of the most stable (global minimum) trans
conformer of the complex. A similar observation has been confirmed in the case of 2-
CTP...Me,Se complex as well. Thus the intensity of the electronic bands of the two

conformers of these complexes observed in the experiment is in contradiction with their
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Figure 5.6: IR spectra of (a) cis-2-CTP (c) cis-2-CTP...Me,S, (f) trans-2-CTP...Me,S,
(i)cis-2-CTP...Me,Se and, (I) trans-2-CTP...Me,Se by fixing the UV laser at (a) 34628
cm™, (c) 34529 cm™, (f) 34413 cm™, (i) 34545 cm™, and (1) 34401 cm™ respectively. (b),
(d), (9), (j) and (m) are theoretically scaled IR spectra of cis-2-CTP, cis-2-CTP...Me,S,
trans-2-CTP...Me,S cis-2-CTP...Me,Se and trans-2-CTP...Me,Se respectively calculated
at B97-D/6-311++G(d,p) level of theory. (b), (e), (h), (k) and (n) are theoretically scaled
IR spectra of cis-2-CTP, cis-2-CTP...Me,S, trans-2-CTP...Me,S cis-2-CTP...Me,Se and
trans-2-CTP...Me,Se respectively calculated at B3LYP-D3/6-311++G(d,p) level of
theory. The theoretical specra shown at B97-D/6-311++G(d,p) level of theory are scaled
by a scaling factor of 0.9712 and at B3LYP-D3/6-311++G(d,p) level of theory are scald
by a scaling factor of 0.9557. The scaling factors used for calculation at B97-D/6-
311++G(d,p) and B3LYP-D3/6-311++G(d,p) levels of theory were obtained by the ratio
of experimentally observed S-H stretching frequency and theoretically calculated S-H
stretching frequency of cis-2-CTP at the respective levels of theory.
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5.2 Result and Discussion

Boltzmann population. However, the intensity of the electronic bands does not solely depend

on the population of the molecules or complexes in the ground electronic state.

Table 5.6 Zero point energy (ZPE) and basis set superposition error (BSSE) corrected
binding energy (BE) of different conformers of 2-CTP...Me¢,S and 2-CTP...Me,Se
complexes calculated at the B97-D level of theory with different basis sets. All the energy
values are in kcal/mol.

Complex BE (Kcal/mol) BE (Kcal/mol) BE (Kcal/mol)
B97-D/6-31+G(d) B97-D/6- B97-D/aug-cc-pVDZ
311++G(d,p)
cis-2-CTP...Me,S -3.42 -3.40 -3.36
trans-2-CTP...Me,S -4.51 -4.36 -4.53
cis-2-CTP...Me,Se -3.33 -3.75 -3.87
trans-2-CTP...Me,Se -4.02 -4.96 -5.03

Table 5.7 Gibbs free energy of various conformers of the complexes of 2-CTP with Me,S
and Me,Se at different temperatures calculated at the B97-D/6-311++G (d,p) level of theory.
All the energy values are in kcal/mol.

T(K) AG (kcal/mol)
cis-2- trans-2- cis-2- trans-2-

CTP...Me,S CTP...Me,S CTP...Me,Se CTP...Me,Se
20 -2.84 -3.82 -3.17 -4.38
40 -2.15 -3.14 -2.46 -3.67
60 -1.44 -2.46 -1.74 -2.96
80 -0.74 -1.79 -1.03 -2.24
100 -0.05 -1.12 -0.32 -1.54
120 +0.64 -0.46 +0.39 -0.85

Rather, it could be speculated that the contradictory intensity pattern of the electronic bands
of the two conformers could be due to their different Franck-Condon activity, S;state lifetime
and ionization cross-sections.?® Further theoretical calculations of the complexes in the S;
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Figure 5.7: The geometries of various conformers of (a) 2-CTP with their relative energy
values. (b) and (c) are the geometries of various conformers of 2-CTP with Me,S and
Me,Serespectively with their zero point energy and BSSE corrected binding energy (BE)
values. vs.y(cal) represents the theoretical calculated S-H stretching frequency of 2-CTP in its
complexes. All the calculations are performed at B97-D/6-311++G(d,p) level of theory.

state and their Franck-Condon Factor (FCF) calculated electronic spectra would shed light on
the assignment of the experimental electronic spectra of the two conformers observed in the
experiment. An alternative explanation for the observation of the intense electronic bands for
the less stable cis conformer of the complexes could be a larger population of the cis

conformer of the monomer (2-CTP) compared to that of the trans conformer.
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5.2 Result and Discussion

5.2.5 NBO analysis
According to the Natural Bond Orbital (NBO) formalism, hydrogen bond strength in a

(2)*)

i-j

molecule or complex can be determined in terms of second-order perturbation energy ( E

where i and | are hydrogen-bond donor and acceptor orbitals, respectively. The Ei(i)j*value

due to the interaction between o s)orbital of Me,S and o(s_yy) orbital of cis-2-CTP in the cis-

2-CTP...Me,S complex is 5.16 kcal/mol (Table 5.8). On the other hand, the E®.value due to

1]

Table 5.8 Relation between NBO second order perturbation energy values (Eg) in
different conformers of 2-CTP...Me,S complex and the red shift in S-H stretching frequency
(Avs.y) of 2-CTP. The red shift in S-H stretching frequency is calculated with respect to S-H
stretching frequency of cis-2-CTP. NBO calculation is performed at B97-D/6-311++G (d,p)

level of theory.

E;”). (kcal/mol) E(). (kcal/mol) Avs. (cm™) Argu(A)P
Complex . «
ey = O(s-m N¢s) = O(s-m)
cis-2-CTP...Me,S 0.33 5.16 154 0.0133
cis-2-CTP...Me,Se 0.70 4.83 138 0.0136
trans-2-CTP...Me,S 0.79 3.87 120° 0.0085
trans-2-CTP...Me,Se - 3.31 100° 0.0107

’he red-shift in S-H stretching frequency in case of trans-2-CTP...Me,S complex is
calculated with respect to S-H stretching frequency in cis-2-CTP as we could not record S-H
stretching frequency for trans-2-CTP.

bArs.H is the increase in S-H bond length after complex formation. Arsyfor cis-2-
CTP...Me2S complex is calculated with respect to S-H bond length in cis-2-CTP and for
trans-2-CTP...Me,S complex is calculated with respect to S-H bond length in trans-2-CTP.

the interaction between os)orbital of Me;S and o(s_p, of trans-2-CTP in the trans-2-
CTP...Me,S complex is 3.87 kcal/mol (Table 5.6). Thus the NBO values for the S-H...S
interaction corroborate the observed red-shift in the S-H stretching frequency in the two
conformers of the 2-CTP...Me,S complex.
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Chapter 5 Strong hydrogen-bond involving unconventional hydrogen bond donor and acceptor

The El(ia Values for the S-H...Se hydrogen bonding interaction in thesis and trans

conformers of the 2-CTP...Me,Se complexes is 4.83 kcal/mol and 3.87 kcal/mol,
respectively (Table 5.6). Similarly, the NBO values of the two conformers are in accordance
with their IR red-shift values in the S-H stretch frequency.

The red-shift in the S-H stretching frequency can also be explained in terms of lengthening of
the S-H bond for both the conformers of the 2-CTP...Me,S/Me,Se complex. In the case of the
cis-2-CTP...Me,S/Me,Se complex, the S-H bond length of cis-2-CTP is increased by
1.33(1.36) picometer (pm) whereas for the trans-2-CTP...Me,S/Me,Se complex, the S-H
bond length of trans-2-CTP is increased by 0.85(1.07) pm. The more bond lengthening in the
S-H bond length of cis-2-CTP...Me,S/Me,Se shows that the S-H stretching will occur at a
lower frequency.

5.2.6 Atoms-In-Molecules (AIM) analysis

AIM analysis??%’

also provides the evidence of intramolecular hydrogen bond in 2-CTP and
intermolecular hydrogen bond in the conformers of 2-CTP...Me,S/Me,Se complexes. The
value of charge density (p) at the bond critical points (BCPS) in the cis-2-CTP monomer and
the conformers of 2-CTP...Me,S/Me,Se complexes fall between 0.002-0.035 a.u. which is
the proposed criteria for hydrogen bond according to AIM analysis (Figure 5.8 and Table
5.9). Similarly, the value of Laplacian of charge density (V?p) at the BCPs fall between
0.024-0.139 a.u. which also satisfy the criteria for hydrogen bond. After the complex
formation between cis-2-CTP and Me;S/Me,Se, the BCP between the Cl and H-S bond
disappears, and a new BCP arises between S-H (2-CTP) and S/Se (Me,S/Me,Se) in both the
conformers of the complex. Thus the AIM analysis provides the evidence for the presence of

the non-covalent interaction between the S-H antibonding orbital of 2-CTP and lone pair

orbital of S/Se from Me,S/Me,Se.
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Figure 5.8: AIM analysis of the conformers of (a) 2-CTP,(b) 2-CTP...Me,S and (c) 2-
CTP...Me,Se complex performed at the B97-D/6-311++G(d,p) level of theory. The
presence of the bond critical point (BCP) between S-H of 2-CTP and Me,S/Me,Se in the
complexes shows the hydrogen bonding interaction between 2-CTP and Me,S(Se).

Table 5.9 AIM analysis of various geometries of the complexes of 2-CTP with Me,S and
Me,Se performed at the B97-D/6-311++G(d,p) level of theory. The charge density (p) and

Laplacian of charge density (V?p) are for bond critical point (BCPs) which is observed due to
the formation of a hydrogen bond between 2-CTP and Me,S/Me,Se.

Complex p v
cis-2-CTP...Me,S 0.0148 0.0324
cis-2-CTP...Me,Se 0.0138 0.0308
trans-2-CTP...Me,S 0.0136 0.0273
trans-2-CTP...Me,Se 0.0126 0.0259
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Chapter 5 Strong hydrogen-bond involving unconventional hydrogen bond donor and acceptor

5.2.7 Energy Decomposition Analysis (EDA)

We have performed energy decomposition analysis (EDA) of various conformers of the
complexes of 2-CTP with Me;O, Me,S, and Me,Se to find out various components of the
binding energy, which contribute to the stability of these complexes. We have decomposed
the total interaction energy (AEtotaL) Of these complexes into various components using
LMO-EDA and ALMO-EDA methods. LMO-EDA method decomposes the total interaction
energy (AEtotaL) into electrostatic (AEgs), exchange (AEgx), polarization (AEpo.), dispersion
(AEpisp) and repulsion (AEggp) components. On the other hand, ALMO-EDA method
decomposes the total interaction energy (AEtoraL) into frozen charge density (AEgrz),
polarization (AEpo) and charge transfer (AEct). Frozen charge density (AEpgz) IS a
combination of electrostatic (AEgs), repulsion (AEgrgp) and dispersion (AEpsp) interactions.
We have employed other energy decomposition methods also, like RVS-EDA and NEDA
and these methods also follow the same trend as LMO-EDA and ALMO-EDA methods.
LMO-EDA calculation of both the conformers of 2-CTP...Me,S/Me,Se complexes at the
MO05-2X/cc-pVDZ level of theory (Table 5.10) reveals that the dispersion interaction plays a
dominant role in the stabilization of both the conformers of 2-CTP...Me,/Me,Se complex but
it does not provide any information about larger red shift in the S-H stretching frequency in
case of cis-2-CTP...Me,S/Me,Se complex as compared to the S-H stretching frequency in the
trans-2-CTP...Me,S/Me,Se complex.

ALMO-EDA calculation unearths the larger red-shift observed in the S-H stretching
frequency in the case of cis-2-CTP...Me,S/Me,Se complex. The comparison of various
energy decomposition components of both the conformers of 2-CTP...Me,Scomplex
calculated at the B97-D/6-311++G (d,p) level of theory reveals that the contribution of the

charge transfer component (AEct) is 63% towards the total interaction energy of cis-2-
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CTP...Me,S complex whereas the same is 51.4 % towards the total interaction energy of the
trans-2-CTP...Me,S complex (Table 5.11).

Table 5.10 LMO-EDA calculation of all the conformers of complexes of 2-Chlorothiophenol
(2-CTP) and 2-Chlorophenol (2-CP) with Me,O and Me,S calculated at M05-2X/cc-pVDZ
level of theory. All the energy values are in kcal/mol.

complex AEgs AEgx AERep AEpo.  AEpisp  AEtoTaL
cis-2-CTP...Me,O -5.28 -3.97 19.3 -1.24 -13.1 -4.28
cis-2-CTP...Me,S -6.61 -6.41 22.65 -24 -11.55 -4.31
cis-2-CTP...Me,Se -6.21 -6.23 23.58 -2.02 -13.54 -4.43
trans-2-CTP...Me,0 -8.55 -6.27 20.98 -2.35 -8.88 -5.06
trans-2-CTP...Me,S -6.99 -6.15 21.43 -2.28 -10.93 -4.94
trans-2-CTP...Me,Se  -7.84 -1.32 25.10 -2.53 -12.83 -5.43

Patwari and co-workers have reported that electrostatic, charge transfer and polarization
components contribute in the red-shift of the hydrogen bond donor whereas the dispersion
interaction is contributes to the overall stabilization of the hydrogen-bonded complex. In the
case of the 2-CTP...Me,S complex, both hydrogen bond donor and hydrogen bond acceptor
are less electronegative atoms; hence electrostatic contribution will not play a dominant role.
Contribution of the polarization energy component is nearly the same in cis-2-CTP...Me,S as
well as trans-2-CTP...Me,S.The charge transfer component dominates in case of cis-2-
CTP...Me,S complex which provides more red-shift in S-H stretching frequency of cis-2-
CTP...Me,S complex in spite of the fact that cis-2-CTP...Me,S is less stable than trans-2-
CTP...Me,S.

In the case of 2-CTP...Me;Se complex, the contribution of charge transfer component (AEcr)
IS 54.7% towards the total interaction energy of cis-2-CTP...Me,Se complex whereas the
same is 48.7 % towards the total interaction energy of trans-2-CTP...Me,Se complex. In the

case of 2-CTP...Me,Se complex, both hydrogen bond donor and hydrogen bond acceptor are
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Table 5.11 ALMO-EDA calculation of different conformers of complexes of 2-
Chlorothiophenol (2-CTP) and 2-Chlorophenol (2-CP) with Me,O and Me,S calculated at
B97-D/6-311++G(d,p) level of theory. Total binding energy (Eiota) is decomposed into frozen
(AEgRrz), polarization (AEpo. ) and charge transfer (AEct) components. AEgrz= AEgs + AEp sp
+ AEgep where AEgs IS an electrostatic component, AEpsp is dispersion component, and
AEgrep is Pauli repulsion component. All the energy values are in kcal/mol. Values in
parenthesis against each charge transfer term represent % contribution of charge transfer in
total interaction energy.

Complex AEggr;7 AEpoL AEct AEtoTaL AVS-T (cm
Cis-2-CTP.. Mc,0  -3.16 061 -106 (21.9%)  -4.83 32
Cis-2-CTP...Me,S -1.28 -0.61 -3.21 (63%) -5.10 154
Cis-2-CTP...Me,Se -1.89 -0.63 -3.03 (54.7%) -5.54 138

trans-2-CTP...Me;0  -1.82 124  -256(45.6%)  -5.62 97
trans-2-CTP...Me,S -2.00 -0.85 -3.01 (51.4%) -5.86 120
trans-2-CTP...Me,Se -2.60 -0.81 -3.24 (48.7%) -6.65 100

less electronegative atoms; hence electrostatic contribution will not play a dominant role.
Contribution of the polarization energy component is nearly the same in cis-2-CTP...Me,Se
as well as trans-2-CTP...Me,Se. The charge transfer component dominates in case of cis-2-
CTP...Me,Se complex which provides more red-shift in S-H stretching frequency of cis-2-
CTP...Me,Se complex in spite of the fact that cis-2-CTP...Me,Se is less stable than trans-2-
CTP...Me,Se.

5.3 Conclusion

In conclusion, we have studied hydrogen bonding involving unconventional hydrogen-bond
donor and acceptor atoms. We formed the complex between 2-Chlorothiophenol (2-CTP) and
dimethyl sulfide (Me,S)/dimethyl selenide (Me,Se) in the supersonic jet to study S-H...S and
S-H...Se hydrogen bonding interactions using electronic spectroscopy, UV-UV hole burn

and RIDIRS coupled with quantum chemical calculations. We observed two conformers for
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each of the 2-CTP...Me,S and 2-CTP...Me,Se complex. We observed that cis-2-
CTP...Me,S/Me,Se shows more red-shift in S-H stretching frequency as compared to trans-
2-CTP...Me,S/Me,Se complex although it is energetically less stable. We have compared S-
H...S and S-H...Se interactions with conventional hydrogen-bonding interactions like O-
H...O. We observed that these interactions are of similar strength as compared to
conventional hydrogen bonding interactions. We observed large red-shift in S-H stretching
frequency for both the conformers of 2-CTP...Me,;S/Me,Se complex. This red-shift in S-H
stretching frequency is comparable to O-H stretching frequency in conventional hydrogen
bonding complex like phenol...H,0O. The large red-shift in S-H stretching frequency indicates
a strong hydrogen-bonding complex. It is quite surprising because both hydrogen bond donor
and acceptor atoms (S and Se) are less electronegative than O.

In conventional hydrogen bonding complexes, electrostatic interaction plays a dominant role
in red-shift in hydrogen-bond donor atom due to the large electronegativity of donor and
acceptor atoms. In conformers of 2-CTP...Me,S/Me;Se complex, as both S and Se are less
electronegative, it is quite obvious that electrostatic will not dominate in red-shift in S-H
stretching frequency of 2-CTP. To understand about the contributing factors in S-H stretching
frequency, we have performed LMO-EDA, ALMO-EDA and NBO calculations. We
observed that the dispersion component plays a significant role in stabilization of 2-
CTP...Me,S/Me,Se complexes and charge transfer (CT) plays a significant role in S-H
stretching frequency along with electrostatic and polarization interactions. Our results
indicate that high electronegativity of hydrogen-bond donor and acceptor is no longer a
necessary criterion for strong hydrogen bond. Strong hydrogen-bond can be formed even

when both hydrogen-bond donor and acceptor atoms are less electronegative.

129



130



Chapter 6

Conclusion and future directions






6.1 Conclusion

6.1 Conclusion

In summary, we have explored direct selenium (Se) hydrogen bonding as well as water-
mediated Se hydrogen bonding interactions between amino acid residues in proteins through
PDB analysis coupled with gas phase electronic, IR spectroscopy and quantum chemical
calculation of model complexes mimicking these interactions. The current investigation
demonstrates that the most stable structure of a model complex consisting of indole, H,O and
dimethyl selenide observed in the gas phase spectroscopy mimics single water-mediated
selenium hydrogen bonded structural motif present in the crystal structures of proteins. Indole
and dimethyl selenide represent the amino acids tryptophan and selenomethionine,
respectively. It has been found that Se hydrogen bonding is of similar strength to oxygen and
nitrogen-centered hydrogen bonding. The present work establishes that water-mediated Se
hydrogen bonding interactions are ubiquitous in proteins and these interactions are of similar
significance to the direct Se hydrogen bonding interactions. Another interesting finding of
this research is that X-H...Y hydrogen bond, i.e., S-H...S and S-H...Se can be of similar
strength to any conventional strong hydrogen bond when both X and Y are weakly
electronegative like a carbon atom. The unusually strong hydrogen-bond involving S and Se
atoms observed in terms of IR red-shift in the X-H stretching frequency has been explained
through the presence of the significant amount of charge transfer interaction as the
electrostatic interaction present there is relatively weaker than that in any conventional strong

hydrogen bonding interaction.

6.2 Future perspectives

In future, we would like to explore C-H...Se hydrogen bonding interaction by studying
complexes between various model systems containing carbon (C) as hydrogen-bond donor
and selenium (Se) as a hydrogen-bond acceptor in a supersonic jet. It is known that C (2.55)

and S (2.58) have similar electronegativity. We have already explored S-H...Se interaction
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observed that S-H is a strong hydrogen bond donor. It would be interesting to find out
whether C-H can act as a strong hydrogen bond donor when Se is the hydrogen bond
acceptor. We have theoretically studied a few model systems to investigate the strength of the
C-H...Se interaction. One such example is given in Figure 6.1. We have optimized the
geometry of 1,2,3,5-tetrafluorobenzene...dimethyl selenide (Me,Se) complex and calculated
the binding energy and vibrational frequencies of the complex. The binding energy of the
complex is -3.49 kcal/mol, and there is a 86 cm™ red shift in the C-H stretching frequency (C-

H...Se) compared to that in the 1,2,3,5-tetrafluorobenzene monomer.

J
% Jo/(:(ooooo
2.82 A 9

J

Figure 6.1: C-H...Se interaction in the optimized geometry of 1,2,3,5-
tetrafluorobenzene...dimethyl selenide complex calculated at B97-D/6-311++G(d,p) level of
theory.

Till now, we have studied the complexes, where Se acts as hydrogen-bond acceptor. We
would like to investigate the systems where Se acts as a hydrogen bond donor. As Se (2.55),
C (2.55) and S (2.58) have similar electronegativity values, it would be interesting to explore
the ability of Se as a hydrogen bond donor.

We have performed ab initio quantum chemical calculation on the complexes of
benzeneselenol (BzSeH) with dimethylsulfide (Me,S) and dimethyl selenide (Me,Se). We
have observed that benzeneselenol forms very strong hydrogen bond with both Me,S and

Me,Se. The red-shift values in the Se-H stretching frequency in the BzSeH...Me,S and
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Figure 6.2: Optimized geometries of (a) benzeneselenol...dimethyl sulphide

(BzSeH...Me;S)

and (b) benzeneselenol...dimethyl

selenide (BzSeH...Me,Se)

complexes calculated at the B97-D/6-311++G(d,p) level of theory.

BzSeH...Me,Se complexes with respect to that in the BzSe monomer calculated at the B97-

D/6-311++G(d,p) level of theory are 137 and 162 cm™, respectively. Surprisingly, the Se-

H...O hydrogen bond in BzSeH...Me,O is relatively weaker as the calculated red-shift in the

Se-H frequency in the complex compared to that in the monomer is only 63 cm™.

On the theoretical ground, we have shown that charge transfer component of the binding

energies in the Se hydrogen bonded complexes plays a significant role for providing

significant IR red-shift in the X-H stretching frequency despite the presence of weaker

electrostatic component. However, further detailed computational studies are required to

understand the nature and strength of hydrogen bonding interactions involving less

electronegative and larger sized elements.
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